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| Figure 6.10. Autoradiogram of the denaturing gel illustrating the reversal of the thymine
dimer in duplex 6, which does not contain a phosphodiester linkage between the thymine
dimer. All experiments were done under aerobic conditions, with DNA (10 uM) and

. intercalators (10 pM) in sodium phosphate buffer (25 mM). Top band represents the 41-mer

i while the bottom band represents the 18 mer. The loss of the 41-mer band is indicative of

repair. Lanes 1-6, irradiation at 350 nm for 30 min in the presence of anthraflavic acid (13),

| anthraquinone-2-carboxylate (14), 2,6-disulfate anthraquinone (15), and 1,5-disulfate

| anthraquinone (16), NDI (1), N-8-glycyl ethidium (17). Lane 7, irradiation for 30 min at 365
nm in the presence of [Rh(phi),(dmb)]** (18). Lane 8, irradiation at 313 for 1 h to form T<>T
ligation, then irradiation for 30 min at 350 nm. Lane 9, irradiation at 313 nm for 1 h.

this sample containing the photoligated duplex 6, we then screened a variety of
intercalating compounds to test for thymine dimer repair activity.

Four different anthraquinones were tested for their ability to repair thymine
dimers, since anthraquinones have previously been shown to oxidize guanines from a
distance in double stranded DNA."® Anthraflavic acid (13), anthraquinone-2-carboxylate
(14), 2,6-disulfate anthraquinone (15), and 1,5-disulfate anthraquinone (16) (see Figure
6.2) were all tested, but as shown in Figure 6.10, no repair of the thymine dimer could be
detected with these anthraquinones after 30 minutes’ irradiation at 350 nm. To verify
that the anthraquinones were bound to DNA under these conditions, a separate
experiment was performed where 14 was added to the native 41-mer duplex 7,
irradiated for up to 60 minutes at 350 nm, and piperidine-treated to reveal DNA damage.

Under these conditions, it was observed that the anthraquinone oxidized the 5'-G of 5'-
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Figure 6.11. Guanine oxidation demonstrating noncovalent binding of anthraquinones. Lanes
A+G and C>T are Maxam-Gilbert seqeuncing lanes, and the lanes increase in time (left to right)
from a non-irradiated lane to one hour. Conditions were identical to those in Figure 6.10.
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GG-3' sites, consistent with an electron transfer reaction (Figure 6.11). Thus, although
the anthraquinone was able to bind to and oxidize guanine in the 41-mer duplex 7, it was
unable to repair the thymine dimer duplex in 6. It is noteworthy that the anthraquinones
used in this study are very similar in composition to anthraquinone-2-sulfonate, a
complex that was used to split thymine dimers in model systems.?®

Figure 6.10 also reveals the results of irradiating duplex 6 with noncovalent NDI,
N-8-glycyl ethidium (17), and [Rh(phi),(dmb)]** (18). As is shown on the gel, only NDI
and [Rh(phi)z(dmb)]3+ were capable of repairing the photoligation, as indicated by the
loss of the 41-mer band. Upon repair of the thymine dimer, the labeled 18-mer is
released and travels much faster in the denaturing gel. No significant repair was
observed with N-8-glycyl ethidium upon irradiation at 350 nm. At 313 nm, where
photolysis of bound ethidium promotes the oxidation of guanine, dimer repair could not
be distinguished from photoequilibration of the dimer. This assay is a simple screen,
and may provide a means to test rapidly other compounds for thymine dimer repair
activity.?*

6.3.4 Long Distance Repair Assayed by Photoligation Reversal. We were
interested in testing thymine dimer repair with covalently bound oxidants using the
photoligation reversal assay as well as in examining the repair of DNA duplexes that
were similar in composition to those used in the HPLC experiments. To prepare
duplexes 8-10, an 8-mer was radiolabeled and gel purified, and then mixed together with
the second 8-mer and annealed to the appropriate 16-mer complement that did not
contain functionalized chromophore. The photoligation was effected for 2 hours at 313
nm (4°C), and then the radiolabeled, ligated 16-mer was gel purified a second time
under denaturing conditions. Thus the photoligated products were isolated
from the 8-mer starting material and the 16-mer splint. The labeled, photoligated 16-mer

was then annealed to the appropriate complements giving duplexes 8-10.
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i Figure 6.12. Autoradiogram of the denaturing gel showing reversal of a thymine dimer with

| free and tethered [Rh(phi),(bpy')]**. All experiments were done under aerobic conditions, with

