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Abstract

DNA charge transport (CT) involves the efficient transfer of electrons or electron
holes through the DNA n-stack over long molecular distances of at least 100 base-pairs.
Despite this shallow distance dependence, DNA CT is sensitive to mismatches or lesions that
disrupt n-stacking and is critically dependent on proper electronic coupling of the donor and
acceptor moieties into the base stack. Favorable DNA CT is very rapid, occurring on the
picosecond timescale. Because of this speed, electron holes equilibrate along the DNA -
stack, forming a characteristic pattern of DNA damage at low oxidation potential guanine
multiplets. Furthermore, DNA CT may be used in a biological context. DNA processing
enzymes with 4Fe4S clusters can perform DNA-mediated electron transfer (ET) self-
exchange reactions with other 4Fe4S cluster proteins, even if the proteins are quite dissimilar,
as long as the DNA-bound [4Fe4S]**** redox potentials are conserved. This mechanism
would allow low copy number DNA repair proteins to find their lesions efficiently within
the cell. DNA CT may also be used biologically for the long-range, selective activation of
redox-active transcription factors. Within this work, we pursue other proteins that may
utilize DNA CT within the cell and further elucidate aspects of the DNA-mediated ET self-
exchange reaction of 4Fe4S cluster proteins.

Dps proteins, bacterial mini-ferritins that protect DNA from oxidative stress, are

implicated in the survival and virulence of pathogenic bacteria. One aspect of their
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protection involves ferroxidase activity, whereby ferrous iron is bound and oxidized
selectively by hydrogen peroxide, thereby preventing formation of damaging hydroxyl
radicals via Fenton chemistry. Understanding the specific mechanism by which Dps
proteins protect the bacterial genome could inform the development of new antibiotics. We
investigate whether DNA-binding E. coli Dps can utilize DNA CT to protect the genome
from a distance. An intercalating ruthenium photooxidant was employed to generate
oxidative DNA damage via the flash-quench technique, which localizes to a low potential
guanine triplet. We find that Dps loaded with ferrous iron, in contrast to Apo-Dps and
ferric iron-loaded Dps which lack available reducing equivalents, significantly attenuates the
yield of oxidative DNA damage at the guanine triplet. These data demonstrate that ferrous
iron-loaded Dps is selectively oxidized to fill guanine radical holes, thereby restoring the
integrity of the DNA. Luminescence studies indicate no direct interaction between the
ruthenium photooxidant and Dps, supporting the DNA-mediated oxidation of ferrous iron-
loaded Dps. Thus DNA CT may be a mechanism by which Dps efficiently protects the
genome of pathogenic bacteria from a distance.

Further work focused on spectroscopic characterization of the DNA-mediated
oxidation of ferrous iron-loaded Dps. X-band EPR was used to monitor the oxidation of
DNA-bound Dps after DNA photooxidation via the flash-quench technique. Upon
irradiation with poly(dGdC)., a signal arises with g = 4.3, consistent with the formation of
mononuclear high-spin Fe(IlI) sites of low symmetry, the expected oxidation product of Dps

with one iron bound at each ferroxidase site. When poly(dGdC); is substituted with



ix
poly(dAdT),, the yield of Dps oxidation is decreased significantly, indicating that guanine
radicals facilitate Dps oxidation. The more favorable oxidation of Dps by guanine radicals
supports the feasibility of a long-distance protection mechanism via DNA CT where Dps is
oxidized to fill guanine radical holes in the bacterial genome produced by reactive oxygen
species.

We have also explored possible electron transfer intermediates in the DNA-mediated
oxidation of ferrous iron-loaded Dps. Dps proteins contain a conserved tryptophan residue
in close proximity to the ferroxidase site (W52 in E. coli Dps). In comparison to WT Dps,
in EPR studies of the oxidation of ferrous iron-loaded Dps following DNA photooxidation,
W52Y and W52A mutants were deficient in forming the characteristic EPR signal at ¢ = 4.3,
with a larger deficiency for W52A compared to W52Y. In addition to EPR, we also probed
the role of W52 Dps in cells using a hydrogen peroxide survival assay. Cells containing
W52Y Dps survived the hydrogen peroxide challenge more similarly to those containing WT
Dps, whereas cells with W52A Dps died off as quickly as cells without Dps. Overall, these
results suggest the possibility of W52 as a CT hopping intermediate.

DNA-modified electrodes have become an essential tool for the study of the redox
chemistry of DNA processing enzymes with 4Fe4S clusters. In many cases, it is necessary to
investigate different complex samples and substrates in parallel in order to elucidate this
chemistry. Therefore, we optimized and characterized a multiplexed electrochemical
platform with the 4Fe4S cluster base excision repair glycosylase Endonuclease 111 (EndollI).

