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ABSTRACT

The array of mt-stacked base pairs in DNA represents a novel medium for electron transfer
reactions, and metallointercalators have served as useful tools to study this chemistry. Ultrafast
kinetic measurements indicate that photoinduced electron transfer reactions between
M(phen)z(deppz)2+ (M = Ru, Os; dppz = dipyrido[3,2-a:2,3-c]phenazine; X = H, CH3) [M(I)]
and Rh(phi),bpy3+* (phi = phenanthrenequinone diimine) [Rh(III)] can occur with rates > 3 x 1010
s-1. Recombination reactions between M(IIT) and Rh(II) are also very fast (~1010 -1, and rates
are found to be independent of the loading of A-Rh(phi);bpy3+ on DNA. However, reaction rates
and efficiencies are highly sensitive to 1) the structure and chirality of intercalators and ii) the
sequence and conformation of the DNA double helix. Photoinduced reactions between Ru(II) and
Rh(IIT) bound to the DNA helix and to SDS micelles, which lack the ordered m-stacked array, are
also compared. In contrast to DNA, quenching in micelles occurs by diffusion. The details of
intercalation and DNA sequence are thus found to be important characteristics of DNA-mediated
ET reactions.

To study long-range reactions through DNA, metallointercalator-DNA conjugates have
been prepared. Rh(III) and novel trisheteroleptic complexes of Ru(Il) are tethered to the 5'-termini
of oligonucleotides by solid- and solution-phase methods, and these complexes have provided
spectroscopic and photochemical tools to characterize chimeric structures. In addition to
experiments in which DNA serves as a molecular bridge connecting donor and acceptor, the double
helix may also serve as a reactant in electron transfer chemistry. Ru(III) oxidants have been
generated in situ by a flash-quench methodology and have been found, by transient absorption
spectroscopy, to oxidize G residues in DNA. Furthermore, using a tethered Ru(IlI)-DNA
conjugate, oxidation products are observed 37 A from the metallointercalator. These investigations
of DNA-mediated electron transfer reactions contribute to our understanding of oxidative damage

in DNA and may lead to a novel class of DNA-based biosensors.
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Chapter 1

DNA as a Medium for Electron Transfer Reactions



1.1 Introduction

Electron transfer (ET) is among the most important chemical reactions in biology,
and is central to the processes of respiration and photosynthesis.! In addition, chemical
oxidants are known to cause a variety of reactions which can lead to DNA mutagenesis
and cancer.2:3 How biomolecules such as proteins and nucleic acids mediate ET
chemistry and respond to oxidative stress is thus critical to our understanding of cell
function and homeostasis.

For several years, our laboratory has been interested in the properties of DNA-
mediated ET.45:6 Double helical DNA is a water-soluble polymer which contains an
electronically well-coupled stack of aromatic heterocyclic base pairs; does this m-stacked
array serve as a medium for electron transfer? If so, what are the chemical consequences
to the DNA itself? This chapter will introduce some the relevant ET theories and
experiments and will describe early data from our laboratory using photoexcited donors
and acceptors bound to DNA as probes to study electron transfer. The following text will
then describe our recent efforts to address what fundamental role DNA structure plays in
modulating ET chemistry.

The study of DNA-mediated ET will contribute to our understanding of radiation
biology, ET theory, and molecular electronics. As the carrier of genetic information,
DNA must be protected from the damage caused by oxidation.2:3 However, in addition
to its biological function, this polymer also represents a prototypical nt-stacked column
and therefore a novel medium through which to examine electron transfer reactions.
Several theories have proposed that the chemical nature of the medium exerts a strong
effect on rates of ET,” but few studies have directly addressed ET reactions through a -
stack. In the field of materials research, the synthesis of one-dimensional conductors, or
molecular wires,8 may lead to development of molecular devices, and polymeric 7t-stacks
could have advantages over other conducting polymers.? By combining the selectivity

and sensitivity of biological molecules with emerging nanoscale technologies, it may



even be possible to design a new class of DNA-based electronic biosensors.10 If
structural perturbations in the DNA medium modulate the rates and efficiencies of ET,
such biosensors would be sensitive to nucleic acid sequence, base mismatches, and DNA-
binding proteins. Thus, by exploiting the well-characterized biochemistry of DNA, and
the throroughly researched field of electron transfer, insights into fundamental reactions

will be gained and potential technologies explored.

1.2 Long-range electron transfer reactions
1.2.1 Pathway theory of ET

Marcus has provided a theoretical framework for considering ET reactions:7-11

ket = (4m/h2AkpT) 2[Hp)2exp-[(AG® + A)2/4AkgT],
where A is the energy required to reorganize the donor, acceptor, and the solvent, [Hyp] is
the matrix coupling element, and AG® is the thermodynamic driving force. Electronic
coupling, determined by [Hyp]?, is related to the distance between the reactants and the
overlap of the donor-acceptor wavefunctions such that
Keg o< ebR,

where B is the electronic coupling factor and R the donor-acceptor distance. For reactants
separated by a molecular spacer of length R, superexchange theory explains how
electronic communication between donor and acceptor may be facilitated by electronic
overlap with wavefunctions in the intervening spacer.1? Several elegant experimental
studies have validated the predictions of Marcus theory and superexchange by
characterizing the variations in ET rates as a function of driving force, reorganization
energy, temperature, and distance.”? For example, Closs, Miller, and coworkers have
demostrated that k¢ decays exponentially as the length of a rigid, c-bonded spacer
increases;!3,14 furthermore, using donors and acceptors separated by a steroid bridge,

these researchers showed that ET rates follow the predicted parabolic dependence on AG*



(including the famed "inverted region" in which k¢ decreases with increasing AG® for
AG° > ). 13

The coupling factor (B), and thus ke, depends sensitively on the electronic
structure of the bridge between electron donor and acceptor, and a number of theorists
have refined the notion of superexchange to describe medium-dependent effects.12,15,16
One such "pathway" model has been proposed by Beratan, Onuchic, and coworkers to
describe intraprotein ET reactions.!5 This model replaces the through-space distance R
with a "tunneling length" ¢ which accounts for the empirical observation that electron-
transfer rates are slower through H-bonded paths and through-space jumps than through
o-bonded media. Siddarth and Marcus have further devised a method for calculating the
optimum ET pathway through a protein using an artificial intelligence approach.!2b Both
studies conclude that the nature of the protein medium has an important effect on rates of
ET reactions.

Because biologically important ET reactions can occur over tens of dngstroms
within a protein matrix, many laboratories have investigated the effect of distance and
protein structure on rates of ET. One notable example is the work of Gray, Winkler,
Richards, and colleagues who have developed a "flash-quench" strategy (Figure 1.1) to
monitor ET between an electron donor within the protein (eg Fe2theme) and an electron
acceptor Ru(bpy)s(imidazole)(histidine)3+ covalently bound to the protein surface.!7:18
By engineering histidine residues on the surface of cyctochrome c, these authors have
measured ke for several heme-protein-Ru(III) pathways. While results did not track with
the direct, through-space distance R, data were well-correlated with the tunnelling
distance ©. It is interesting that a single aromatic residue (tryptophan or tyrosine) did not
seem to enhance ET rates in these experiments; 18 however, it is not known if an extended
aromatic pathway in a protein, such as the 5 tryptophan and phenylalanine residues in the

enzyme DNA photolyase,!? functions as a pathway for long-range ET.



{*Ru2+, Fe2+} Q

{Ru3+, F62+}

{Rll2+, Fe3+}

Q-
{Ru2+, F e2+}

Q = Ru(NHz)¢™

Figure 1.1

Flash-quench cycle for measuring rates of ET in cyctochrome c. In this scheme,
*Ru(bpy)a(imidazole)(his)2+ [¥Ru2*] is quenched by Ru(NH3)g3* to form Ru3+. The
ferrous heme center [Fe2+] of cytochrome c then transfers an electron to reduce Ru3+.
The ground state reaction between Fe2+ and Ru3+ is typically monitored by transient
absorption spectroscopy which monitors color changes between the reduced and oxidized

heme. Adapted from reference 18.



Finally, some exceptions to the relationship ke o< e R have been reported.
Shallow distance-dependences have been attributed to conformational gating in
proteins20 and to strong electronic coupling in conjugated m-networks.2! Rates of ET
between metal complexes separated by a polyproline spacer have been described for
linkers up to nine proline residues long (~41 A).22 Isied, Wishart, and coworkers found
that, for long spacers (4-9 proline units), ke showed a small dependence on distance; for
each additional unit (3.1 A), only a ~3-fold decrease in rate was observed. The authors
attribute this shallow distance-dependence to several factors, including efficient through-
bond coupling with long oligomers. Thus, several studies have indicated that the reaction

medium has a strong impact on the efficacy of electron transfer.

1.2.2 ET in nt-stacked systems

Among the many ideas put forth concerning how the medium may serve to
modulate electron transfer has been the notion that stacked aromatic heterocyclic moieties
serve as "m-ways" through which electron transfer reactions might be promoted
efficiently. A number of reports have described ET reactions through n-stacked arrays of
aromatic heterocycles such as porphyrins and phthalocyanins (Figure 1.2).9:23-28 These
solid-state m-stacks are insulators until charge carriers are generated by pulse radiolysis,
electrochemistry, or chemical oxidation (doping). According to theory, a sufficient
amount of "fractional charge" must be generated to produce an energetically flat,
extended electron pathway; interestingly, conductivity also shows strong sensitivity to
lattice vibrations (phonons) and therefore to the extended structure of the crystal.” Marks
and coworkers developed a series of mt-stacks composed of phthalocyanins stabilized by
covalent M-O-M bonds, where M = Ni, Si, Ge (Figure 1.2).9:28 Co-crystalization of the
components with iodide produced one-dimensional arrays of these mt-columns with formal
fractional charges of +0.33. Addition of different metals provided a series of stacks with

varying monomer spacings; conductivity was found to be strongly dependent on the inter-
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Figure 1.2

Molecular structures of mt-stacked phthalocyanins (A) and porphyrins (B). The
stacked structure of phthalocyanins in A is maintained by covalent metal-oxide bonds (M
= Ni4*, Si4*, Ge4+). Figure adapted from reference 9. Columnar porphyrin structures, on
the other hand, are ordered only by intramolecular stacking interactions; columns are
electronically and structurally insulated from one another by long aliphatic chains.23

Both 1t-stacked arrays are highly conductive when doped.%23



phthalocyanin distance, dropping from 700 Q-lcm-! (3.244 A separations) to ~100 Q-
lem! (3.3 A) and ~10 Q- lem-! (3.5 A). Thus, noncovalent stacking between mt-systems
was critical for mediating charge transfer.

Electron mobility in stacked porphyrins and phthalocyanins has also been
investigated for columar stacks insulated from one another By long, aliphatic side
chains.23:24 Charge separation in these noncovalent arrays was attained by pulsed
radiolysis, and conductivity was measured by time-resolved microwave conductivity
(TRMC). As with the covalently ordered m-stacks, high charge mobilities (1) were
measured for these systems, with it ~ 10-6 m2/Vs. Mobilities of this size indicate a
hopping mechanism for charge transfer (small polaron motion) in which a relatively
localized charge jumps between adjacent nt-systems. Two experiments directly addressed
the importance of the m-stack in mediating charge transfer.23 First, the temperature-
dependence of conductivity was closely correlated with the degree of discotic order, with
charge mobility dropping sharply at the transition temperatures between the solid, liquid
crystalline, and isotropic liquid phases. Second, conductivity was found to increase
exponentially with column length, indicating that charges were transfered along the
columnar axis. In fact, these systems mediate electron transfer quite rapidly; from the
calculated value of [, the authors determined a mean jump time between stacked
heterocycles of < 0.14 ps for phthalocyanins and < 0.6 picoseconds (ps) for porphyrins.

ET through m-systems has also been studied in polymers containing aromatic side
chains.25:26 For example, Tanaka, et al. prepared a copolymer containing biphenyl
pendant groups mixed with a small number (< 2%) of pyrenyl groups. Excess electrons
were added to the polymer by pulse radiolysis and electron transfer was monitored by
transient absorption spectroscopy, which monitors the differences in color between the
reactants and intermediate species. Data indicated that electrons were able to step across
biphenyl rings until being trapped by the lower energy pyrenyl groups; ET rate constants

between two aromatic groups were estimated to be ~3 x 10 s-1. For these flexible



polymers, distances between pendant groups varied from 3 - 8 A, depending on
conformation; given the strong dependence of ET rates on the distance between adjacent
T-systems, it is possible that the ET rates are limited by "bad" conformations which
isolate radicals (¢). In general, results with stacked heterocycles and aromatic assemblies
underscore the importance of a closely-spaced, well-organized n-stacked array for

mediating charge transfer.

1.2.3 DNA as a n-stacked polymer

The structure of DNA incorporates many of the features of an ideal nt-stacked
polymer. The double helix contains a relatively rigid, electronically coupled column of
stacked base pairs within a water-soluble polyanion, the sugar-phosphate backbone.29-30
Electronic coupling within the column is reflected in the extensive hypochromicity of the
stacked double helix compared to the random coil, and it is this stacking interaction that
accounts substantially for the stabilization of the helical form.29 Using solid-state
synthesis and cloning strategies, the chemical components of the DNA m-stack can be
varied with precision, and thus the effects of polymer composition can be studied. This
polymer is among the most extensively characterized molecule in chemistry, and thus x-
ray crystallography,3! NMR spectroscopy,32 biochemical methods33 and a host of other
physical techniques have been developed to provide structural and dynamic information
about the DNA ET bridge.

The molecular structure of a canonical B-form DNA double helix is illustrated in
Figure 1.3A. Each base step is accompanied by a 36° twist and 3.4 A rise; adjacent base
pairs are approximately parallel to each other and tilted at a 12° angle relative to the dyad
axis.30 The two types of base pair are shown in Figure 1.3B. The DNA bases are
attached at the N1 position by an N-glycosidic bond to the C1 position of the ribose
sugar, and complementary bases are joined by hydrogen bonds. The asymmetry of the

base pair structure creates two distinct grooves in B-form DNA; the major groove is 11.7
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Figure 1.3

Structure of B-form DNA. A) Molecular model of double-helical DNA derived
from canonical B-form parameters (Insightll; BIOSYM/Molecular Simulations). The
ribose-phosphate backbones are shown in black; the stacked base pairs are shown in grey.
B) Molecular structure of the bases of DNA showing hydrogen bonding between
complementary bases and the attachment of the sugar-phosphate backbone. Arrows
indicate the surfaces of the major and minor grooves. Bases are as follows: A = adenine,

T = thymine, G = guanine, C = cytosine.