. DNA that does not contain a phosphate linkage between the thymine dimer (1 uM) and

. intercalator (1 pM) in sodium phosphate buffer (25 mM). Repair is assayed by monitoring

. cleavage to form the 8-mer. Lanes 1 and 2, irradiation of duplex 9 at 365 nm for 1 h and O h,
respectively. Lane 3, irradiation of duplex 10 for 1 h. Lane 4, interduplex control, irradiation

. of duplexes 8 and 11 for 1 h. Lane 5, irradiation of duplex 8 with an equimolar amount of

. [Rh(phi),(bpy')]*". Lane 6, dark control containing radiclabeled 8 mer.

Long-range thymine dimer repair initiated by [Rh(phi)z(bpy')]3+ was tested using
the photoligation reversal assay. Figure 6.12 shows the result of irradiating duplexes 8
(with free rhodium complex 18) and 9 for 1 hour at 365 nm. Repair for covalently bound
rhodium was 66%, while that for noncovalently bound rhodium was 44%. An interduplex
control reaction (lane 4, Figure 6.12) revealed only 2% repair, demonstrating that a
diffusible species in the reaction mixture cannot account for the observed repair. It is
noteworthy that the ratio of repair seen between covalent and non-covalent rhodium in
the photoligation reversal assay is much greater than that seen previously,” and may be
a consequence of the structural and electronic properties of the DNA sequence
employed. The photoligation experiment with rhodium involves a somewhat different
base sequence, but also a thymine dimer, or a mixture of thymine dimer isomers, that do
not contain a phosphodiester linkage. These structural properties may serve to insert
the thymine dimer deeper into the base stack and thus render it more accessible to

migrating charge.
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Figure 6.13. Autoradiogram of the denaturing gel showing reversal of a thymine dimer with
free and tethered NDI. All experiments were done under anaerobic conditions, with DNA

| containing a thymine dimer lacking the interresidue phosphate linkage (10 uM) and intercalator
' (10 uM) in sodium phosphate buffer (25 mM). Repair is assayed by monitoring cleavage to
form the 8-mer. Lanes 1 and 2, irradiation of duplex 10 at 380 nm for 0 and 2 h,
respectively. Lanes 3-5, irradiation of duplex 12 at 380 nm for 0 h, O h in the presence of
free NDI, and 2 h in the presence of free NDI. Lane 6, interduplex control (mixture of duplexes
5 and 12) after 2 h irradiation at 380 nm. Lane 7, Duplex 12 irradiated in the absence of
intercalator. Lane 8, irradiation of anthraquinone-2-carboxylate and duplex 12 for 2 h at 350

| nm.

We examined dimer repair upon anaerobic irradiation of duplexes 10 and 12,
which contain covalent and noncovalent NDI, respectively (Figure 6.13). Substantial
repair occurred after 2 hours in both cases (27% for both covalent and noncovalent NDI)
and is readily apparent, since under the denaturing conditions of the gel, the
radiolabeled 8-mer migrates much faster than the ligated 16-mer. Duplex 5 was
irradiated in the presence of an equimolar amount of duplex 12 for 2 hours at 380 nm as
a control to test for any interduplex repair. Only 1% of interduplex repair could be
detected by gel electrophoresis. The results, shown in Figure 6.13, demonstrate that the
repair due to a diffusible species produced throughout the course of the reaction, or from
any interduplex interactions with the tethered naphthaldiimide, cannot account for the
reaction of the covalently bound assembly. Here too, under anaerobic conditions, no
repair could be observed by irradiating duplex 12 in the presence of free anthraquinone-