Closely packed DNA films, where the protein has limited surface accessibility, produce



EndollI electrochemical signals sensitive to an intervening mismatch, indicating a DNA-
mediated process. Multiplexed analysis allowed more robust characterization of the CT-
deficient Y82A EndolIl mutant, as well as comparison of a new family of mutations altering
the electrostatics surrounding the [4Fe-4S] cluster in an effort to shift the reduction potential
of the cluster. While little change in the DNA-bound midpoint potential was found for this
family of mutants, likely indicating the dominant effect of DNA-binding on establishing the
protein redox potential, significant variations in the efficiency of DNA-mediated electron
transfer were apparent. On the basis of the stability of these proteins, examined by circular
dichroism, we proposed that the electron transfer pathway in Endolll can be perturbed not
only by the removal of aromatic residues but also through changes in solvation near the
cluster.

While the 4Fe4S cluster of Endolll is relatively insensitive to oxidation and
reduction in solution, we have found that upon DNA binding, the reduction potential of the
[4Fc4S]°*"* couple shifts negatively by approximately 200 mV, bringing this couple into a
physiologically relevant range. Demonstrated using electrochemistry experiments in the
presence and absence of DNA, these studies do not provide direct molecular evidence for the
species being observed. Sulfur K-edge X-ray absorbance spectroscopy (XAS) can be used to
probe directly the covalency of iron-sulfur clusters, which is correlated to their reduction
potential. We have shown that the Fe-S covalency of the 4Fe4S cluster of Endolll increases
upon DNA binding, stabilizing the oxidized [4Fe4S]** cluster, consistent with a negative

shift in reduction potential. The 7% increase in Fe-S covalency corresponds to an
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approximately 150 mV shift, remarkably similar to DNA electrochemistry results. Therefore
we have obtained direct molecular evidence for the shift in 4Fe4S reduction potential of
EndollIl upon DNA binding, supporting the feasibility of our model whereby these proteins
can utilize DNA CT to cooperate in order to efficiently find DNA lesions inside cells.

In conclusion, in this work we have explored the biological applications of DNA CT.
We discovered that the DNA-binding bacterial ferritin Dps can protect the bacterial genome
from a distance via DNA CT, perhaps contributing to pathogen survival and virulence.
Furthermore, we optimized a multiplexed electrochemical platform for the study of the
redox chemistry of DNA-bound 4Fe4S cluster proteins. Finally, we have used sulfur K-edge
XAS to obtain direct molecular evidence for the negative shift in 4Fe4S cluster reduction
potential of EndolIl upon DNA binding. These studies contribute to the understanding of

DNA-mediated protein oxidation within cells.
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Chapter 1

DNA-Mediated Charge Transport



1.1 Introduction

DNA is canonically known as the repository for genetic information in the cell.
Individual strands of DNA consist of a phosphate-deoxyribose backbone connecting
nitrogenous bases, either purines (adenine and guanine) or pyrimidines (cytosine and
thymine). These individual DNA strands assemble into a right-handed double helical
structure according to the hydrogen bonding of the bases: adenine with thymine and
guanine with cytosine. The sequence of the nitrogenous bases encodes for proteins
according to the central dogma of molecular biology (7). Herein, DNA is transcribed into
messenger RNA (mRNA), which can then be translated into proteins at the ribosome
according to three base codons that correspond to specific amino acids. Chains of amino
acids compose proteins, which catalyze important reactions in the cell, such as oxidative
phosphorylation to form ATP, the ubiquitous cellular energy currency (2).

The nitrogenous bases of DNA are composed of aromatic rings with base-pairs
spaced 3.4 A apart in the double helix (Figure 1). This structure allows the electron density
of adjacent bases to overlap, a phenomenon referred to as n-stacking. Significant structural
similarity exists between stacked base-pairs in DNA and the z-direction of graphite, a known
conductive material. Specifically, the gap between adjacent graphene sheets is 3.354 A (3.

The similar spacing of aromatic moieties in graphite and DNA led researchers to hypothesize

that DNA could also be conductive.



Figure 1. DNA structure with aromatic base-pairs spaced 3.4 A apart in the double helix.

Phosphate-deoxyribose backbone shown in gray, nitrogenous bases in purple. PDB: 3BSE.



1.2 DNA Charge Transport

Decades of research have now established that DNA can indeed conduct charge
through the n-stack of the nitrogenous bases in a process termed DNA charge transport (CT)
(4). Thus in addition to its role as the repository for genetic information, DNA is
conductive. Electrons as well as electron holes are efficiently transported through the DNA
n-stack (5). However, DNA CT is attenuated by disturbances in n-stacking that can occur
through DNA mismatches or lesions as well as through protein binding events that
significantly bend the DNA (6-10). Conversely, nicks in the phosphate-deoxyribose
backbone do not impede DNA CT (/7).