A wide and 8.8 A deep, and contains many of the functional groups presented by the
bases, while the minor groove is 5.7 A wide and 7.5 A deep, and primarily hydrophobic
in character. Interestingly, most known DNA-recognition proteins bind in the major
groove, and most small molecule drugs preferentially target the smaller minor groove.
All of an organism's genetic information is stored in this simple, four-base code;
how this information is located and accessed within the cell is an interesting and
important question. For this reason, there has been a great deal of interest in
understanding the sequence- and context-dependent structure of the DNA polymer. For
example, sequences of alternating AT-TA basepairs have been found to be
conformationally flexible;34 DNA-binding proteins3> and small molecules36 have been
"designed" to take advantage of this deformability to catalyze transcription initiation33 or
to increase binding specificity.3 By contrast, homopolymeric AT sequences are rigid
and cause a characteristic bend in the helix;37 this unusual structure has been exploited in
assays designed to measure DNA bending and unwinding. From the standpoint of
electron transfer, we would like to know if the four DNA bases vary in their ability to
modulate electron tranfer. Just as the molecular structure of synthetic nt-stacks impacted
the charge mobilities in the polymers described above,?23-27 differences in the molecular
and extended structure in the DNA polymer could have a large impact on the rates of

charge migration through the double helix.

1.3. Oxidative damage of DNA
1.3.1 Radiation biology

The effects of ionizing radiation on DNA has been the focus of much research.
Radiation, in the form of UV light, x-rays, and y-rays, has been shown to react with HyO
to generate hydroxyl radicals (OHe) and hydrated electrons (e-) and also to directly ionize
the DNA molecule.3 OHe is highly reactive, and causes oxidative damage to DNA in the

form of single-strand breaks and base modifications. Additives are sometimes used to
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generate less reactive radicals such as SO4¢- and COO+ which only attack DNA and other
easily reducible species. Electron spin resonance (ESR) and transient absorption
spectroscopy studies indicate that positively charged holes generated by pulse radiolysis
migrate to G residues to create G(-H*)* while reductive species ultimately form Ce- or Te".
Irradiation by UV light leads to direct biphotonic (248 nm) and monophotonic (193 nm)
excitation of the DNA bases. At 248 nm the primary damage product is the thymine
dimer which results from a 2+2 cycloaddition of adjacent T residues. At 193 nm, by
contrast, most permanent damage products are modified guanines, such as 8-0xo-G. In
single-stranded DNA, migration of radiation damage to Ge has been found to be sequence-
dependent and to be blocked by intervening C residues.38

Several experiments have sought to measure the distance of charge migration
through DNA following treatment with ionizing radiation. Table 1.1 indicates that results
have varied widely, and mean migration distances of 1 - 200 base pairs (bp) have been
reported. Since experimental and detection methods differ dramatically, it is difficult to
rationalize these discrepancies. However, studies in which intercalators have been used
as electron/hole traps are particularly interesting. Pulse radiolysis studies of i) "dry"
DNA at room temperature and ii) frozen DNA glass at 77 K have both shown that dilute
concentrations of intercalators suppress the formation of base radicals.4!-44 These data
were taken as evidence that charge could migrate through DNA until reaching a charge
trap; based on the ratio of DNA/drug, mean migration distances were estimated to be
~100 bp. In related work, Houée-Levin et al. monitored the disproportionation of the
intercalated daunorubicin semiquinone in both the presence and absence of DNA.48
These authors proposed that electron-transfer between semiquinones occurred through the
DNA and estimated that L ~ 4 x 10-11 m2/Vs. While this charge mobility is similar to
that found for doped organic polymers, it is much lower than has been observed in

stacked porphyrins (Section 1.2.2).23 The lower, but nonzero, conductivity of DNA
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compared to these columnar crystals qualitatively agrees with the results of Warman et al.

who have monitored the conductivities of both systems by TRMC (Table 1.1).43
Although the effects of ionizing radiation on DNA have important biological
consequences, pulse radiolysis might not be an ideal method to measure the kinetics of
DNA-mediated ET. Because radiolysis creates a number of high energy radicals, it is
challenging to monitor only the reactions involving charge transfer through the DNA.
Additionally, since ultraviolet light excites nearly all molecular components in DNA, it is
difficult to determine from where mobile charges originated. Thus, the distance and rate
of ET reactions must be derived statistically. To address these issues, it would be more
convenient to initiate charge separation by a selective reaction, such as visible

photoexcitation of a chromophore bound to DNA.

1.3.2 Theory of charge-transfer in DNA

Theoretical studies have proposed the importance of charge transfer in nucleic
acids for some time.16:49-53 Many such studies have been inspired by early experiments
correlating the oxidation potential of aromatic compounds with their carcinogenicity.>4
Conductivity measurements of DNA pellets has also suggested that such solids behave as
semiconductors,33 although it is now generally agreed that DC charge conduction is
mediated by mobile ions in the hydration shell of "dry" DNA.55¢

Dee and Bauer proposed the first detailed theoretical approach to characterizing
charge transfer through mixed sequences of DNA.49 These authors used a model in
which localized charges hop between adjacent bases, arguing that this approach is more
reasonable than a model requiring a DNA band structure, since the absorption spectrum
of DNA does not indicate extensive electronic delocalization. Instead, the energies of the
molecular orbitals of the individual bases were calculated and the energies between them
determined; the time-evolution of charge transfer between bases in the DNA helix was

then calculated using a stochastic (probabilistic) equation. From this model, the mean
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jump time was found to be ~10 fs, ten times faster than that estimated for phthalocyanin
crystals (Section 1.2.2). The helical structure of DNA caused the rates of forward and
reverse hopping to be different and sequence-dependent; thus, even though each hopping
event was independent, after ~200 fs the probability of the electron's position was found
to be spread over 20 basesteps, indicating long-range migration on the picosecond
timescale.

Other quantum-mechanical calculations have considered the possibility of a
"quasi mt-type" band structure in helical DNA. Clementi, Ladik, and coworkers have
performed ab initio self-consistent field (SCF) calculations on the nucleotide units and
small fragments of B-form DNA.50:51 The authors conclude that the DNA band gap is
<10 eV, with a conduction band width of 0.2 - 0.8 eV, depending on sequence. The
authors noted that significant charge transfer occurs within the nucleotide unit, such that a
charge of 2 -0.24 is placed on each base in a cooperative manner along the base stack.
This formal partial charge is comparable to that described by Marks for doped
phthalocyanin crystals (Section 1.2.2); however, no intrinsic semiconduction has been
suggested by calculations with DNA.5! It was noted, moreover, that charge migration
might be observed if free charge carriers were formed in DNA.

Recently, Beratan and coworkers have applied similar SCF calculations to larger
DNA structures containing electron donors and acceptors bound to the double helix.16
The primary advance in these calculations was the use of large atomic basis sets requiring
intensive mathematical computation. Calculations indicated that electron tunneling
occurs through the DNA n-stack, instead of through the sugar-phosphate backbone, and
decays sharply with distance (8 = 1.2 - 1.6 A-1). While these calculations do qualitatively
agree with some measurements,56-58 they do not predict a large number of experimental
results.39:44:48,59-62 Further theoretical and experimental work is needed before the
electronic structure of DNA and the factors controlling charge migration through DNA

will be well-understood.
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1.4 Donor-acceptor pairs noncovalently associated with DNA

Given the importance of charge transfer in DNA, it is not surprising that chemists
have sought to characterize this phenomenon.4-6.:63 A number of researchers have
monitored ET reactions between donors and acceptors bound to DNA and have compared
results to other "supramolecular” systems in which reactants are noncovalently associated
with larger arrays such as micelles (Chapter 3)64 or charged polymers.55 In contrast to
the radiation techniques described above, the use of small, photoactivated donors and
acceptors offers well-described chemistry and a defined initiation point for ET.
Furthermore, a great deal of research has been directed towards the design of small
molecules which bind to DNA.66-68 For such systems, three modes of binding have been
identified, including i) electrostatic interactions with the sugar-phosphate backbone, i1)
groove-binding between organic moieties and the hydrophobic floor of the grooves, and
ii1) intercalation of a flat, polarizable aromatic surface between two base pairs in the
DNA r-stack. Due to the many possible binding orientations, it is important to define
how donors and acceptors interact with DNA, and to ascertain if the mode of binding

modulates ET chemistry.

1.4.1 Organic compounds and porphyrins

Some of the earliest studies utilizing DNA-bound reactants employed the well-
known nucleic acid stain ethidium (Figure 1.4).56:69-72 The luminescence lifetime of this
dye is enhanced ~10-fold upon intercalation into DNA (from ~2 ns to 23 ns) due to
protection of exocyclic amines from proton-transfer quenching by H,O. Baguley and
coworkers found that the emission of ethidium bound to poly(dA-dT) was highly
quenched upon addition of intercalating derivatives of 9-anilinoacridine.6® Only one
equivalent (equiv) of the best quencher, 9-aminoacridine, was needed to quench 45% of
ethidium luminescence. Interestingly, different efficiencies of quenching were observed

in different DNA sequences; poly(dA-dT) supported the greatest yield of quenching,
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followed by mixed sequences and finally by poly(dG-dC). Time-resolved luminescence
measurements indicated biphasic emission, with one quenched lifetime which could not
be resolved, and was thus given a limit of < 108 s-1, and a longer lifetime corresponding
to unquenched ethidium. These data are consistent with a "static mechanism” of
quenching in which reaction occurs between DNA-bound molecules without molecular
diffusion. The mechanism of quenching was assigned as ET from acridine to
photoexcited ethidium based on the lack of spectral overlap required for energy transfer
and a qualitative correlation between the amount of quenching and the oxidation potential
of several derivatives of 9-anilinoacridine. Interestingly, the electron-donating properties
of quenchers also correlated with their in vitro antitumor activity. The authors conclude
that "the effects of electron donation into the DNA" mt-stack should be considered in the
mechanism of antitumor drugs.

The quenching of DNA-bound ethidium by electron transfer has also been studied
using the groove-bound methyl viologen (MV2*) as a quencher. Fromhertz and Reiger
were interested in using the DNA helix as a scaffold for attaining efficient charge
separation, the first step in designing molecular electronics.”’0 For ethidium quenched by
MV?2+, they found an enhancement in ET rates of 5 x 103 over the solution phase
reaction. Bimolecular rate constants kq were obtained by the Stern-Volmer equation

[o/T=1+ K [Q]: Ky = quoa

where I, and I are the emission intensities of the donor in the absence and presence of the
quencher Q, respectively, and T, is the luminescence lifetime of the donor in the absence
of Q. Linear plots of Io/I vs [Q] are expected for a reaction which occurs by a diffusional
mechanism. The authors concluded that the increased rate of ET was due primarily to
restricted diffusion along the one-dimensional DNA lattice. Further characterization of
this ET reaction by transient absorption spectroscopy indicated that most of the reduced
MV+ recombined rapidly with ethidium, while ~2% escaped from the DNA surface into

bulk solution.”! Thus, when one reactant was diffusible, reactions were facilitated by the
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diffusion along the surface of the DNA polymer; only when both donor and acceptor
were intercalated into DNA was static quenching observed.

More recently, Brun and Harriman completed a photophysical study of ET
reactions between photoexcited donors ethidium or acridine orange (Figure 1.4) and the
intercalating acceptor N,N'-dimethyl-2,7-diazapyrenium (DAP2+).56 Picosecond time-
correlated single photon counting (TCSPC) measurements showed that both ethidium and
acridine orange bound to a mixed sequence of DNA decayed nonexponentially upon
addition of small concentrations of DAP2+, Decay traces were fit to a triexponential
function, and the different emission decay constants were attributed to photoexcited (*)
donor in three distinct environments. As the concentration of quencher was increased,
the fraction of the two fast decays (0.7 and 8 ns for ethidium) increased while the decay
corresponding to unquenched donor decreased. Assuming a nonrandom distribution,
these authors assigned these decays to the rates of ET reactions between donors and
acceptors separated by 3,4, and = 5 bp. The three rates obtained for each donor were then
fit to the Marcus equation ke; = Ae-BR, from which a B of ~0.9 A-1 was obtained;
interestingly, this value is similar to the lowest values obtained in protein systems
(Section 1.2). However, the model for ET in DNA did not provide evidence for a
nonrandom distribution of intercalators on the DNA. It is also noteworthy that ET occurs
efficiently even at the very low driving forces of these reactions (25 mV for ethidium, 65
mV for acridine orange).

In a second study, the same authors measured the rates of Dexter (exchange)
energy transfer between intercalated acridine orange and intercalated or groove-bound
palladium(II) porphyrins [tetrakis(x-N-methyl-pyridinium)porphyrins, where x = 2-4]
(Figure 1.4).57 Dexter energy transfer involves the exchange of two electrons between
energy-matched donors and acceptors and is therefore similar to ET in its distance-
dependence. The slow rates of energy transfer and high loadings of donors and acceptors

employed led the authors to conclude that DNA was a poor medium for electron
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exchange, and they presented a 8 ~ 1.4 A-1. While not noted by the authors, the
discrepancy between estimated [ values could be related to differences in intercalation
between DAP2+ and Pd(II) porphyrins. For example, whereas the small, planar donors
and DAP2+ are not likely to cause large disruptions to the DNA basestack, CuT4 [T4 =
tetrakis(4-N-methyl-4-pyridinium)porphyrin]’2 has been shown by x-ray crystallography
to cause distortions in the DNA structure, including the removal of a cytosine base from
the m-stack. Importantly, the porphyrin is shown not to "form van der Waals stacking
contacts with adjacent bases."”3 The poor reactivity of "hemi-intercalated" porphyrins
thus supports the notion that donor and acceptor must be well-stacked in order to
communicate via the DNA base stack.