2-carboxylate for 2 hours at 350 nm.

i
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6.4 DiscussION

6.4.1. Repair of Thymine Dimers with NDI and [Rh(phi)(bpy’)J°* at a Distance.
Here we have demonstrated that a thymine dimer in DNA can be repaired by long-range
electron transfer to NDI with photoactivation. The repair is triggered from an oxidant
located ~22 A from the lesion, using duplex DNA as a bridge for charge transport. A
rapid screening assay for thymine dimer repair was additionally developed. Using this
assay, noncovalently bound NDI as well as the rhodium intercalator were demonstrated
to repair thymine dimers in DNA, where under the same conditions, a variety of

anthraquinones could not.

Given that both the phi complex of rhodium® and the organic NDI intercalator
have now been shown to promote oxidative repair of thymine dimers, it is interesting to
compare their reactivity. HPLC experiments reveal that the efficiency of repair by the
noncovalent NDI oxidant appears to be somewhat lower than that found for the rhodium
complex, and gel assays on the thymine dimers lacking a phosphodiester linkage show
the repair efficiencies to be roughly comparable. Perhaps more noteworthy is the
comparison between repair from a distance versus non-covalently with both oxidants.
Earlier we observed that the repair efficiency with non-covalently bound metal complex
was ~30 times greater than that observed from long range.” Here the sequence differs
slightly from that studied earlier, but in the case of covalently bound rhodium, we are
now monitoring the repair of the mixture of thymine dimers lacking phosphodiester
linkages.

It was found for the rhodium intercalator, as with NDI, that repair from a distance
or with non-covalently bound oxidant is comparable. In the case of the gel assays,
possibly the conformation of these presumably more flexible thymine dimers permit
better overlap within the base pair stack. For NDI, however, equivalent efficiencies
using covalent and non-covalent oxidants were seen also in the HPLC assays using true

thymine dimers with the phosphodiester linkage. It may then also be the case that,
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compared to the metallointercalator, where the tether on the metal complex may
somewhat restrict optimal overlap of the intercalating unit with the base stack, the NDI-
based intercalators have greater surface area available for stacking; certainly they are
extremely hydrophobic.

6.4.2. Reductive Repair of Thymine Dimers with Flavins at a Distance. It was
recently shown that covalently tethered flavins in an anaerobic environment were able to
repair thymine dimers in duplex DNA when photoirradiated to inject an electron into the
base stack.*® This reductive repair was seen to occur in cases where the lesion was
directly abutting the photoexcitable flavin, and where the lesion was removed by an A-T
base pair. The repair was attributed to a hopping mechanism similar to that suggested
by Giese. No evidence, however, was found that long range hole transport in this
system could repair dimers.

6.4.3. Anthraquinones and [Ru(phen)(bpy')(dppz)l** Lack of Reactivity. It is also
important to consider those photooxidants for which no repair is observed, either from a
distance or directly when non-covalently bound. We saw earlier that for
[Ru(phen)(bpy')(dppz)]**, although efficient guanine oxidation by DNA-mediated charge
transport can be observed, no thymine dimer repair is evident. We ascribed that result to
the reduction potential of the Ru** species, estimated to be 1.6 V vs. NHE and thus
insufficient to oxidize the dimer. In the case of NDI, which can promote thymine dimer
repair, the reduction potential is at least 1.9 V versus NHE. Our results with
anthraquinones, however, suggest that redox potential may not be the sole determinant
for predicting candidate molecules for thymine dimer repair. Anthraquinone-2,6-
disulfonate (15) is reported to have an excited state triplet reduction potential of 2.4 V
versus NHE in aqueous solution,*' yet repair with noncovalent anthraquinones could not
be detected under our experimental conditions.