Various platforms for investigating DNA CT have been developed in the Barton
group; two of the most effective platforms consist of DNA photooxidant systems in solution
(Figure 2), and electrochemistry on DNA monolayers. DNA photooxidants generally
contain a planar, aromatic moiety that binds to the DNA via intercalation, wherein the
planar photooxidant inserts between two adjacent base-pairs, forming a sandwich-like
complex that allows n-stacking between the photooxidant and the DNA bases (12).
Irradiation of the photooxidant typically produces an excited state that is sufficiently
oxidizing and long-lived to withdraw an electron from DNA. Examples of
metallointercalators include [Rh(phi)2(bpyNf*, [Ru(phen)(bpyNidppz)]** (which requires a
diffusing oxidative quencher to produce a ground state Ru** oxidant),

[Re(CO)s(dppz) (pyN), and [Ir(ppy)2(dppzNj) where phi = 9,10-phenanthrenequinone

diamine, bpyNj 4-methyl-4Njbutyric acid)-2,2MNjipyridine, phen = 1,10-phenanthroline,



dppz = dipyrido[2,3-a:2NjNj] phenazine, pyNj 3-(pyridin-4-yl)-propanoic acid, ppy = 2-
phenylpyridine, and dppzNj 6-(dipyrido[3,2-a:2\JNj] phenazin-11-
yDhex-5-ynoic acid) (13-15). The yield of oxidative DNA damage produced by
metallointercalators has been found to depend primarily on the thermodynamic driving force
for CT, the efficiency of back electron transfer (ET) processes, and the degree of electronic
coupling to the DNA n-stack (75). These complexes can be covalently tethered to amine-
modified DNA via the carboxylic acid moiety appended to cither the intercalating (dppz)jpr
ancillary ligands (bpyNpy)jn order to localize the complex to one end of the DNA (16).
Organic intercalators such as ethidium and anthraquinone have also been utilized
successfully as DNA photooxidants (13).

An elegant example of the application of metallointercalators to the study of DNA
CT employed intercalating donor [Ru(phenMjdppz)]* and acceptor [Rh(phi),(phen)j
complexes, where phenNj 5-amido-glutaric acid-1,10-phenanthroline, covalently tethered to
opposite ends of a 15-mer DNA duplex (17). [Ru(phenMj(dppz)]** is a DNA light-switch
complex: whereas its luminescence is quenched in aqueous solution, upon the addition of
DNA the ruthenium complex luminesces intensely (7/8). However, when
[Rh(phi):(phenMf" is appended to the opposite strand, the DNA-bound
[Ru(phenMj(dppz)]** luminescence is completely quenched (7). Nanosecond time-resolved
luminescence experiments were too slow to observe this quenching process. Extensive
control experiments, including those that ruled out intermolecular events, coupled with the

improbability of energy transfer confirmed that this quenching is due to rapid intramolecular



DNA-mediated clectron transfer between the metal complexes, from the

*[Ru(phenMj(dppz)]** excited state to the rhodium complex.
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Figure 2. Structures of metallointercalator photooxidants. Upper: Crystal structure
demonstrating intercalative DNA binding mode with 3-[Ru(bpy).(dppz)]**. Figure created
by combining PDB files 3BSE and 4E1U. Lower: Examples of commonly used
photooxidants: [Rh(phi)2(bpyNf’, [Ru(phen)(bpyNjdppz)]** (which requires a diffusing
oxidative quencher to produce a ground state Ru** oxidant), [Re(CO)s(dppz)(pyMj, and
[Ir(ppy)2(dppzNj). Metallointercalators can be tethered to amine-modified DNA via the

carboxylic acid moiety appended from the ancillary or intercalating ligand.