DNA-binding porphyrins have also been used to study Forster energy transfer
through the double helix. Pasternack et al. have monitored the quenching of intercalated
ethidium by intercalated and groove-bound HyT4, ZnT4, and NiT4.72 Forster energy
transfer arises from dipole-dipole interactions and requires an energy match between the
excited-state of the donor (emission spectrum) and the ground-state of the acceptor
(absorption spectrum).”# Theoretically, the efficiency of Forster energy transfer decays
as RO and is therefore expected to increase strongly with [Q], since the average distance
between donor and quencher should decrease. In the presence of DNA, however, the
quenching efficiency (I,/I) was found to increase only exponentially with [Q].72 This
anomalous behavior is consistent with a "sphere-of-action” model, first derived by Perrin,
in which quenching occurs with perfect efficiency within a given donor-acceptor distance
R, and not at all beyond this critical separation.”S The calculated R, of ~20-30 A implies
that electronic coupling by the DNA n-stack effectively extends dipolar interations

between the donor and acceptor.”2



1.4.2 Octahedral transition-metal complexes

Concurrent with research utilizing ethidium as an intercalating donor, Barton,
Turro, and coworkers were characterizing the binding and reactivity of M(phen)3"*+ (phen
= 1,10-phenanthroline; M = Ru2+, Rh3+, Co3+, Cr3+, Ni3+) complexes bound to
DNA.65,76-82 Through a variety of spectroscopic techniques, it was determined that
complexes such as Ru(phen)32+ associates noncovalently with DNA by both groove-
binding and intercalation, with an overall association constant Ky, ~ 103 M-1.76
Moreover, an enantioselectivity in these binding modes was observed. In the presence of
DNA, emission from A-*Ru(phen)32* was found to decay with two lifetimes, 0.6 and 1.7
us.”® The longer lifetime, which also maintained polarization of luminescence, was
attributed to an intercalative mode of binding, and 'H NMR studies provided evidence for
insertion of the 5,6 positions of one phen ligand between the DNA base pairs.”? Support
for surface binding, particularly for the A-enantiomer, was provided by 'H NMR studies
in which paramagnetic Ni(III)- and Cr(III)- phenanthroline complexes selectively
perturbed protons in the minor groove of DNA. ESR studies with Ru(phen)(TEMPO-
phen)2t [TEMPO = 2,2,6,6,-tetramethylpiperidine-N-oxyl] also indicated three distinct
components which were attributed to free, groove-bound, and intercalated species.30

Figure 1.5 illustrates a model for binding of M(phen)3"* complexes based on
these data. Enantioselective binding of the isomers of M(phen)3"t was ascribed to the
"symmetry matching" of M(phen)3n* isomers with the right-handed twist of B-DNA.77
When A-M(phen)3™t is intercalated, the two ancillary phen ligands follow the shape of
the major groove, avoiding steric clashes with the sugar-phosphate backbone. For the
left-handed A-isomer, such clashes make intercalation unfavorable; this enantiomer
instead takes advantage of hydrophobic surface area and nestles in the floor of the minor
groove.

Barton, Turro, and coworkers exploited the shape-selective binding of metal

complexes to DNA to address the importance of molecular diffusion and long-range ET
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Figure 1.5

Binding to DNA by enantiomers of tris(phenanthroline) metal complexes. The
computer graphic representation depicts the model for noncovalent binding to right-
handed double helical DNA by the A-(right) and A- (left) isomers. A-[M(phen)3]* is
shown bound to the lower half of the helix through intercalation in the major groove. In
this binding mode, preferred for the A-isomer, one ligand is partially stacked between the
DNA base pairs. A-[M(phen)3]™* is shown bound to the upper half of the DNA helix
against the minor groove. This binding mode, preferred for the A-isomer, is stabilized
through hydrophobic interactions.”® Model built with InsightII (BIOS YM/ Molecular

Simulations).
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through DNA.6381.82 Tn their initial study, emission quenching of *Ru(L)3%* by
Co(L)33* [L = bpy (2,2-bipyridine), phen, 4,7-diphenylbpy] was found to be ~100-fold
faster in the presence of DNA than in aqueous solution; moreover, Stern-Volmer plots
were downward-curving, reaching saturation at high [Q].8! Rate enhancements were
attributed primarily to increases in local concentration and facilitated diffusion. A second
study further explored the contributions of diffusion and long-range ET quenching using
*Ru(phen)32* as donor and M(phen)33* (M = Co, Cr, Rh) as acceptors.82 Some of the
data are summarized in Table 1.2. At the low Ru(II)/(DNA bp) ratios (1/75 to 1/150)
used in these experiments, quenching was more efficient for surface bound complexes
than for intercalators. Furthermore, two experiments indicated a mechanism other than
diffusion to account for accelerated ET rates. First, experiments were carried out in high
viscosity solutions (£ 92% glycerol) through which diffusion was limited; nevertheless,
reaction rates were still enhanced over quenching in the absence of DNA. Second, three
quenchers with varying reduction potentials were studied. The solution-phase ET rates
increased with reaction driving force, as expected from Marcus theory; in the presence of
DNA and glycerol, however, rates of quenching were fastest for Cr(phen)33+, the
acceptor with intermediate driving force. The authors concluded that the observed rate
enhancements were due to a combination of i) increases in local concentration of
complexes bound to DNA, ii) facilitated diffusion along the DNA helix, and iii) long-
range electron transfer through the DNA medium. The rapid equilibration between
binding modes and the weak binding of M(phen)3n+ complexes to DNA, however, made

it difficult to evaluate the relative importace of each factor.

1.5 Metallointercalators as donors and acceptors
The experiments described above (summarized in Table 1.3) strongly suggest that
the binding of both donor and acceptor plays an important role in the ability of DNA to

mediate electron transfer. In order to selectively probe the role of the DNA n-stack, more
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recent studies in our laboratory have utilized avid metallointercalators with binding
constants for intercalation of > 107 M-1.4-6 The strong preference of these molecules to
intercalate rather than groove-bind clarifies the relationship of the donor and acceptor to
the DNA medium. Additionally, the binding of these molecules to B-form DNA has
been characterized by a number of techniques, and thus binding can be correlated with
reactivity.

Figure 1.6 illustrates the donor Ru(phen),dppz2* (dppz = dipyrido[3,2-a:2,'3'-
c]phenazine) [Ru(I)], the acceptor Rh(phi),phen3+ (phi = 9,10-phenanthrenequinone
diimine) [Rh(III)] and their interactions with DNA. Not only do these complexes bind
tightly to DNA by intercalation, but their electronic structures are particularly well-suited
to engage in ET reactions through the DNA 7t-stack.59 The absorption spectrum of Ru(Il)
is characterized by metal-to-ligand charge transfer (MLCT), 83-87 and studies of
Ru(bpy),dppz2* in the absence of DNA have shown that the photoexcited electron is
centered on the phenazine ring of the intercalated dppz ligand.87 The electron acceptor
Rh(phi),phen3+ is known to bind tightly to nucleic acids via intercalation of the phi
ligand;88-90 furthermore, the lowest energy absorption bands of this complex results from
transitions centered on the phi ligand.90:°1 We were intrigued by the possibility that
intercalation of the ruthenium and rhodium complexes could afford easy access to the 7-
way, where the stacked bases might readily accept and direct an electron from the donor

to the intercalated acceptor.5?

1.5.1 Dipyridophenazine complexes of Ru(II) and Os(II)

Evidence for intercalation of the dppz ligand of complexes such as
Ru(phen),dppz2* is provided by DNA unwinding studies,8¢ UV-absorption and emission
titrations,86.93-96 resonance raman spectroscopy,87 and 'H NMR.97 The absorption
spectrum of Ru(phen),dppz2*, given in Figure 1.7A, indicates MLCT centered at 440

nm, phen 7T-* transitions at 272 nm, and ©t-t* transitions within the dppz ligand at 384
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Rh(phi),phen’™* Qm’“

Figure 1.6

Structures of metallointercalators Ru(phen),dppz2+ and Rh(phi),phen3t and a
schematic illustration of a possible electronic pathway from the photoexcited
Ru(phen),dppz2+ donor through the stacked bases of DNA to the Rh(phi);phen3+

acceptor.
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Figure 1.7
Photophysical properties of Ru(phen)dppz2+. A) UV-visible absorption
spectrum of Ru(Il) in aqueous solution in the absence of DNA. B) Emission spectra of

Ru(II) in the absence (baseline spectrum) and presence (top spectrum) of B-form DNA.



nm. Theory and experiment both indicate that charge transfer is localized on the dppz -
system.83-87.98 In aqueous solution, the emission resulting from the MLCT excited state
is deactivated through an interaction between the phenazine nitrogens and solvent water
molecules83:86 and no steady-state emission is observed. When the complex intercalates
into double stranded DNA, however, the stacked bases protect the phenazine nitrogens
from water, and intense photoluminescence is apparent (Figure 1.7B); emission
enhancements upon intercalation are estimated to be > 104 for Ru(phen),dppz2+. While
not known in detail, the mechanism of water quenching had been ascribed to either
energy- or proton transfer. Recently, ultrafast laser spectroscopy has been used to
determine the lifetimes, spectral properties, and decay mechanisms of the Rulll-dppz*-
charge-transfer state (Chapter 2).61

Table 1.4 presents the steady-state and time-resolved emission characteristics of
Ru(phen),dppz2+ upon binding to various DNAs.86 The time-resolved luminescence of
DNA-bound Ru(II) is characterized by a biexponential decay, consistent with the
presence of at least two binding modes for the complex. That both modes involve
intercalation of the dppz ligand is supported by [Fe(CN)g]4- quenching,86 proton-transfer
quenching,%? and 'H NMR experiments.97 'H NMR measurements also indicate that
both modes involve intercalation from the major groove and that the average dissociation
rate for Ru(Il) from DNA is < 70 s-1. Based on quenching and 'H NMR experiments as
well as photophysical studies of derivatives of Ru(II), two families of intercalative
binding modes have been proposed (Figure 1.8): i) a perpendicular mode in which the
dppz ligand intercalates from the major groove such that the long axis of the metal
complex lies along the dyad axis and ii) a side-on mode where the long axis of the dppz
lies more closely to the long axis of the base pairs.?4 It is noteworthy that the differences
in lifetimes do not imply that the binding of the perpendicular mode is stronger than that
of the side-on mode; in fact, the higher percentage of short lifetime in most DNA

environments (Table 1.4) suggests that the binding of the latter orientation is

30



31

19 Q0udIdjal v 12 uryry woly paydepy "0S/1 = dq YNQ/(ID)NY OBy § "9f 20UIIJAI Jv 72 SUINUI[ WOIJ

padepy y “(8%) (TH0'0 = @) +z[E(Adq)ny] 01 9AnR[21 paUIULIBIOP 219M ‘@ ‘SP[AIA WMURN() 3 "BIEP PIA[OSII-IUWIT Y} JO UOHIN[OAUOIIP
oy ur pasn weadoxd ayy Aq padnpoid siojoej enusuodxa-a1d oYy Jo sopnyrugew 9y) WOy PAJe[Nd[ed SONeI SWNAJIT p "SIpHod[oNU

AT 00 1/x21dwos wnruayini AN (0] PAUTRIU0D SJUIWAINSEIW PIA[OSAI-OWI) pue 2)eis-Apea)s ul pasn sojdwes 5 “sjuawaINSLaw
PIA[0SAI-0W pue dJeIS-ApPeals 10q I0J %01 F 39 01 PIIBUWILISI JOLIF ¢ "PAIOU ISIMISYIO SSI[UN INIXIUI dIWdde St 4 zddp(usyd)ny
"8 9JUIRJAI UI PAQLIOSIP UONBIUIWINIISUI FUISn D ()7 I© PA1ONPUOD SJUIUWAINSEIW PIA[OSII-OWI) PUR J)RIS-APRIIS [[V e

G8 ov
100~ L19 Cl 0S1 3VNQ snwdy) jies *4zzddpt(uayd)ny-v
08 091
800~ L19 0z 0S8 3V N( SnwAy) Jjed #NNQ%NA:E&:mé
ov OLI
1900 129 09 0€S 3(Lp) A10de(wp) Afode(1p) ATod
08 08
£00°0 029 0z 06t ;l(aw)a] Afod
ov 0L
$20°0 809 09 0LT 3[(OD)plAjod wwioy-7
09 0zl
6£0°0 L19 o OLL JVYNQ snwdy Jred
) (wu) XUy % »q(Su) 1 PRV dRPNN

¢ SPPY dv[PNYN 03 punog ,;zddpZ(uayd)ny pajoxa03oyd 10j SIPWEIR] JUDSIUIWNT 4] I[qE],



Figure 1.8

Illustration of the side-on (left) and perpendicular (right) models proposed for
intercalation of Ru(phen)>dppz2+ in DNA. View is shown along the helical axis, with the
major groove to the left, and depicts the possible overlap of dppz (bold lines) with the
base pairs above (solid lines) and below (dashes) the intercalated ligand. In the side-on
orientation, one phenazine nitrogen atom is positioned towards solvent. In the
perpendicular intercalation mode, both sides of the ligand are protected from water.

Adapted from reference 94.
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thermodynamically favored. Table 1.4 also indicates that both enantiomers of
Ru(phen),dppz2+ intercalate with two binding orientations.61-96 Emission lifetimes are
significantly longer for the A-isomer and the steady-state emission intensity is ~8-fold
higher than for the A enantiomer; the greater protection of A-Ru(II) from water quenching
is consistent with the symmetry matching of the right-handed isomer and the helical
structure of B-form DNA. Because of the much higher emission intensity of A-
compared to A-Ru(Il), the emission lifetimes of rac-Ru(phen),dppz2* approximate that of
the A-isomer.

As also described in Table 1.4, the luminescent parameters for the metal complex
bound to different conformations of DNA can be correlated with the accessibility of the
phenazine ligand to water.83 This correlation is most clearly illustrated in the examples
of A-form poly[r(AU)] and the triple helix poly(dT)*poly(dA)epoly(dT). In A-form
nucleic acids, the base pairs are pushed back toward the periphery of the major groove,
creating a major groove which is both very deep and very narrow.30 The shape of this
cavity likely hinders the intercalation of the dppz ligand; this relatively poor protection
results in short excited-state lifetimes and correspondingly low luminescent intensities.
Intercalation into the triplex, on the other hand, results in an interaction where the base
triples adjacent to the intercalating ligand completely surround the phenazine nitrogens,
resulting in greater protection from water and therefore longer luminescent lifetimes and
higher luminescent intensities.83 After Ru(bpy),dppz?+ was shown to serve as a
sensitive indicator of solvent accessibility in DNA, this luminescent probe was similarly
used to describe solvent channels in Nafion films!00 and to characterize the binding of
polypyridyl complexes to anionic micelles.64.101

Osmium(II) complexes of dppz preserve some of the properties of Ru(II)
complexes, but with important variations.!92 Since the Os(II) and Ru(II) complexes are
isostructural, both complexes are expected to bind identically to DNA; indeed, absorption

and emission titrations indicate that Os(phen),dppz2+ does intercalate into B-form DNA.