In addition to achieving the appropriate thermodynamics, the excited-state

character of the oxidant may also have to be tailored to suit the electronic properties of



VI-23
the substrate. Thymine dimer formation and splitting via a concerted mechanism are
photochemically allowed via an excited singlet state.®* There are many examples that
suggest thymine dimerization/splitting reactions result from an excited singlet state.®**
In fact, the naturally occurring enzyme photolyase repairs thymine dimers by electron
transfer from the singlet excited state of FADH, in high quantum yields.* It should be
noted that oxidative reactions of NDI bound to DNA have recently been proposed to
proceed from the excited singlet state.’® In contrast, triplet energy transfer to thymine
dimers in DNA is known to be an inefficient process.®® This could be the reason why we
were unable to detect repair using anthraquinones, molecules whose intersystem
crossing to the triplet state is extremely efficient, particularly within DNA.* It is
noteworthy that anthraquinones have been shown to repair thymine dimers in model
systems, albeit with irradiation in the UV range, but not in DNA. Our results caution
against relating repair in a DNA duplex to these models. In fact, Schuster has
questioned studies of rhodium repair from a distance based upon the poor repair
efficiency of anthraquinones.®” It should, however, be self-evident that repair from a
distance within a DNA duplex cannot be achieved if the non-covalently bound oxidant is
unable to promote repair in DNA.

6.4.4. Mechanistic Considerations and Future Directions. Given that the oxidant
has the necessary characteristics to repair thymine dimers in DNA, oxidative repair of
thymine dimers from a distance appears now to be a more general phenomenon and not
specific to rhodium intercalators. How then does the charge migrate from one end of the
DNA duplex to the thymine dimer located in the middle of the duplex? The fact that
thymine dimer repair can occur from a remote site implies that charge is not localized
exclusively on guanines, the base of lowest oxidation potential. It has previously been
suggested that long range charge transfer occurs via a hopping mechanism in which
charge tunnels between DNA bases of low redox potentials.'”? Here, the thymine dimer

is of significantly higher oxidation potential than the guanine, and yet repair is observed.
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Hence, some charge, however transient, must reside on the thymine dimer. A
mechanism which involves a hole hopping from base to base from an oxidant capable of
oxidizing all the bases in DNA can account for our long range repair results, as could a
mechanism that invokes a delocalized band model.

Previous work has demonstrated that the NDI chromophore does have the
appropriate redox potential to oxidize all of the bases in DNA in aqueous solution. ®
Alternatively, the mechanism of thymine dimer repair may require a combination of
hopping and delocalized band formation, and such mechanistic models are starting to

19638 1t is also interesting that a model has appeared which explains

emerge.
preferential thymine dimer formation in long pyrimidine tracts by invoking delocalization
of adsorbed singlet energy through the pi-stack in DNA.*** Given these results, it will be
important also to understand the fundamental principles governing this chemistry in the
context of other DNA-mediated electron transfer reactions. Measurements of rates and
efficiencies of repair with different oxidants, and as a function of intervening DNA
sequence and structure, will be critical in delineating mechanisms of DNA charge
transport.

Finally, these results raise the intriguing possibility that DNA-targeted
therapeutics can be designed to function from a distance, using DNA as a bridge for
charge transport. This would constitute a new approach to drug design, since most
DNA-targeted therapeutics rely on site-specific interactions between the drug and DNA
to carry out a specific transformation.*® Moreover, electron transfer reactions need not
be directed only to the site of lowest thermodynamic potential within the duplex. Indeed,
in the case of thymine dimer repair, the reaction must be kinetically, rather than
thermodynamically, limited. In the systems examined thus far, however, it is the case
that guanine oxidation may occur along with repair of the dimer. This poses limitations
for the utility of rhodium and NDI-based photochemistry for the therapeutic repair of

thymine dimers. However, our results with anthraquinones also suggest that one may
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be able to tune the acceptor molecule to carry out a specific reaction in DNA (i.e.,
guanine oxidation versus thymine dimer repair). In this regard, a better understanding of
the salient features of DNA-mediated electron transfer chemistry may make it possible to
develop redox active chemotherapeutic agents that function from a distance. Certainly,
the photoligation assay developed in this study may prove to be helpful in finding such