Importantly, the photophysical attributes of Os(II) are characteristically different from
those of Ru(Il). The visible spectrum of Os(II) shows significant absorption of light from
550-650 nm, indicating direct population of a 3SMLCT excited-state, as expected from the
greater spin-orbit coupling of third row transition metals.!03 Compared to Ru(II), the
emission maximum (Amax ) from Os(II) complexes is red-shifted (Amax ~760 nm) and the
emission lifetimes are much shorter (2 - 12 ns).102 Recent work has been focused on the
characterization of Os(II) as a photoexcited electron donor in DNA, 104 and comparisons
between Os(II) and Ru(I) are discussed in Chapter 2.6 In particular, we are interested to
learn whether ET reactions are governed by intercalation, photophysics, or a combination
of both.

The sensitive emission properties of Ru(phen),dppz2+ and its derivatives make
these complexes ideal electron donors in the study of DNA mediated electron transfer.
Since luminescence is due to intercalated species, photophysical studies probe only those
complexes bound to DNA. The steady-state and time-resolved luminescence properties
of Ru(II) complexes also serve to characterize novel metal/DNA assemblies.
Additionally, many derivatives of M(phen),dppz2* can be readily prepared,!05 providing

a large pool of structurally related photoexcited donors.

1.5.2 Phenanthrenequinone diimine complexes of Rh(III)

Phi complexes of rhodium(III) bind avidly to DNA through intercalation,7 as shown by
UV-absorption spectroscopy,38:89 helical unwinding studies, and 'H NMR
spectroscopy.?0 UV-absorption spectra of a series of complexes indicate strong
hypochromism of electronic transitions between 330-400 nm (Figure 1.9); spectroscopic
and electrochemical studies with a number of phi complexes of Rh(III) and Ir(III)
indicate that these low energy absorbance bands arise from n-n* and intraligand CT in
the phi moiety.92 Furthermore, 'H NMR measurements of A-Rh(phen);phi3+,

Rh(en),phi3* (en = ethylenediamine) and Rh(Mestrien)phi3+ (Mestrien = 2,9-diamino-
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Figure 1.9

UV-visible absorption spectrum of Rh(phi);bpy3+ upon addition of B-form DNA.
The hypochromicity (31%) and red-shift (11 nm) evident in the phi-centered absorbance
bands between 350 nm and 550 nm are indicative of intercalative binding of the complex
via the phi ligand. Conditions are 11.4 uM Rh(III), O - 127 uM nucleotides DNA, in an
aqueous buffer of 5 mM tris, 50 mM NaCl, pH 7.5. Adapted from reference 88.



4,7-diazadecane) bound to oligonucleotide duplexes show large upfield shifts in phi
protons (.5-1.2 ppm) indicative of deep intercalation of this ligand.90.106,107 In each
study, two-dimensional NOESY experiments indicate a selective loss of the
intramolecular NOE between the central base and the adjacent sugar, providing
compelling evidence for intercalation of the rhodium(III) complex at that base step. As in
TH NMR measurements of Ru(phen),dppz2+,7 NOESY experiments with phi complexes
of Rh(III) also indicate intermolecular NOE's between the metallointercalator and protons
in the DNA major groove.90,106,107

Rhodium complexes have proven to be particularly useful probes of DNA
structure and recognition because these complexes promote strand breaks in DNA and
RNA upon photoactivation.67-88 The DNA-derived products of this photocleavage
reaction are consistent with abstraction of the C3' hydrogen atom from the nucleotide in
the 5' position of the intercalation site. Because cleavage occurs directly at the base step
of intercalation, these complexes have served as novel probes of higher-order structures
in nucleic acids and as high-resolution DNA photofootprinting reagents.67,108,109,110

The nucleic-acid recognition properties of phi complexes of rhodium may be
optimized by altering the ancillary ligands (Figure 1.10).36,110-113 The recognition of
these octahedral intercalators is governed by the ensemble of noncovalent interactions
between the metal complex and the nucleic acid binding site. Such interactions arise
from i) the complementarity of the three-dimensional shapes of the metal complex and its
site and ii) the positioning of ligand functionalities for hydrogen bonding and van der
Waals contacts to functional groups in the DNA major groove. An elegant example of
recognition by functional group complementarity is provided by Rh(Mestrien)phi3+.111
This complex recognizes the sequence 5'-TCGA-3' through hydrogen bonding between
axial amines on the complex and carbonyl groups on the GC basepairs and through van
der Waals contacts between methyl groups on the trien ligand and on the thymine bases.

A-Rh(phen),phi3* provides an example of shape-selective binding.!12 This hydrophobic

36



A,0-(R,R)-[Rh(Me,trien)(phi)]** [Rh(4,4'-diphenylbpy),(phi)]**

Figure 1.10

Phi complexes of rhodium(III). Clockwise, from upper left: [Rh(phen),phi]3+
recognizes 5'-pyr-pyr-pur-pur-3' sequences, characterized by an open major groove.!12
[Rh(phi)2(bpy)]3* binds and cleaves B-form DNA without sequence selectivity, making it
a high resolution photofootprinting reagent.!10 A-[Rh(4,4'-dimethylbpy)>(phi)]3+
recognizes the palindromic sequence 5'-CTCTAGAG-3' and displays striking
enantioselectivity.!13 A,a, -(R,R) [Rh(Mestrien)(phi)]3+ recognizes 5'-TGCA-3'
sequences through a combination of van der Waals interactions involving the methy]l

groups on the ligand and hydrogen bond donation by the axial amines.106.111

37



38

complex binds preferentially at base steps with an open major groove, since only at such
sites are steric clashes of the phen protons with the bases relieved. This specificity can be
contrasted with the sequence-neutral binding of Rh(phi);bpy3+; in this complex the
ancillary phi is pulled away from the helix and steric clashes with protons in the major
groove are avoided.!10 Finally, A-Rh(4,4'-diphenylbpy),phi3+ provides a dramatic
example of shape-selection; this bulky complex recognizes the 8 base-pair sequence 5'-
CTCTAGAG-3' with a specificity and binding strength that rivals DNA-binding
proteins.!13 Moreover, the concentration dependence of photocleavage indicates that A-
Rh(4,4'-diphenylbpy)2phi3+ binds to its DNA site as a dimer (Kgimer ~ 2 kcal/mol), and
modeling suggests that this extra affinity is provided by van der Waals contact between
the phenyl and bipyridine rings on the nonintercalated ligands.

Rh(phi),phen3+ is a particularly suitable luminescence quencher for investigations
of ET reactions on DNA. Its electronic properties are favorable for electron transfer, and
this rhodium complex is primarily sequence neutral, so that nearly random binding of the
donor and acceptor is expected. Moreover, the photocleavage reaction can be exploited

to identify the binding sites of the acceptor on the DNA double helix.

1.6 *Ru(phen)2dppz2+ as electron donor in DNA
1.6.1 Comparison of quenching by Ru(NH3)¢3+ and Rh(phi),phen3+

Figure 1.11 shows the electron transfer cycle for photoinduced ET between Ru(II)
and a quencher Q. Following excitation with visible light, *Ru(II) is quenched by ET to
Q. The charge-shifted intermediates Ru(III) and Rh(II) then recombine to regenerate the
starting materials. Typically, photoinduced ET is monitored by luminescence quenching;
the recombination reaction, on the other hand, is monitored by transient absorption
spectroscopy, since this reaction involves only ground-state species.

Initial studies with *Ru(phen),dppz2* focused on luminescence quenching in the

presence of mixed sequences of DNA.59 The importance of intercalation was
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Figure 1.11

Photoinduced electron transfer cycle. Photoexcited Ru(phen),dppz2+ (*Ru2t)
transfers an electron to a quencher Q, such as Ru(NH3)g3+ or Rh(phi);phen3+, to form the
intermediates Ru3+ and Q-. Ru3+ and Q- then recombine to generate the starting

materials; this ground-state reaction is followed by transient absorption spectroscopy.
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investigated by comparing quenching of *Ru(II) by groove-bound and intercalated
acceptors. Hexa(amine)ruthenium(IIl) [Ru(NHj3)¢3+] served as the nonintercalated
acceptor since it is a known oxidative quencher of ruthenium(II) polypyridyl
complexes!7-114 and has been shown to bind DNA by electrostatic and hydrogen bonding
interactions.!15 Additionally, the reduction potential of Ru(NH3)¢3+ was shown to be
very similar to that of the intercalating acceptor Rh(phi)sphen3+ (+0.1 versus -0.03 V vs.
NHE, respectively), and thus AG® for both ET reactions were comparable.>® Time-
resolved emission measurements (Figure 1.12A) indicated Stern-Volmer quenching of
*Ru(phen),dppz2t by Ru(NH3)63+ in the presence of B-form DNA; plots of intensity
(I/1) and lifetime (To/T) quenching were linear with [Q] and similar quenching rate
constants (kq = 1010 M-1s-1) were calculated. These kinetics reflected dynamic
quenching in which the donor and acceptor molecules were brought together by the
molecular diffusion of Ru(NH3)g3+. Interestingly, the short emission lifetime was
quenched more efficiently than the long lifetime; this difference in kq is consistent with
proton-transfer quenching and solvent-isotope studies which indicated that the
intercalated species with the shorter emission lifetime was more accessible to solvent.
The quenching of *Ru(phen),dppz2+ by Rh(phi),phen3+ contrasted strongly to
quenching caused by the diffusible Ru(NH3)g3+.59 When the intercalating
Rh(phi);phen3+ was titrated into a sample containing a mixed sequence of DNA and
Ru(phen),dppz2+, the luminescence intensity of *Ru(II) was highly quenched, whereas
the emission lifetimes were only slightly affected. Time-resolved emission
measurements further indicated that the quenching rate was faster than the instrument
response, and thus occurred within 10 ns. As Figure 1.12B shows, Stern-Volmer plots of
intensity quenching were sharply upward-curving, while the corresponding changes in
lifetime were roughly linear and small. Repeating the emission quenching experiment
with a 28 bp sequence of DNA gave similar results, except that the intensity quenching

was even more dramatic. The more efficient reaction with the shorter DNA strand further



Figure 1.12

Stern-Volmer plots of Ru(phen),dppz2* luminescence quenching by Ru(NH3)g3*
(A) and Rh(phi),phen3* (B). A) Quenching of luminescence intensity (@), short
emission lifetime (A), and long emission lifetime () in the presence of Ru(NH3)g3+. B)
Quenching of luminescence intensity (@), short emission lifetime (A), and long emission
lifetime (W) in the presence of Ru(NH3)g3+. Reaction conditions are 10 uM
Ru(phen),dppz?*, 500 uM DNA bp in an aqueous buffer of 5 mM tris, 50 mM NaCl, pH

7.2 at ambient temperature. Adapted from reference 59.

41



42

W ¢, [uayd“(yd)yy]
08 0F

0cI

Wi ¢, LEHN)NY]

08 (1] 7 0
9]
:
o o #
« * , ¥ i
vy ©
V oe
4] 1¢

T/071



indicated that quenching was not due to facilitated diffusion of complexes, since the
opposite result was obtained for M(L)3"* complexes weakly bound to DNA (Section
1.4.2). The large loss of intensity and small decrease in the lifetimes of
*Ru(phen),dppz2+ in the presence of Rh(phi)zphen3+ is consistent with a "static"
mechanism of quenching which occurs faster than molecular diffusion.

The contrast between the reactivity of the intercalated acceptor and the diffusible
Ru(NH3)¢3+ mirrors the results of experiments described in Section 1.4; in each case, fast
and/or efficient electron transfer was only observed when both donor and acceptor were
intercalated into DNA. It seems, therefore, that intercalation provides access to the DNA
n-stack. This simple hypothesis has directed much of the work discussed in this
dissertation, and these initial experiments have prompted a number of further studies. For
example, we wanted to demonstrate that the mechanism of quenching was, in fact,
electron transfer (Section 1.6.2; Chapter 2),61:116 and to explore the possibility that ET
reactions between intercalators could occur over long distances (Section 1.7; Chapter 2,

Chapter 4).60,61

1.6.2 Evidence for ET mechanism of quenching

In the initial reports of quenching of DNA-bound *Ru(II) by Rh(III), the
quenching mechanism was assigned as ET because of the strong thermodynamic driving
force (~0.6 V) and the lack of spectral overlap necessary for energy transfer.5?
Analogous photophysical studies of covalently-linked ruthenium(II) and rhodium(III)
polypyridyl complexes without DNA have also supported an ET mechanism.!!7 Direct
evidence for ET, however, requires detection of the charge-shifted intermediates;
transient absorption spectroscopy is one popular method for monitoring the formation
and/or decay of such transient ET products.

The transient difference spectra for *Ru(phen),dppz2+ - Ru(phen),dppz2+ and

Ru(phen),dppz3* - Ru(phen),dppz2*, shown in Figure 1.13, are characteristic of
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Figure 1.13

Transient absorption spectra of Ru(phen),dppz species bound to DNA. The
*Ru(II) - Ru(Il) difference spectrum (solid line) was obtained by measuring the intensity
of absorption (AA) immediately following photoexcitation (480 or 532 nm) of
Ru(phen),dppz2+* bound to a mixed sequence of DNA. The Ru(III) - Ru(II) difference
spectrum (dashed line) was obtained by measuring AA at times much longer than the
excited-state lifetime of *Ru(II) for intercalated *Ru(phen),dppz2* quenched by

Ru(NH3)63+.1 18



polypyridyl complexes of ruthenium. 118,119 The Ru(III) - Ru(Il) difference spectrum
was obtained by oxidation of *Ru(Il) by Ru(NH3)g3+; the very small absorptivity and
high cage-escape yield of this diffusible quencher has made it a very useful tool for
measuring the properties of ruthenium polypyridyl complexes.!7 Both *Ru(II)-Ru(II)
and Ru(III)-Ru(II) difference spectra show positive absorbance at 325 nm arising from
LMCT and a negative signal at ~400 - 500 nm due to bleaching of the MLCT;
additionally, the *Ru(II) - Ru(II) spectrum is small and positive after ~515 nm from the
absorption of a ligand radical anion. The strong similarity between these two difference
spectra does not permit detection of the formation of the Ru(IIl) ET product; however,
the decay of this transient species can be monitored at time scales after the decay of
*Ru(II).

The first direct evidence for ET between metallointercalators bound to a mixed
sequence of DNA was obtained with the donor Ru(DMP),dppz2+ (DMP = 4,7-dimethyl-
1,10-phenanthroline) and the acceptor Rh(phi);bpy3+.116 Spectral characterization was
facilitated by use of the pure A enantiomers of both the donor and acceptor (Chapter 2).
A-Ru(DMP),dppz2+ was found to intercalate into B-form DNA and maintained the "light
switch" characteristic of the parent complex Ru(phen),dppz2*. Furthermore, fast
luminescence quenching was found upon addition of A-Rh(phi);bpy3+ to A-
Ru(DMP),dppz2* bound to DNA. Figure 1.14 shows transient absorption data obtained
on the 50 us time scale following the quenching reaction. At both 325 and 440 nm, a fast
decay due to unquenched *Ru(II) was observed as well as a slow signal due to decay of
Ru(IlI); the inset compares the spectrum of the transient formed in the presence of DNA
by both Rh(phi);bpy3+- and Ru(NH3)¢3*-induced quenching. Based on the amount of
emission quenching and relative yields of Ru(DMP),dppz3+ for these reactions, it was
estimated that the long-lived transient formed by Rh(III) quenching accounted for < 30%
of the yield of ET between the two metallointercalators. It was also assumed, based on

transient and steady-state absorption spectra of Ru(DMP),dppz3+, that the Rh(II) species
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Figure 1.14

Kinetic profiles at 325 and 440 nm for transients formed upon 480 nm excitation
of A-Ru(DMP),dppz2* (20 uM) in the presence of A-Rh(phi);bpy3* (118 uM) and DNA
(I mM bp) in a buffer of 5 mM tris, 50 mM NaCl (pH 8.5) at room temperature. The
inset shows the Ru(III) - Ru(I) difference spectrum (@) obtained by measuring AA at AA
at times much longer than the excited-state lifetime of *Ru(II) for intercalated *A-
Ru(DMP),dppz2* (10 uM) quenched by Ru(NH3)g3+ (300 uM). Also shown are the

absorbance changes extrapolated to t = 0 for *A-Ru(DMP),dppz2* quenched by A-
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formed in the ET reaction did not contribute significantly to the transient absorption
signal. The complex kinetics of the recombination reactions were attributed to i)
variations in binding orientations for the donor and acceptor, ii) the large numbers of
donor-acceptor separation distances, and iii) dissociation of intermediates on the
millisecond time scale. It was further proposed that the rate of Ru(DMP),dppz3* decay
could be limited by the low energy of donor and acceptor relative to the DNA bridge in
the ground-state recombination reaction, compared to the high energy of *Ru(lI) in the
photoinduced forward reaction.

Subsequent transient absorption experiments provided a great deal of information
concerning the kinetics of DNA-mediated ET between metallointercalators.61,104 ET
products have also been detected on long time scales following quenching of
Os(phen)2dppz2* by Rh(phi);bpy3+,104 but not in reactions where Ru(phen),dppz2+
served as the electron donor.59 While the precise reasons for these differences have not
been determined, it is noteworthy that Os(phen),dppz3+ and Ru(DMP),dppz3+ have been
shown to be more stable in aerated aqueous solutions.!04.118 Thus, it is possible that
alternative pathways for reduction of Ru(phen)>dppz3+ exist. Moreover, Chapter 2
describes results from transient absorption spectroscopic measurements on the
picosecond time scale in which a series of Ru(II) donors and DNA sequences were

studied.6!

1.7 ET reactions between metallointercalators bound covalently to DNA

To begin investigating the distance- and sequence-dependence of DNA-mediated
ET, an assembly was prepared in which the donor and acceptor metallointercalators were
tethered to the ends of a 15 bp DNA duplex (Figure 1.15).60 A number of synthetic
schemes have been developed to tether small molecules to DNA, including modification
of the DNA bases, the sugars and phosphates within the backbone, and the 5' and 3'

backbone termini.!20-122 For our ET studies,%0 metal complexes were tethered to the 5'
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Figure 1.15

Structure of metallointercalators tethered to complementary 15 bp
oligonucleotides. Peptide coupling methods were used to attach both Ru(phen');dppz2+
(phen' = 5-amidoglutaric acid-1,10-phenanthroline) and Rh(phi)2(phen')3* to a purified
oligonucleotide containing a free amino group at the 5' terminus (Applied Biosystems).

Hybridization of the strands by slow cooling provided the doubly metallated duplex

shown.60
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terminus of complementary oligonucleotides through a flexible linker; this design
allowed the formation of a well-defined electron transfer assembly in which donor and
acceptor were able to intercalate into the duplex at distinct positions with a discrete
distance of separation. Covalent attachment of each metal complex to complementary
oligonucleotides permitted two companion experiments, represented in Figure 1.16,
which were used to characterize intercalation and intramolecular ET. The luminescence
properties of the ruthenated oligonucleotide hybridized to its unmodified complement
(Ru-DNA) provided a means to characterize the intercalated donor. Similarly,
photocleavage reactions on the rhodium-modified oligonucleotide hybridized to its
unmodified complement (Rh-DNA) was used to measure the position of the tethered

intercalator in the DNA duplex.

1.7.1 Luminescence of Ru(phen'),dppz2+ tethered to DNA

When the ruthenium-modified oligomer was annealed to its unmetalated
complement, intense luminescence due to Ru(Il) intercalation was observed.60:123 By
contrast, the ruthenium-modified oligonucleotide displayed little luminescence as the
single strand or in the presence of non-complementary single-stranded DNA. These
results were consistent with previous studies in which luminescence was observed in
aqueous solution only when the dppz ligand was intercalated into a B-DNA duplex
(Section 1.5.1).86 Table 1.5 indicates that the luminescent lifetimes and the relative
luminescent intensities for the covalently bound duplex and its noncovalently intercalated
Ru(Il) analog were similar.60 As with Ru(phen),dppz2*, a biexponential decay in
emission was observed for Ru-DNA; additionally, a small shift in the wavelength of
emission compared to the noncovalent complex was found. The longer lifetimes and blue
shift likely reflected the sensitivity in emission to the particular stacking of the two

complexes in their intercalation sites (Table 1.4).61,86,96
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Figure 1.16

Schematic drawing of intramolecular, covalently bound intercalators on an
oligonucleotide. The luminescent properties of the ruthenium-modified duplex provide
information about the mode of intercalation; photocleavage of the oligonucleotide by

covalently bound rhodium provides a determination of the position(s) of intercalation.
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Three experiments were designed to address whether intercalation of tethered
Ru(Il) was inter- or intramolecular.!23 Emission from Ru-DNA was linear with
concentration, suggesting that intercalation was intramolecular at concentrations < 5 pM
duplex. Also, addition of unmodified duplex to ruthenated duplex resulted in < 5%
change in the luminescence, indicating no change in binding as the number of DNA sites
increased. Finally, steady-state luminescence measurements compared the binding of
tethered Ru(II) in Ru-DNA duplexes containing mismatches in various positions in the
sequence. Luminescence was found to be higher for mismatches near the ruthenated end
of the oligomer, where the ruthenium complex could intercalate intramolecularly and
stabilize the mismatched site.

Luminescence titrations further demonstrated that the ruthenated duplex behaved
as a 15 mer bearing one intercalator.60 As free Ru(phen)>dppz2+ was added to a solution
of unmetallated 15 mer duplex, steady-state luminescence increased linearly until
reaching saturation at ~3 equiv of Ru(Il) per duplex, consistent with competitive binding
of Ru(phen)dppz2+ to the 15 mer duplex and an average binding site size of ~4 bp.
When the analogous experiment was conducted with Ru-DNA, saturation of
luminescence occurred after the addition of ~2 equiv Ru(Il). Thus, covalently bound

ruthenium(II) complex was not displaced by additional intercalators.

1.7.2 Binding of Rh(phi);(phen')3+ tethered to DNA

Hybridization of the Rh(III)-modified oligonucleotide with its unmodified
complement permitted the position of intercalation on the helix to be determined, since
photoactivation of phi complexes of rhodium promotes strand cleavage at the site of
intercalation (Section 1.5.2).88 The complementary strand was radioactively labeled at its
5'-end, annealed to the rhodium-modified strand and irradiated at 313 nm.60 Separation
of the resultant products by gel electrophoresis indicated that covalently bound Rh(III)

damaged the duplex with high specificity at sites 2 and 3 from the 3' terminus of the 32P-
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labeled strand (Figure 1.17A). DNA cleavage by untethered Rh(phi);phen3+, by contrast,
yielded reaction at all positions on the oligomer. Thus, tethered Rh(III) bound with
similar probability one or two base-pairs in from the 5' end of the modified strand. The
specificity of the Rh(IIT) cleavage also argued that intercalation of the covalently attached
complex was largely intramolecular. Assuming that the tethered Ru(II) donor was also
bound at the two closest base steps to the end, the separation between Ru(II) and Rh(III)
in the doubly metallated oligonucleotide duplex was taken to be > 41 A (Figure 1.17B).

Figure 1.18 schematically illustrates the tethered DNA assembly.

1.7.3 Quenching of *Ru(II) by Rh(III) in covalent DNA assembly

Figure 1.19 shows the steady-state emission spectra from the ruthenated
oligonucleotide hybridized to unmetallated complement and also to Rh(III)-tethered
complement.®0 The complete quenching of luminescence was observed in the donor-
DNA-acceptor assembly. TCSPC measurements did not detect emission from the doubly
metallated oligonucleotide and the quenching rate was thus found to be < 109 s-1.
Several control experiments supported the hypothesis that quenching occurred
intramolecularly between intercalated metal complexes (Table 1.6). For example, the
addition of the doubly modified duplex to the ruthenium-modified duplex did not quench
the luminescence from the ruthenium-modified duplex, demonstrating the absence of
adventitious quenchers in the rhodium(III) sample. Addition of an equimolar amount of
rhodium-modified duplex to ruthenium-modified duplex also did not promote significant
quenching of the ruthenium duplex, consistent with the quenching being substantially
intramolecular at these concentrations. Finally, the addition of a stoichiometric amount
of Rh(phi),phen3+ to the ruthenium-modified duplex caused substantial but not complete
quenching of the ruthenium emission. This result was consistent with the independent
binding of tethered Ru(Il) and Ru(phen);dppz2+ noted in Section 1.7.1. Since Ru-DNA

was found to hold two additional intercalators, some duplexes contained two Rh(III)
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5'-*AGTCGGAAGCTTGC =3

3'- TCAGCCTTCGAACG =%

Figure 1.17

Schematic illustrations of covalently modified DNAs. A) Sequence of a 15mer
oligonucleotide bearing covalently bound rhodium(III) complex, hybridized to its 32P
labeled complement. Arrows point to the sites of photocleavage by the metal complex,
establishing that it is intercalated either adjacent to the first (as shown) or second base
steps from the covalent linkage. B) Schematic of the doubly-modified duplex, showing a
separation distance of the donor and acceptor. Assuming that both the rhodium and the
ruthenium complex can intercalate one or two base pairs from their linkage with equal
probability, 25% of the donor/acceptor pairs are separated by 41 A, 50% by 44 A, and
25% by 48 A. Adapted from reference 60.



Figure 1.18

Computer graphics illustration of the doubly-modified oligonucleotide bearing the
complexes Ru(phen')2dppz2+ and Rh(phi)2(phen')3*. In the graphics representation the
tethered intercalators are bound two base pairs from either end of the 15-mer duplex for a

separation distance between intercalated ligands of 41 A. Adapted from reference 60.
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Figure 1.19

Emission spectrum of 5 uM Ru(dppz)(phen');-(CHj3)g-5'-TGCAAGC-
TTGGCACT-3' annealed to its unmodified complement (top) or Rh(III)-modified

complement. The intense emission observed with Ru-DNA was quenched in the Ru-

DNA-Rh sample. Adapted from reference 60.
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complexes, leaving 8% of the ruthenium-modified duplexes unoccupied and therefore
unquenched. Thus, complete quenching was observed only when the acceptor is
covalently bound to the same duplex as the donor.

Figure 1.20 contrasts this tethered assembly to one bearing the weak intercalators
Ru(phen);(phen')2+ and Rh(phen)s(phen')3+ (phen' = 5-amidoglutaric acid-1,10-
phenanthroline).%0 The luminescence characteristics of Ru(phen);(phen’)-DNA clearly
indicated that, in contrast to Ru(phen')2(dppz)-DNA, this tethered complex did not
intercalate; neither emission enhancement nor increase in emission lifetime was found,
and emission was rapidly quenched by the anionic quencher Fe(CN)g#.8¢ Importantly,
when the Ru(phen),(phen')-modified oligonucleotide was hybridized to
Rh(phen),(phen')-modified complement, no luminescence quenching was observed.0
While the driving force for this reaction is ~500 mV smaller than for ET reactions
between Ru(phen),dppz2+ and Rh(phi),phen3+, ET has been demonstrated for the
M(phen)3™* couple in the presence of DNA (Section 1.4.2). Taking these results with
those for the avid intercalators, it was thus concluded that intercalation was required for
rapid electron transfer to occur.

The results for covalently-bound analogs of Ru(phen');dppz2* and
Rh(phi);(phen')3+ intercalated into a 15 mer oligonucleotide therefore demonstrated that
photoinduced electron transfer between intercalators could occur rapidly over > 40 A
through a DNA helix over a pathway consisting of nt-stacked base pairs. These
experiments also provided an experimental framework to address a number of
fundamental questions concerning DNA-mediated ET. What are the rates of these long-
range reactions and how far can ET reactions occur? How does the DNA sequence in the
binding site and in the intervening bridge modulate ET quenching? Before these issues
could be tackled, however, the technology for preparing and analyzing metal-DNA

assemblies required development. Towards this end, Chapter 4 describes our recent
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Figure 1.20

Schematic illustrations comparing electron transfer reactions in tethered systems.
Fast ET quenching was observed when donor and acceptor were intercalated (top). In

contrast, no quenching was seen for nonintercalated donors and acceptors (bottom).



advances in the synthesis and characterization of metallointercalators, linkers, and DNA-

mediated ET assemblies.