molecules.
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Conclusions and Further Directions
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Research conducted in many laboratories over the last twenty years has
unambiguously shown that radical migration through the base stack of DNA is a general
phenomenon, and in duplex DNA can damage oxidatively sensitive sites more than 60
base pairs away from the site of radical introduction. Similar experiments with thymine
dimer containing oligonucleotides resulted in the remarkable discovery that
photoinduced charge transport from a bound metallointercalator could catalyze the
repair of this lesion at a distance. Predictably for such a dramatic discovery, questions
soon arose as to the generality of the ability of radical migration to repair thymine
dimers. This concern was addressed here by repeating the same reactions with an
organic photooxidant, which showed that this independent photooxidant can induce the
same repair in approximately the same yield as its metallointercalator counterpart.

Base bulges, base deletions, and base mismatches have all been investigated as
barriers to charge transport prior to the work in this dissertation. The parameters for
radical migration and possible mechanisms of long range charge transport were further
probed by similar experiments with oligonucleotides designed to have A-tracts in various
orientations, RNA and chimeric RNA*DNA duplex second strands, and AT tracts were all
used in experiments to systematically determine the sequence and structural
requirements for radical migration. The results of these investigations supported
previous suggestions that charge transport must be, first and foremost, an inherent
property of stacked nucleic acids, regardless of conformation. One ramification of these
results is that, because strong guanine oxidation was observed across A-tract DNA,
mechanistic proposals must not be limited strictly to guanine hopping, which would
clearly preclude electron transport across A-track DNA. Other bases, however
transiently, must be employed to assist charge transport.

Concurrently, complementary work that applied a very different methodology to
DNA ropes and isolated duplexes demonstrated direct conductivity of DNA. Further,

other research groups were beginning to suggest numerous possible nanotechnological
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applications of larger DNA assemblies to construct arrays and ordered chips for possible
use in microelectronics. The parameters of radical migration in isolated duplex
oligonucleotides are increasingly well-understood. Research conducted here delineated
the requirements a multistranded substrate must have to show robust, stable charge
transport. DNA double crossovers were found to serve as excellent media for charge
transport; indeed, the three-dimensional architecture of the assembly limited the
inhibitory effect that mismatches have on radical migration. Guanine oxidation observed
in DX assemblies, though slightly lower than duplex DNA of the same sequence,
nevertheless showed that radical migration could occur at distances up to ~110 A.
Interestingly, parallel experiments with smaller, single crossovers showed that radical
migration may occur in more flexible systems, but that this flexibility in effect allows
nonspecific transfer of charge between duplexed domains. Guanine oxidation was
found to partition among the four arms that make up the junction with only limited
dependence on the preferred stacking conformations. This lack of specificity probably
precludes stack-specific control over charge transport in any assembly that uses single
four way junctions as building blocks.

Long range charge transport in nucleic acids is here shown to be not only a
general phenomenon, but also a phenomenon inherent to many different heteroaromatic
base stacks. In total, it was found that radical migration proceeds through A-tracts,
mixed RNA/DNA hybrids, four way junctions, and double crossover junctions. Proteins
have also been shown to be able to participate in long range charge transport in
previous research. This result, bolstered by the wide variety of nucleic acid forms able
to conduct charge transport, as demonstrated in this work, raises the interesting
possibility that natural systems may somehow employ radical migration to detect base
lesions or other stack disruptions. However, considerable hurdles exist to harnessing
this facet of nucleic acid chemistry to help treat disease, to use as a diagnostic tool, or to

develop tools for molecular biology.
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The metallointercalators that have been applied so frequently here and
previously to probe long range charge transport were originally designed as small
molecule mimics of DNA-binding proteins; as such, technological application of their
chemistry should be considerably more direct. Extensive research reviewed here found
that not only did these metal complexes bind to DNA with very high affinity, but that
binding sites could be targeted based on a combination of factors, including (most
notably) the presence of mismatches, the conformation of bases at particular sites, the
hydrogen bonding patterns these bases make in the major groove, and potential van der
Waals contacts between bases and metallointercalators. In addition, one site-specific
metal complex, A-1-Rh(MGP)zphi®*, was found here to prevent transcription factors from
binding to an initiation site by steric occlusion. The metal complex, which has a similar
affinity for the DNA binding site of the protein, in effect competes with the transcription
factor yAP-1, and thus could easily serve to disrupt transcription initiation complexes,
possibly even in vivo.

This work begins to address some of the demands that will need to be met in
order for charge transport to be applicable in microarray technologies, in techniques for
screening potential molecules for repair of thymine dimers at a distance, and in novel
applications of the recognition of metallointercalators as potential therapeutic agents.
Developing DNA recognition by metallointercalators or radical migration within DNA into
applications that will promote the betterment of humanity will require knowledge of the
fundamental science behind applications, imagination and discipline to reliably exploit
promising discoveries, and the wisdom to choose the correct questions and techniques
to pursue. The scope of this challenge should serve to inspire and to frustrate

researchers for many years.



APPENDIX 1

Variations in DNA Charge Transport with
Nucleotide Composition and Sequence*

*Adapted from T. T. Williams, D. T. Odom, J. K. Barton. J. Am. Chem. Soc. (2000) 122,

9048-9049.
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Long range oxidative damage to DNA has been demonstrated in experiments
using a variety of remotely bound oxidants."® However, the mechanism(s) by which
charge is transported through the base pair stack needs still to be established. Recent
theoretical proposals bring together tunneling and hopping mechanisms to describe
charge transport over various distance and energetic regimes.® Based upon
measurements of oxidative damage vyield, it has been proposed that charge transport
occurs by hopping between guanine sites and tunneling through TA steps.’ In accord
with the notion that low energy guanine “stepping stones” are required for efficient long-
range charge transport, oxidative damage over long distance was not observed when 5'-
TATATA-3' intervened between G sites.® Phonon-assisted polaron hopping has been
suggested as an alternative mechanism by which charge propagates through DNA.® In
this model, the sequence-dependent conformational dynamics of DNA upon hole
injection are expected to aid in charge transport, but no sequence-dependent effects
have been documented.

These different proposals have led us to investigate systematically the effect of
intervening base composition and sequence on long-range oxidative DNA damage.
Here, we vary the intervening sequence between two oxidatively sensitive sites without
varying overall base composition. Previous experiments have shown that oxidative
damage can occur up to 200 A from the site of hole injection; the sequence-dependent
effects we observed were attributed to variations in sequence-dependent structure and
flexibility.'” Recent ultrafast spectroscopic studies have shown that base dynamics may
gate charge transport,” and fluorescence studies on DNA assemblies containing bound
donors and acceptors have underscored the sensitivity of fluorescence quenching to the
stacking of the donor, acceptor, and intervening bases.'?

Table 1 shows substrates that were designed to examine long-range charge
transport through sequences rich in AT base pairs. Each sequence contains two 5'-

CGGC-3’ doublets,™ one proximal and one distal to the tethered intercalating



Table 8.1. Long Range Oxidative Damage in DNA Sequences
Functionalized with the Tethered Photooxidant Rh(phi),bpy'3*

a b Distal/Proximal
Sequence Assembly Oxidation Ratio °

Q’FQH‘D
AC *r GAGCCGAAAAGCCGTAT-3 '
3'-1G ocrrcGGCTTTTCGGCA'm-s v TT-2 0.9 + 0.1

Qo
‘Ac’h GAGCCGTTTTGCCGTAT-3 "
3'-TG d CTCGGCAAAACGGCATA-5"'* AA-2 25+0.2

(A2
‘AC a GAGCCGTATAGCCGTAT-3"