1.7.4 DNA-mediated ET between tethered, unintercalated metal complexes

One other report has described the design and synthesis of an oligonucleotide
duplex modified with a tethered donor and acceptor (Figure 1.21).58 Meade and Kayyem
sought to prepare a system in which the reactants bound covalently to DNA without
perturbing the DNA structure, and thus attached two ruthenium coordination compounds
to 2'-amino ribose rings placed at the 5'-termini of complementary 8 bp oligonucleotides.
The complexes Ru(bpy)(im)(X)2* and Ru(NH3)4(py)(X)3+ (im = imidazole, py =
pyridine, X = aminoribose DNA) were closely related to reactants used in flash-quench
studies with ruthenium-modified proteins and in pulse radiolysis experiments with
polyproline oligomers (Section 1.2.1).17:22

The kinetics of the following ground-state ET reaction were monitored by
transient absorption spectroscopy using both photoinduced ET and flash-quench

techniques:38
Ru(bpy)2(im)(X)3* + Ru(NH3)4(py)(X)#* —> Ru(bpy)2(im)(X)>* + Ru(NH3)4(py)(X)3*

The kinetics contained a slow decay (1.6 x 106 s-1) which was assigned as the rate of ET
through the 8 bp duplex. Because the oligonucleotide was rather short, experiments were
done in 1 M salt to increase duplex stability; it would be interesting to see if this high salt
concentration affected the ET rates (Section 1.3.2). While the authors noted that several
sequences must be studied to deduce B values for the DNA n-stack, they also noted that
the rate obtained for the 8 bp system, with through-space separation of 21A (~35A
through-bond distance), was similar to that measured for ET in cytochrome ¢ (20A
through-space; ~30 A through-bond) (Section 1.2.1).17 This tethered system is

complementary to the well-intercalated donors and acceptors discussed above. For Ru(II)
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Figure 1.21

Schematic drawing of ruthenium donors and acceptors covalently bound to DNA.
Ru(bpy)z(im)2+ and Ru(NH3)4(py)3+ were complexed to complementary 8 bp
oligonucleotides modified to contain a 2'-amino group on the 5' terminal ribose rings.
The rate of ground-state electron transfer for this system was 1.6 x 100 s-1. Adapted from

reference 58.
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and Rh(III) intercalators, the electronic environment might be better described as
hydrophobic and aromatic, and ET reactants are coupled to the DNA through noncovalent
n-stacking interactions;%0 in contrast, the complexes used here are highly solvated

Ru(II/III) complexes with large reoganization energies and are connected to the DNA

only through covalent 6-bonded pathways.58

1.8 Oxidation reactions between DNA and intercalators

In addition to experiments described above, in which DNA serves as a molecular
bridge connecting donor and acceptor, other studies have used intercalators as acceptors
to remove an electron from the DNA itself. Small molecules have been developed which
cause oxidative damage to G bases!24-128 and also effect repair of thymine dimers in
DNA. 129,130 Since these two lesions are the most common forms of damage caused by
ionizing radiation (Section 1.3.1),3 such ET reactions complement radiation biology
studies. Moreover, since these experiments utilize an intercalator to access the DNA
bases, experiments are related to DNA-mediated ET reactions in which DNA serves as
the bridge.® Perhaps most interesting from a chemistry perspective, ET reactions using
the DNA bases as electron donors and acceptors lead to permanent chemical
transformations. These experiments thus include additional reaction mechanisms as well
as DNA-mediated charge separation.

An early study of DNA damage used a photochemical cosensitization strategy to
cause strand breakage at guanine residues.!24 Through gel electrophoresis
measurements, Dunn et al. found that the yield of strand breakage caused by intercalated
ethidium was 10-fold higher in the presence of methyl viologen. The reaction
mechanism for cleavage was closely related to the flash-quench strategy used to study
protein-mediated ET;!7 photoexcited ethidium was quenched by ET to methyl viologen,
leaving a stongly oxidizing ethidiume+t.124 A guanine base then donated an electron to

ethidium and to form a Ge which could rearrange to cause direct strand scission with a



quantum yield (®) of 6 x 107 or react with an oxygen donor (H20, O>) to form a
modified base (@ ~ 10-6). Thus, formation of an oxidant bound to DNA led to oxidative
damage similar to that seen following treatment with ionizing radiation.

Other reports of G oxidation have initiated damage with a photoexcited electron
acceptor. Intercalators (Figure 1.22) such as riboflavin, napthalamide, anthraquinone
[2AQA(HELt,)], and Rh(phi)2bpy3+ have been shown to cause base damage selectively at
the 5'-G of 5'-GG-3' sequences.!25-128 n each case, damage was identified as 8-0x0-G
and the site of damage determined by piperidine-mediated strand scission at the oxidized
base. In the case of 2AQA(HEtp), transient absorption spectroscopy indicated that
reduced anthraquinone was generated within 20 ps of excitation.!26 The 5'-G selectivity
was ascribed to charge migration through DNA, which slowed the recombination rate and
allowed the radical to hop to a site of low energy before being trapped by water or
molecular oxygen. In the presence of Oy, which reacted with 2AQA(HEty)*" to form
2AQA(HEty) and superoxide, the quantum yield of G damage was ~ 1%, indicating an
efficient reaction. It is noteworthy that the formation and decay of Ge could not be
detected, presumably due to the intense color of the organic acceptor.

Recent theoretical work by Saito and coworkers has provided a rationale for the
5'-GG-3' selectivity.!27 Ab initio calculations indicated that 5'-GG'-3' and 5'-GGG-3'
have the lowest ionization potentials of all DNA sequences; furthermore, computations
showed that the molecular orbitals on adjacent guanine m-systems interact. Electron
density maps of the highest occupied molecular orbital (HOMO) of a 5'-GG'-3'
dinucleotide is strongly dependent on the relative orientations of the stacked bases; in B-
form DNA, ~95% of the electron density was found to be centered on the 5'-G. Not only
did these calculations accurately model experimental results, but they also suggested that
electronic overlap between stacked bases is important in determining the reactivity of the

DNA polymer.
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Figure 1.22
Structures of organic photooxidants of DNA.
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Hall et al. obtained the first definitive evidence that photoinduced G oxidation
could occur over long distances through DNA.!28 These authors synthesized a tethered
oligonucleotide duplex (Figure 1.23) analogous to the ET assembly described in Section
1.7. The photooxidant Rh(phi);(bpy')3* (bpy' = 4-butyric acid-4'-methyl-2,2'-bipyridine)
(Eox ~ 2 V) was found to promote the formation of piperidine-labile damage to 5'-G of 5'-
GG-3' sequences over 37A. The intercalation site of Rh(III) was determined by
photocleavage at 313 nm, and this direct strand scission reaction contrasted to 5'-GG-3'
damage caused by irradiation into the phi T-* transition at 365 nm (® ~ 10-8).
Importantly, damage was caused with similar efficiency at 5'-GG-3' sequences placed
17A and 34A from *Rh(III) and with increased yield at a 5-GGG-3' site placed 37A from
the photooxidant. The yield of damage was lowered by disruption of the base stack by a
bulge in the DNA duplex.!28b Thus, G oxidation reactions were reported to be sensitive
to the oxidiation potential of G residues and to the coupling of the DNA r-stack, but not
senstive to the distance between the G donor and *Rh(III) acceptor.

Not only can small molecules damage DNA, they can also photosensitize repair of
thymine dimer lesions (Section 1.3.1). Using model compounds, researchers have shown
that splitting of cyclobutane dimers can occur through either an oxidative or a reductive
mechanism.!3! The enzyme photolyase has been shown to cause cycloreversion of
pyrimidine dimers by adding an electron to the cyclobutane ring; the ring then splits and
the electron is donated back to the enzyme.!® The first reports of cycloreversion by a
small molecule bound to DNA also invoked a reductive mechanism.!29 Hélene and
coworkers found that indoles such as tryptophan could bind DNA and photosensitize
dimer splitting, presumably through formation of a charge-transfer complex between the
indole and dimer. Dandliker et al. demonstrated that dimers could be repaired over long-
range by an oxidative mechanism.!30 These researchers prepared an assembly containing
Rh(phi);(bpy")3+ as a photooxidant separated by 16-26 A from the dimer. Importantly,

complete repair of the dimer was found after 30 min irradiation at 400 nm when a
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Rh-DNA assemblies used in studies of photooxidation reactions. A)
Rh(phi),(bpy")3+ tethered to a 15 bp oligonucleotide duplex containing two 5'-GG-3'
sequences. The position of Rh(III) intercalation was determined by the sites of direct
photocleavage caused by irradiation at 313 nm (dashed arrows). Long-range G oxidation
was indicated by positions of piperidine-labile damage caused by irradiation at 365 nm
(solid arrows).!28 B) Rh(phi);(bpy')3* tethered to a 16 bp oligonucleotide duplex
containing a single thymine dimer (). The position of Rh(III) intercalation was
determined by the sites of direct photocleavage caused by irradiation at 313 nm (dashed
arrows). Long-range repair of the thymine dimer was identified by gel electrophoresis

and liquid chromatography measurements following irradiation at 400 nm.130



stoichiometric amount of Rh(phi),(4,4'-dimethylbpy)3* complex was noncovalently
bound to the oligonucleotide duplex. Furthermore, the reaction was catalytic, as full
repair could be obtained when 0.03 equiv Rh(III) were present. As with oxidation of 5'-
GG-3' sequences by *Rh(III), thymine dimer repair did not become less efficient with
distance but was affected by disruption of the DNA m-stack.

The fact that metallointercalators can cause long-range damage of guanines and
repair of thymine dimers demonstrates that DNA can mediate chemistry at a distance. In
Chapter 5, we discuss another approach to monitoring long-range G oxidation through
DNA. We have used a flash-quench strategy to monitor both the initial electron transfer
reactions between a Ru(IIl) intercalator and DNA and the subsequent damage caused to
guanine bases.!32 Such experiments are complementary to studies using the DNA as a
bridge for photoinduced ET,58:60 since they probe different DNA-mediated reactions.
For instance, the mechanism of DNA oxidation has often been described by a hopping
mechanism in which localized positive charges migrate through the helix.!26 By
contrast, bridge-mediated ET monitors the transport of negative charges, and is often
described by a tunneling mechanism in which DNA bridge states are high in energy
relative to the mobile electron.!6:133 One long-term goal of our investigations into DNA
mediated charge transfer reactions is to determine whether one mechanism can account

for the various phenomena described throughout this introduction.

1.9 Perspectives

Several interesting issues have been raised by the results of ET theory and
experiment. While conclusions vary from study to study, much work indicates that ET
through DNA can occur rapidly and over long distances. Perhaps conclusions differ
because factors critical to DNA-mediated ET have not been considered. We have sought
to address some of these factors by measuring the properties of ET reactions between

metallointercalators bound to DNA. Chapters 2 and 3 focus on intercalators
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noncovalently associated with the double helix; using these systems, we have explored
the kinetics of DNA-mediated ET and the importance of metal-DNA interactions and

DNA sequence (Chapter 2). Additionally, we have compared ET reactions between
donors and acceptors bound to DNA and to anionic micelles (Chapter 3). By tethering
related metallointercalators to defined DNA sequences, we will be able to determine the
distance-dependence of ET through DNA; in Chapter 4, we discuss recent advances in the
synthesis, characterization, and quenching properties of tethered Ru-DNA-Rh assemblies.
Finally, we have used these covalent assemblies to develop a flash-quench method to
generate oxidizing intercalators at defined locations on DNA (Chapter 5).

Several conclusions can be drawn from the many studies of DNA-mediated
electron transfer. One interesting feature seen in radiation biology, ET theory, and
photophysical experiments is the strong dependence on the DNA sequence and structure
in modulating ET reactions. In each study comparing DNA sequences, polymers
containing AT sequences were superior mediators of ET to those containing GC.16,61,69
Additionally, charge migration has been found to be more facile in well-stacked, double
stranded DNA than in the flexible, single-stranded polymer.3:38,:128 The long-range
migration of charge through DNA has also been demonstrated in several experimental
studies,3.58.61,62,128,130,132 and both hopping models and semiconductor models have
been used to characterize experimental results.48:50 Finally, close stacking of the 7-
systems is found to be critical for observing long-range reactions.23:24 The base pairs
themselves must be well-structured, as evidenced by thermodynamic and structural
studies.38:62,128,130 Fyrthermore, the electron donor and acceptor must also be well-
coupled into the DNA m-stack, as demonstrated by binding studies®0 and by comparison
of reactions in DNA and in micelles.%4 Clearly, ET reactions mediated by the nt-stack

differ from other systems in several important respects.
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Chapter 2

Effects of Donor and DNA Sequence on DNA-mediated

Electron Transfer Reactions between Metallointercalators®

* Adapted from Arkin, M. R.; Stemp, E. D. A.; Holmlin, R. E.; Barton, J. K.; Héormann,
A.; Olson, E. J. C.; Barbara, P. F. Science, 1996, 273, 475.
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2.1 Introduction

Many researchers have considered whether the aromatic heterocyclic bases in
duplex DNA offer a medium for fast, long-range electron transfer (ET).!-12 Previous work
in our laboratory, described in Chapter 1, indicates that intercalated electron donors and
acceptors provide a direct probe of the DNA n-stack. Subnanosecond luminescence
quenching of photoexcited Ru(II) donors by Rh(III) acceptors occurs when both
complexes are intercalatively stacked into B-DNA, but fast quenching is not observed with
a nonintercalating acceptor in a reaction with comparable driving force.34 Transient
absorption spectroscopy studies on the microsecond time scale indicate that quenching in
these systems occurs by ET for both Ru(Il) and Os(II) intercalators.!1-12 Furthermore,
with metallointercalators covalently attached to a 15 base pair (bp) DNA duplex and
separated by > 40 A, a lower limit on the intramolecular quenching was set at
~ 3 x 109 s-1.4 The spectroscopic techniques used in these studies, however, had
insufficient time resolution to measure rates for photoinduced forward reactions and did not
provide complete kinetics for the recombination reaction between Ru(IIT) and Rh(II)
intermediates. Towards the goal of resolving the kinetics of DNA-mediated ET reactions,
we have employed ultrafast emission and absorption spectroscopies to examine reactions
mediated by DNA with a series of noncovalently bound, intercalated metal complexes.
These time-resolved measurements complement information gathered from steady-state
emission quenching.