3'-TG ¥ CTCGGCATATCGGCATA-5 "' * AT-2 0.6 +0.2

(A9
‘AC™ GAGCCGAAAAAAGCCGTAT-3 "
3+-1c J CTCCGCTTTTTTCCGCATA-S ¢ * TT-3 1.2+03

Rclah GAGCCGTTTTTTGCCGTAT-3 "'
3'-TGW CTCGGCAAAAAACGGCATA-5"*

(.2
‘AC’Y GAGCCGTATATAGCCGTAT-3'
3 -'.'l‘GQ CTCGGCATATATCGGCATA-5"'*

(Q,@
AC O GAGCCGAAAAAAAAGCCGTAT-3"'
3'-TG

CTCGGCTTTTTTTTCGGCATA-5 "' * TT-4 22+04
(A9

\ Rh '
.. _;g () GAGCCGTTTTTTTTGCCGTAT-3 AA-4 2.3+ 0.1

CTCGGCAAAAAAAACGGCATA-5" *

‘ACE GAGCCGTATATATAGCCGTAT-3"' 18+02
3'- CTCGGCATATATATCGGCATA-5"'* AT-4 8+ 0.

AA-3 3.5+0.5

AT-3 1.0+ 0.2

(RO
‘AC P GAGCCGAAAAAAAAAAGCCGTAT-3 ' S ——
3'-T6 ¥ CTCGGCTTTTTTTTTTCGGCATA-5 ' * TT-5 4+ 0.

(2
‘AC ’3 GAGCCGTTTTTTTTTTGCCGTAT-3 "
3'-TG

CTCGGCAAAAAAAAAACGGCATA-5 " + AA-5 1.2+ 0.1

' W4
‘Ac‘EGAGCCGTATATATATAGCCGTAT-3' 1.8 £0.1
3'-TG ¥ CTCGGCATATATATATCGGCATA-5 ' * AT-5 . s

& W
‘AC 0 GAGCCGTATAGCTATAGCCGTAT-3"'

3'-16 ¥ cTceccaraTccaTarceeeara-s'+  TAGC 0.6+0.1

a Sequences isolated and purified as described previously (13). Only the A diastereomer
was used in these studies. The photooxidant is schematically shown intercalated into its
primary binding site based on the photocleavage patterns. * denotes the site of 32p [abeling.

b Abbreviations are based on the identity and repetition of the two base pair units spanning
the distal and proximal guanine doublets on the strand complementary to the
metallointercalator bearing strand.

¢ Intensity ratiosof the DNA damage at the 5-G of guanine doublets proximal and distal to
the rhodium complex were measured after photooxidation using conditions described in
Figure 1. Values represent averages of three trials

VIII-3
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photooxidant, R’h(phi)szy‘z‘+ (phi = phenanthrenequinone diimine);' the rhodium
complex promotes damage to the 5’-G of a guanine doublet by photoinduced electron
transport. Irreversible trapping of the guanine radical by O, and H,O, once generated, is
assumed to be independent of variations in the global DNA sequence, since each 5'-
GG-3' is identical in its local sequence context. The ratio in yield of damage at the 5'-G
of the 5'-GG-3’ site for the distal versus proximal sites provides a measure of relative
transport efficiency through the intervening sequence.’® The damage yield can be
determined by treatment of the 5'-*’P labeled oligonucleotide with piperidine, followed by
polyacrylamide gel electrophoresis and phosphorimagery analysis." """

Figure 8.1 shows the phosphorimagery after photooxidation of AA-2, TT-2, and
AT-2. For these assemblies, the base pair composition between proximal and distal
guanine doublets is constant, although the sequence of bases varies (Table 8.1). If the
mechanism of charge transport were strictly a function of hopping between guanine
sites,®” one would expect the distal/proximal ratio of oxidative damage for these
assemblies to be equal. In fact, based upon data obtained by others for charge
transport across 5-ATAT-3",” minimal distal oxidation might be expected for all
assemblies.”® As is evident in Figure 8.1 and quantitated in Table 8.1, this is not the
case. Instead, we find significant distal oxidation and in particular the ratio to be
consistently higher for the AA assemblies and lower for the TT and AT assemblies.
Based upon energetic considerations®' as well as poor stacking overlap, the TT
sequences might be expected to be the poorest conduits for charge transport.?? Similar
considerations dictate that adenine tracts should yield efficient charge transport, and
duplexes containing AT tracts might be expected to show damage in the intermediate
range.

Table 8.1 also shows the effect of increasing the length of the intervening

segment. Based upon a guanine hopping model,®’ increasing the number of adenines
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Figure 8.1. Phosphorimagery of a denaturing 20% polyacrylamide gel showing the sequence
dependence of long range oxidative damage in assemblies containing tethered A-
Rh(phi),bpy''. Shown are the results from (a) sequences containing 4 base pairs intervening
between distal and proximal guanine doublets, AA-2, AT-2, and TT-2, (b) sequences containing
6 base pairs intervening between distal and proximal guanine doublets, AA-3, AT-3, and TT-3,
(c) sequences containing 8 base pairs intervening between distal and proximal guanine
doublets, AA-4, AT-4, and TT-4. Sequence designations are as in Table 8.1, where the strand
containing guanine doublets is 5'-**P end-labeled. For each assembly, lanes are as follows:
A+G, C+T, C show Maxam-Gilbert sequencing reactions (34); 313 shows the fragment after
direct photocleavage by the photoexcited metallointercalator at 313 nm for 10 min without
piperidine treatment; 365 nm shows the fragment after irradiation at 365 nm for 1 h at 23°C,
followed by piperidine treatment; DC (dark control) shows samples not irradiated but treated
with piperidine. All samples contained 4 pM metal complex-tethered duplex, 20 mM Tris-HCI,
pH 8, 10 mM NaCl. Sites of proximal and distal 5-GG-3' damage are indicated.
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Figure 8.2. A plot of the distal/proximal guanine oxidation the sequence of bases

ratio versus the distance from the intercalation site, based
upon data given for the assemblies in Table 8.1. Distances are
estimated from the primary intercalation site, established by
direct photocleavage at 313 nm, and assuming 3.4 A stacking.

that is critical. Increasing
the length of the AA
sequence only slightly
decreases the guanine oxidation ratio, consistent with the shallow distance dependence
expected for hole hopping through all the bases. Remarkably, in the case of the TT and
AT assemblies, there appears to be an increase in oxidation ratios with increasing
oligonucleotide length from 4 to 8 intervening base pairs.”*?® Furthermore, in contrast to
that predicted by a guanine-hopping model, insertion of a GC step into the otherwise A-T
bridge actually decreases the efficiency of charge transport (Table 8.1, TAGC). This
result provides clear evidence that strict guanine hopping cannot describe long-range
DNA-mediated charge transport in this system.?® Alternative mechanisms which involve
hopping also among other bases are required.”

The variations observed with sequence and length must depend also upon the
conformational dynamics associated with these sequences. In contrast to hole hopping
models developed primarily for aromatic crystals,’® here electronic coupling between
bases is dynamic and sequence-dependent. For the AA oligonucleotides, the efficiency
of charge transport may depend upon the extensive overlap of the stacked purines.
Moreover, A-tracts are well known to adopt conformations that differ from that of

canonical B-form DNA.®" The increase in damage ratios with increasing length for TT
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sequences is consistent with the cooperative formation of conformational domains in
longer A-tract DNA structures; generation of structures that introduce bends into DNA
seems to require a nucleating core of five adenines before the A-tract stabilizes into a
bend.* In our system, convergence of the oxidation ratios occurs in the duplexes
containing six or more A«T base pairs between the guanine doublets. However, the
results we obtain with 5-TATA-3' can now be viewed in a systematic context;* in
contrast to previous reports’ using a slightly different sequence that did not address the
effects of increasing the length of the domain. As with the A tracts, the increase in
transport efficiency with lengthening of this segment may also reflect some
conformational transition associated with the longer, ordered sequence, but no
precedence for such a finding is available. Rather than considering hopping from
guanine to guanine within a DNA segment, then, we might consider hopping between
domains. Our results strongly suggest that a simple guanine hopping model is
insufficient to model long-range charge transport in DNA. The observations made here
underscore the need to consider the impact on DNA charge transport of sequence-

dependent conformational domains and their dynamics.
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