In addition to measuring reaction rates, we have begun to explore the effects of the
intercalator structure and the DNA sequence in mediating ET chemistry. Photoexcited
donors have the formula M(L)zdppz2+ (M =Ru, Os; L = derivative of 1,10-phenanthroline
or 2,2'-bipyridine; dppz = derivative of dipyridophenazine), shown in Figure 2.1. As has
been reported for the parent complex Ru(phen)dppz2+, donors intercalate into DNA with a
binding constant (Kp) of 107 M-! and display large luminescence enhancements upon DNA

intercalation.!3-17 Using ultrafast absorption and emission spectroscopies, we quantitate
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Figure 2.1

A) Illustration of intercalating donors (M = Ru, Os) and acceptor Rh(III) and the
electron-transfer cycle. Photoexcitation of M(II) forms the excited state *M(II), which can
radiatively decay (kg) or can be quenched by ET with Rh(III) (ke) to form M(IIT)/Rh(II)
and then recombine (Krec). Photoinduced ET may yield either Rh(II)(phi);bpy or
Rh(IIT)(phi)(phi-)bpy, both symbolized as Rh(II). B) Schematic illustration of Ru(II) and
Rh(IIT) bound to DNA at typical ratios used in these experiments; the donor-acceptor

distance correspond to 17 and 85 A for the placement of complexes as shown.
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this "molecular light switch" effect by measuring the excited-state lifetimes of M(L)2dppz2+
complexes in the absence and presence of DNA. The electron acceptor is Rh(phi)2bpy3+
(phi = 9,10 phenanthrenequinone diimine) (Figure 2.1), analogous to the Rh(phi);phen3+
complex used in previous studies (Chapter 1). Similar complexes have been shown to
intercalate into DNA through a phi ligand, also with Ky, > 106M-1.18 Phi complexes of
Rh(III) are known to cleave the DNA strand at the intercalation site when irradiated with
ultraviolet (UV) light.19:20 This photocleavage assay has attracted much attention as a
structural probe of DNA,2! and is used here to identify the binding sites of Rh(phi),bpy3+.
The electronic structures of both the donors and the acceptor are particularly well-suited for
studying DNA-mediated electron transfer. For M(L)2dppz2+ derivatives, the lowest energy
electronic transition is characterized by metal-to-ligand charge transfer (MLCT) directed
onto the dppz ligand.!2.15.22,23 Excitation of the complexes bound to DNA promotes an
electron onto this intercalating ligand, directing it into the stacked basepairs. The lowest
energy transition of the acceptor Rh(phi);bpy3+ is also centered on the intercalating phi
ligand,24 and thus Rh(phi)2bpy3+ is well-positioned to accept an electron through the DNA
T-stack.

Figure 2.1 illustrates the photoinduced electron transfer cycle between
M(L)2dppz2* and Rh(phi);bpy3+. In this chapter, we examine the photoinduced forward
(ker) and ground-state recombination (krec) ET reactions on the picosecond time scale by
monitoring both the kinetics of the emission decay and the kinetics of the recovery in
ground state absorption by Ru(II) and Os(II) donors. When possible, pure enantiomers of
donors and acceptor are used because the binding of metallointercalators is sensitive to the
chirality of the DNA double helix.!7:25 Steady-state and kinetic measurements indicate that
photoinduced ET reactions are static on the picosecond time scale (ke¢ >3 x 1010 s-1), and
picosecond transient absorption spectroscopy demonstrates that recombination reactions are
also very fast (kgec ~ 1019 s-1). Comparison of the kinetics of ground-state recovery of

M(L)2dppz2* in solution and in DNA indicates that quenching does not occur by reaction
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with water or by displacement from the DNA. In fact, spectroscopic data provides
evidence for an ET reaction mechanism mediated by the DNA over a distance of at least
10.2 A. Analysis of different DNA sequences and preliminary studies with an A-form
duplex suggest further that ET between metallointercalators depends on the DNA structure.
Two important general observations are made: First, recombination rates are found to be
independent of the loading of A-Rh(phi);bpy3+ on DNA, and two models to describe these
results are discussed. Second, ET reaction rates and efficiencies are found to be sensitive
to the binding of complexes to DNA and to the stacking interations in the metal/DNA
complex. Thus, the details of intercalation and DNA sequence are important characteristics

of DNA-mediated ET reactions.

2.2 Experimental

Materials. The ligands (L) 1,10-phenanthroline (phen), 2,2'-bipyridine (bpy),
and 4,4'-dimethyl-2,2'-bipyridine (DMP) were purchased from Aldrich. Dppz ligands,
including dipyrido[3,2-a:3',2'-c]phenazine (dppz) and 7,8-dimethyl dipyridophenazine
(Medppz) were prepared according to literature procedures.2? 7,8-difluoro-
dipyridophenazine (Fpdppz) was the kind gift of Dr. C. M. Dupureur. [Ru(L)>dppz]Cls,
[Os(phen),dppz]Cl, and [Rh(phi);bpy]Cls were prepared according to literature
procedures!422 and further purified by high pressure liquid chromatography (HPLC).
Enantiomers were resolved using standard protocols!6.182.26 and analyzed by circular
dichroism spectroscopy. Stock solutions were prepared in H,O and quantitated by UV-
visible absorption spectroscopy [€440 = 21,000 M-Icm-! for dppz complexes of Ru(II);!4
€430 = 13,000 M-lem-! for Os(phen),dppz2+; €350 = 23,600 M-lem-! for
Rh(phi);bpy3+].19 Mixed-sequence DNA (sonicated calf thymus), poly(dA-dT), and
poly(dG-dC) (Pharmacia) were dialyzed against buffer and quantitated by UV absorption
spectroscopy [€260 = 6600 M-! cm-! for calf thymus and poly(dA-dT) DNAs; €260 = 8400
M-leme! for poly(dG-dC)]. Average lengths of DNA are 2000+ 600 bp for sonicated calf



85

thymus DNA, 920 bp for poly(dG-dC), and 1050 bp for poly(dA-dT). Samples were
prepared in an aerated buffer of 5 mM tris, 50 mM NaCl, pH 8.5 at ambient temperature.

The A-form oligonucleotide duplex was prepared by hybridization of the mixed
RNA-DNA chimera 5'-d(AGAT)r(AGAAGGCCUGGU)d(TCCT)-3" and its all DNA
complementary strand 5'-d(AGGAACCAGGCCTTCTATCT)-3". Sequences were
prepared by standard phosphoramidite chemistry27 (Glen Research) on a model 394 DNA
synthesizer (Applied Biosystems). Both strands were purified by anion exchange
chromatography followed by reverse-phase chromatography. Conditions for ion exchange
HPLC [Hewlett Packard HP1090, oligonucleotide column (Vydac)] were as follows: oven
temperature = 40 °C; solvent A = 10 mM phosphate buffer, pH 7; solvent B = 10 mM
phosphate, 0.9 M NaCl, pH 7; gradient =40 - 100% B over 30 min. Conditions for
reverse-phase HPLC [Hewlett Packard HP1050, C4 column (Vydac)] were as follows:
solvent A = 100 mM NH4OAc buffer, pH 6.5; solvent B = acetonitrile; gradient =0 - 25%
B over 40 min.

Laser instrumentation. Time-resolved measurements on the nanosecond time
scale utilized the laser facilities in the Beckman Institute Laser Resource Center using an
excimer-pumped dye laser containing Coumarin 480 (Exciton). Laser powers were 1.0 -
1.5 mJ at 10 Hz and the pulse width was ca. 20 ns. Details of this instrumentation are
provided elsewhere. 12,28

The time-correlated single photon counting (TCSPC) apparatus was constructed in
the laboratory of Prof. P. F. Barbara and utilizes a cavity-dumped femtosecond mode-
locked Ti:sapphire laser centered near 830 nm.29 Samples are excited with frequency-
doubled light at variable repetition rates (usually 40 kHz). Typical emission count rates are
= 1 kHz detected with a Hamamatsu multichannel plate photomultiplier tube (R3809U-01).
The data displayed represents the sum of several scans obtained in reverse timing. Full

width at half height is ~ 50 ps.
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The pump/probe transient absorption experiments, also done in collaboration with
Prof. P. F. Barbara in his laboratory, employ a Ti:sapphire regenerative amplifier.30 The
system typically produces 140 fs pulses centered near 780 nm with a pulse energy of ~180
uJ at 2 kHz repetition rate. Amplified pulses are partitioned in a 30/70 beam splitter,
initiating the pump and probe light sources. The larger fraction is focused into a spinning
quartz disk for continuum generation. 420 nm probe light is selected by a variable-
wavelength interference filter and split into signal and reference paths. The smaller fraction
of the amplified pulse is mechanically chopped at 1 kHz and focused onto a 1-mm BBO
crystal for second harmonic frequency generation. The resultant 390 nm pump light (~10
pJ/pulse) is focused and crossed with the probe light through a static 2 mm quartz sample
cuvette. Time-resolved dynamics are obtained by scanning a variable delay in the probe
light interaction with the sample relative to the pump light interaction. Signal and reference
probe intensities were measured by large-area avalanche photodiodes (EG&G) and divided
in an analog processor. The change in absorbance measured from probe intensity with the
pump on relative to probe intensity with pump blocked was obtained from a boxcar
operating in toggle mode. Typically, 2000 shots were averaged per time point and 2-8
scans were averaged per data set.

Methods. Determination of excited-state lifetimes of dppz complexes of Ru(II)
and Os(II) in aqueous solution was accomplished by TCSPC and picosecond transient
absorption spectroscopy. TCSPC data were obtained with Aexe = 390 nm and Agps > 700
nm. Transient absorption data used A¢xe = 390 nm and Aghs = 420 nm. Samples contained
40 uM complex in 5 mM tris, 50 mM NaCl, pH 8.5.

For donors bound to DNA, emission was monitored by both flash-photolysis and
TCSPC. Luminescence decay data on the nanosecond time scale were taken with Aexe =
480 nm and Agps = 616 nm [Agps = 738 nm for Os(I)]. Samples contained 10 UM metal
complex, 500 UM base pairs (bp) calf thymus DNA in 5 mM tris, S0 mM NaCl, pH 8.5.

All experiments were done at a ratio of 50 DNA bp to 1 electron donor, such that the
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complexes are dilute on the helix. Steady-state luminescence intensities were determined
by integrating the full emission decay curves. The amount of ultrafast quenching by A-
Rh(phi);bpy3+ was measured as the prompt loss in initial intensity of emission decay
curves measured by flash-photolysis and TCSPC (Aexc = 400 nm, Agps = 620 nm).
TCSPC data were corrected for a response-limited emission decay of A-Rh(phi)abpy3+.

For picosecond transient absorption spectroscopy, a separate, 200 ul sample was
prepared for each point during a titration to avoid photobleaching. Transient absorption
data were measured with Aexc = 390 nm, Agps = 420 nm, using samples containing
photoexcited donor (20 uM), DNA (1 mM bp), in the buffer described above. The
absolute concentrations of reagents affected neither the reaction rates nor the yield of ET.
Prior to data fitting, kinetic traces were corrected for a small contribution from *Rh(III) and
normalized with respect to the change in absorbance (AA) at time zero. Transient
absorption data were well described by both a single exponential function with an offset
and by a biexponential function where the offset is represented by a slow decay constant.
More complex expressions incorporating multiple exponential terms or distributions did not
improve fit residuals.

Modelling kinetic data. Modelling involved the simulated loading of a one-
dimensional lattice with two different intercalators to calculate the distribution of
separations between donors and acceptors on DNA (using computer software developed by
in the laboratory of Prof. P. Barbara).3! For statistical descriptions of nearest-neighbor
pairs (in the absence of clustering), 104 cycles of random loading were compiled.

Electrochemistry. Reduction potentials for Rh(phi);bpy3+ and dppz complexes
of Ru(Il) and Os(Il) were measured using instrumentation described previously3 at a scan
rate of 100 mV/s. Complexes were dissolved in dry DMF (Fluka) with 100 mM
tetrabutylammonium hexafluorophosphate as supporting electrolyte. M(L)>dppz2+
complexes and Rh(phi),bpy3+ gave reversible and quasi-reversible voltammagrams,

respectively. Potentials were determined relative to Ag/AgCl and converted to NHE by
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adding 0.2 V. AGO values for quenching and recombination reactions were then calculated
by the equation E(3+/*2+) = Eqg - E(3+/2+), where E(3+/*2+) is the excited-state
reduction potential of the donor, Eqg is the intersection of the donor absorption and
emission spectra, and E(3+/2+) is the ground-state reduction potential of the donor.

Photocleavage of DNA by A-Rh(phi);bpy3+. The 180 bp fragment (Eco
RI/PVU II) was isolated from pUC18 and 3'-32P-end-labeled by standard protocols.32
Labeled DNA was added to 20 il samples containing A-Rh(phi);bpy3* (10 uM), calf
thymus DNA (500 uM bp) in a buffer of 5 mM tris, 50 mM NaCl, pH 8.5 in the presence
or absence of Ru(II) complex. Samples were then irradiated at 313 nm with a 1000 W
Hg/Xe lamp equipped with a monochrometer (~2 mW at 313 nm).33 After irradiation,
samples were dried and electrophoresed through a 20% denaturing polyacrylamide gel.
The extent and sequence-dependence of photocleavage was quantitated by

phosphorimagery (Imagequant).

2.3 Results
2.3.1 Binding of dppz complexes to DNA

The excited-state lifetimes have been determined for several complexes of the form
M(L),dppz2+ in aqueous solution in both the absence and presence of B-DNA (Table 2.1).
None of the derivatives given in Table 2.1 show significant steady-state luminescence in
water, and this lack of emission serves as a sensitive assay for the purity of these
complexes. Picosecond transient absorption spectroscopy indicates that the recovery of
ground-state absorption occurs with lifetimes between 85 to 500 ps for Ru(II) and 10 to 30
ps for Os(II) without DNA. Ultrafast TCSPC confirms the kinetics observed by transient
absorption spectroscopy, and it is noteworthy that the emission maxima occur at much
lower energy in buffer than in DNA (<800 nm versus ~600 nm, respectively).34

Table 2.1 also reports the kinetics of luminescence decay for these complexes

bound to DNA. DNA intercalation is shown to increase the lifetime of the excited state of
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these complexes by three orders of magnitude. It has been reported that the emission
lifetimes of M(phen)2dppz2+ complexes bound to DNA vary with the ratio of
complex/DNA, and this sensitivity has been attributed to i) cooperative binding,!7 ii) self-
quenching,!2 and iii) increasing rigidity in the DNA structure as a consequence of
intercalation. We have found that the emission intensity of DNA-bound Ru(phen),dppz2+
increases slightly when additional nonquenching, nonluminescent intercalators are added
(data not shown). This observation supports the notion that Ru(II) emission is increased to

due structural changes in DNA.

2.3.2 Emission quenching of A-Ru(phen)dppz2* by A-Rh(phi)zbpy3+

In Chapter 1, we described the static quenching of rac-*Ru(phen)2dppz2+ bound to
DNA in the presence of the intercalating acceptor rac-Rh(phi);phen3+.3 When A-
Rh(phi);bpy3+ is added to A-*Ru(phen)>dppz2+ bound to DNA, a higher yield of static
quenching is observed than with racemic complexes. Figure 2.2 presents two methods for
plotting the time-resolved quenching data. The Stern-Volmer formalism35 (Figure 2.1A)
has been developed to characterize diffusion-controlled reactions, such as quenching of
DNA-bound *Ru(phen),dppz2+ by Ru(NH3)g3* (Chapter 1).3 Plotting reaction efficiency
as "fraction quenched" (Figure 2.2B) is particularly suitable for visualizing differences in
quenching efficiency between two reactions and for comparing quenching titrations to
transient absorption data and statistical analyses. Both types of plot provide the same
information, however, and will be used interchangeably throughout this text.

Since nanosecond flash-photolysis measurements are unable to resolve the fast
quenching of A-*Ru(phen)dppz2+ by A-Rh(phi),bpy3+, we attempted to monitor the
quenching reaction on the picosecond time scale by TCSPC. However, Figure 2.3A
shows that no change in the emission kinetics is observed when the quenching of A-
*Ru(II) by A-Rh(III) is measured by TCSPC; instead, there is a large decrease in the

luminescence intensity at zero time. This loss of intensity implies that emission quenching



Figure 2.2

Time-resolved emission quenching of A-Ru(phen)>dppz2t by A-Rh(phi);bpy3+
bound to a mixed sequence of DNA. A) Efficiency of quenching presented as a Stern-
Volmer plot. Total intensity quenching (@) is much greater than quenching of the short
emission lifetime (A) or of the long emission lifetime (®). B) Efficiency of quenching
represented as the "fraction quenched.” Plot includes intensity quenching (@), quenching

of the short emission lifetime (A), and quenching of the long emission lifetime ().
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Figure 2.3

A) Time-resolved emission decays measured by time-correlated single photon
counting (TCSPC), for A-*Ru (10 uM) bound to DNA (500 uM bp) in the presence of 0,
10, 20 uM A-Rh (bottom to top). IRF indicates the instrument response function. B)
Fractional yields of the forward and recombination ET reactions. All measurements were
done with 200 pl samples containing 10 uM Ru(II), 500 uM DNA bp, in an aerated buffer
of 5 mM tris, 50 mM NaCl, pH 8.5. Steady-state (total) quenching determined by
nanosecond laser flash photolysis (®); Quenching occurring with ke > 108 s-1 (also
measured by nanosecond laser flash photolysis) (#); Quenching occurring with k¢ > 3 x
101051 determined by picosecond TCSPC (X); Absorption recovery occurring with Keec =
9x 109! (A). C) Time-resolved transient absorption data monitoring the ground-state
recovery kinetics of A-Ru(phen)>dppz2* bound to DNA as a function of A-Rh(phi);bpy3+

concentration. From bottom to top: 0, 0.5, 1, 2, and 4 equiv A-Rh(III).
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occurs faster than the time resolution of our instrumentation, so we assign a lower limit of

~3 x 1010 5-1 to ke on the basis of the resolution of the TCSPC apparatus. Importantly, as
the concentration of A-Rh(III) bound to DNA is increased, a corresponding decrease in the
initial intensity is observed.

The fraction of excited states undergoing ET with ke > 3 x 1010 s-1 is comparable
to the total fraction of emission quenching observed by nanosecond laser flash photolysis
(Figure 2.3B). Total, or steady-state quenching, is determined by integration of the full
emission decay curves for nanosecond laser flash photolysis. The fraction of emission
quenching that occurs faster than the 10-ns response of this instrument is revealed by the
loss of initial intensity at zero time. These intensity losses are compared to the signal loss
at zero time observed by picosecond TCSPC. It is noteworthy that TCSPC is primarily
intended for kinetic measurements, and it is not an ideal technique for quantitating intensity
losses. Nevertheless, the picosecond emission data reveals initial intensity losses
comparable to those obtained by laser flash photolysis; moreover, no additional kinetic
components were observed on the picosecond time scale. Thus, most of the quenching of
A-Ru(II) by A-Rh(IIT) in DNA occurs with key > 3 x 1010 s-1 (Figure 2.3B). Because a
small amount of reaction occurs on a timescale longer than 10 ns, there is a discontinuous
distribution of photoinduced ET rates, composed of a substantial ultrafast component (with

ket >3 x 10105-1) and a smaller population with key < 108 571

2.3.3 Ground-state recovery of A-Ru(phen)zdppz2* bound to DNA
Picosecond transient absorption spectroscopy was used to follow the recovery of
ground state absorption at 420 nm for DNA-bound A-Ru(phen),dppz2+ (Figure 2.3C). In
the absence of quencher, the ground state absorption recovers on a time scale longer than 3
ns, consistent with the excited-state lifetimes of > 150 ns. (Table 2.1) As A-
Rh(phi)szy3+ is added to A-Ru(phen)zdpp22+ bound to DNA, a fast component with k ~

1010 5-1 is evident in the kinetics of ground-state recovery. The amplitude of this kinetic
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component increases substantially with increasing A-Rh(III) concentration. A bleach in
this absorption band of MLCT could indicate the presence of either excited-state donor or
oxidized donor, or both.!! TCSPC measurements, however, reveal that no quenching
occurs with a rate constant of 1010 s-! and that ke > 3 x 1010 s-1 for the major component
(Section 2.3.2). Therefore, the dynamics measured here by transient absorption
spectroscopy correspond to decay of an ET intermediate, that is, Ru(III) + Rh(II) --->
Ru(II) + Rh(III).

Figure 2.3B correlates the yield of quenching with the yield of recovery of ground-
state absorption (%rec). In order to quantitate the fraction of Ru(III) reacting to regenerate
Ru(II) on this fast timescale, we have assumed that Ae at 420 nm is the same for both
*Ru(II) and Ru(III).36 If Ae is greater for *Ru(II) than for Ru(III), then Figure 2.3B gives
the lower limit for %.c which occurs on the picosecond time scale. This analysis also
requires that Rh(II), formed in the initial ET reaction, does not contribute significantly to
the size of the transient absorption signal for the ground-state recovery of M(II) (M = Ru,
Os); this assertion has been validated by difference absorption spectra measured for Os(III)
on the microsecond time scale.!2 The amplitude of fast recovery of ground-state
absorption is therefore related to the fraction of M(III) reacting to regenerate M(II).

Since the fraction of fast absorption recovery is always less than the fraction of
ultrafast emission quenching (Figure 2.2B), not all of the donor population quenched with
high ke also undergoes fast (krec = 9 x 109 s°1) back ET. For example, at 1 equivalent
(equiv) A-Rh(III), the fraction of ultrafast quenching is 0.42, whereas the fraction of fast
recombination is 0.28; therefore, at least 67% of the Ru(III)/Rh(II) intermediates react with
krec =9 x 109 51, No intermediate persists beyond the excited-state decay of unquenched
A-*Ru(phen)dppz2* (t > 2 ps); thus, the remaining < 33% of intermediates react with 109
s°1> kpec > 100 51, It is technically difficult to measure the recombination kinetics in this
time window owing to interfering, spectrally similar signals from *M(II). For two other

donors, however, transient intermediates have been observed on the microsecond
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timescale,!!-12 and these long-lived ET products also might be generated in the ultrafast
quenching process. Because recombination occurs on picosecond to microsecond time
scales, the distribution of rates is wider for the recombination reaction than for the
quenching reaction.

Regardless of whether the average loading of metal complexes is 1 in 33 bp or 1 in
10 bp, the fast dynamics exhibited by A-Ru(phen),dppz3+ are well described under all
conditions by an exponential decay of 9.0 x 109 s-! (Figure 2.4). The signal-to-noise ratio
of the data does not allow one to distinguish between a single decay and a narrow
distribution of rates centered at 1010 s-1, but we see no evidence for kinetics other than this
1010 5-1 component for t < 3 ns. Because rates of ET typically decay exponentially with
distance [k o e"PR, were B = decay coupling parameter and R = distance],37 a single rate
suggests either that ET occurs over only one distance or that reaction occurs over a range of

distances with a shallow distance-dependence (vide infra).

2.3.4 Solvent effects on recovery of ground-state absorption of A-Ru(Il)
The rates of ground-state recovery were measured for A-Ru(phen)>dppz2* in
buffered solutions of HyO and D,O. In the absence of DNA, the decay of the excited state
is strongly solvent-dependent (ky/kp = 2.2) (Table 2.1). On the other hand, the recovery
of ground-state absorption for A-Ru(III)+A-Rh(II) bound to DNA is not sensitive to the
solvent isotope. These isotope effects, contrasted in Figure 2.5, indicate that the
mechanism of excited-state decay does involve solvent whereas the recombination reaction

in the presence of DNA does not.

2.3.5 Reactions of M(L)2dppz2+ with A-Rh(phi);bpy3+ bound to DNA
We have characterized the reactivity of seven donor-acceptor pairs in mixed-
sequence DNA by luminescence and transient absorption spectroscopy (Table 2.2). All

donors are expected to bind tightly to DNA by intercalation, but complexes vary with



Figure 2.4

Recovery of ground-state absorption after photoexcitation for A-Ru(phen),dppz2*
bound to DNA in the presence of 1 equiv (left) and 4 equiv (right) A-Rh(phi),bpy3+. The
plots show transient absorption data fit to the equation: AA(t) = AA(t = 0) [ f exp(-kjt) + (1-
f) exp(-kat)]; fit residuals are displayed above the data. For the fits shown here, f = 0.28
and kp =4.0 x 107 s°! for 1 equiv acceptor and f = 0.63 and ky = 1.2 x 108 s-! for 4 equiv
acceptor; k| (= krec) was fixed at 8.7 x 109 s-! in both cases. When not set, k| remains

constant (+ 15%) for each point in the titration.
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Figure 2.5

Time-resolved transient absorption data comparing the effect of D20 on the
recovery of ground-state absorption of rac-Ru(phen)2dppz2* in an aqueous buffer of 5 mM
tris, 50 mM NaCl, pH 8.5. A) 40 uM Ru(II) in aqueous solution. B) 20 uM Ru(II)
bound to 1mM DNA bp and quenched by 60 uM A-Rh(phi);bpy3+. Transient absorption

trace in D70 has been plotted with an offset of 0.1, so that both traces can be seen.
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respect to shape, hydrophobicity, and photophysical properties. Each *M(L)2dppz2+
shows emission quenching by A-Rh(III) on a < 10 ns timescale, and each donor-acceptor
pair shows measurable recovery of ground-state absorption on the picosecond to
nanosecond time scale. It is noteworthy that the rate constant for the fast component of
ground-state recovery is independent of the donor-acceptor ratio, as was observed for
reactions of A-Ru(phen)dppz2+with A-Rh(phi);bpy3+. Fast and efficient reactions
between metallointercalators is thus found to be a general reaction; however, Table 2.2
indicates that there are some important differences in rates and efficiencies of ET as a
function of donor (Section 2.3.6) and DNA sequence (Section 2.3.7).

Os(II) and Ru(II) show similar ET reactivity towards A-Rh(III). The steady-state
quenching of A-Os(phen)>dppz2+ follows an identical profile!?2 to that of its isostructural
Ru(II) analog and TCSPC also indicates ke > 1010 s-1; recombination kinetics monitored
by transient absorption spectroscopy are similar, but slightly faster (kreec = 1.1 x 1010 s-1),
for Os(III) than for Ru(Ill). Of the donors shown in Table 2.2, the most significant change
in driving force is with A-Os(phen),dppz2* (~500 mV); this decrease, however, has only a
small effect on kpec. Figure 2.6 shows a typical titration of DNA-bound A-Os(II) with A-
Rh(III) monitored by transient absorption spectroscopy. Due to the short excited-state
lifetimes of A-Os(phen),dppz2+, a significant fraction of the ground-state recovery is
observable in the 3-ns time window. The shapes of the decay curves clearly change as a
function of Rh(III); however, this change in curvature indicates an increase in the fraction
of krec and not a change in the values of the intrinsic decay constants given in Table 2.1.
Thus, the results with Os(phen)2dppz2+ show that an insensitivity of krec to loading still
occurs when there is not a large difference between the intrinsic rate of excited-state decay

and the rate of recombination.
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Figure 2.6

Time-resolved transient absorption data monitoring the ground-state recovery kinetics
of A-Os(phen),dppz2* (10 uM) bound to mixed-sequence DNA (500 UM bp) in the presence
of increasing concentrations of A-Rh(phi);bpy3+. From bottom to top: 0, 10, and 30 uM
Rh(III). Fitting was performed analogously to Figure 3, except that k| = 1.1 x 1010 s-1;
again, when k is not set, its value remains constant (+ 15%) for each point in the titration.
The rate constant kp = 7(1) x 108 s-1, the shorter intrinsic decay constant of DNA-bound

*Os(II); the longer decay constant for unquenched *Os(II), 1 x 108 s-1, was incorporated

into a constant offset.



Figure 2.7

A) Steady-state emission quenching of A-(®) and A-(A) Ru(phen)>dppz2+ (20
uM) by A-Rh(phi),bpy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>