1.2.1 Kinetics of DNA CT

Subsequent experiments explored electron transfer between non-covalently bound,
intercalated ruthenium and rhodium metal complexes with picosecond spectroscopy (19).
Even on the picosecond timescale, DNA-mediated charge transport between the metal
complexes was faster than the instrumental resolution, with a large decrease in the ruthenium
emission intensity at zero time. However, these studies established a lower limit for the
clectron transfer rate of 3 x 10" s (19). Femtosecond transient absorption experiments
were finally able to directly observe DNA-mediated electron transfer (20). Here, the
intercalator ethidium was tethered to one end of the DNA, and the modified base 7-
deazaguanine was positioned at varying distances from the ethidium, with either two, three
or four intervening base-pairs (10, 14, 17 A, respectively). Ethidium has a sufficient
reduction potential in the excited state (1.2 V versus NHE) to oxidize 7-deazaguanine (1.0 V
oxidation potential) but not the other DNA bases, which have higher oxidation potentials.
In this study, ethidium was excited using a laser pulse at 500 nm, and a second pulse at 400
nm was used to probe how the absorption of the sample changed as a result of laser
excitation (20). DNA sequences with guanine substituted for 7-deazaguanine exhibit a
lifetime of about 2 ns, corresponding to the inherent rate of decay of the DNA-bound
ethidium excited state in the absence of any quenching due to electron transfer. Sequences
instead containing 7-deazaguanine show additional 5 ps and 75 ps decay components that
can be ascribed to thermodynamically favorable electron transfer from 7-deazaguanine to the

cthidium excited state. Fluorescence anisotropy experiments correlated the slower electron



transfer process (75 ps) with the rotation of ethidium in DNA. Therefore, two clectron
transfer rates were observed that correspond to different ethidium orientations: the 5 ps rate
corresponds to an ethidium orientation that is favorable for ET, whereas the slower 75 ps
rate corresponds to an initially unfavorable conformation that requires reorientation or
rotation of the ethidium in order for ET to occur (20). Importantly, the rates of electron
transfer are unaffected by donor-accepror distance from 10 to 17 A. However, the cfficiency
of ET was observed to decrease with increasing distance, implicating structural dynamics
likely due to the increased probability of transient disorder in stacking, and thus electronic
coupling, at longer distances. Overall, this stcudy demonstrated the ultrafast nature of
favorable electron transfer through DNA, as well as the shallow distance dependence of the
ET rate.
1.2.2 Mechanism and characteristics of DNA CT

Further work has elucidated important aspects of the mechanisms involved in DNA
charge transport (21). Superexchange involves coherent orbital-mediated tunneling along
the entire DNA bridge between the donor and acceptor, and displays an exponential
dependence of the rate of electron transfer on distance. This substantial distance dependence
with a superexchange mechanism is inconsistent with the fast electron transfer rates that have
been measured over relatively long molecular distances (27). For example, the DNA-
mediated electron transfer from excited [Ru(phenMNjdppz)]** to [Rh(phi).(phen\Nf* occurs
over a distance of 41 A within just 3 nanoseconds (/7). Instead, an incoherent hopping

mechanism, where there is some intermediate state of charge localization on the bridge, is
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more likely for charge transport through DNA because of its more shallow linear distance
dependence. However, localized hopping on individual bases is difficult to rationalize with a
number of experimental observations (27). One of the first clues that pointed towards a
delocalized hopping mechanism illustrated the importance of base dynamics by uncovering
the temperature dependence of electron transfer through DNA (22). In transient absorption
experiments with the photooxidant base analog 2-aminopurine as the acceptor and guanine
as the electron donor, the rate of ET increased with increasing temperature until duplex
melting (22). These experiments suggest conformational gating to reach a CT-active state
that is enhanced by the increased dynamical motions that modulate electronic coupling at
higher temperatures. A periodic length dependence has also been observed in DNA CT (23-
25). Theyield of ET through varying lengths of adenine tracts has been measured by use of
a photooxidant with N?-cyclopropylguanosine (“"G); as the resulting "G radical cation
undergoes rapid ring opening, the yield of decomposition due to ET can be quantified
(23,24). These studies found an oscillatory component to the distance dependent ET yield
with a period of 3 to 4 bases. This result was rationalized by an incoherent CT mechanism
wherein charge is delocalized over domains of 3 to 4 bases. Thus, CT is facilitated when the
length of the sequence is an integer multiple of these domains, and is less favorable when this
is not the case. More recent work by Tao and coworkers investigated the resistance of
duplexed DNA between two electrodes (25). They found that the resistance of the DNA
circuit increases linearly with distance, and observed a periodic oscillation with a period of 2

to 3 bases in sequences with stacked GC base-pairs (25). Overall, these experiments suggest
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a model for the mechanism of DNA CT. Electron transfer through DNA is best described
as an incoherent hopping mechanism, consisting of multiple superexchange steps between
delocalized (approximately 3 base pair) domains of well-coupled stacked bases. These CT-
active domains of stacked bases are created through conformational dynamics of the bases
that modulate their electronic coupling. This mechanism also explains why a mismatch or
lesion would attenuate DNA CT: it perturbs the formation of these well-coupled 3 base pair
delocalized domains.

A characteristic pattern of oxidative DNA damage results when electron holes are
injected into the DNA n-stack with a photooxidant complex such as those described above.
Guanine is the most easily oxidized of the DNA bases with an oxidation potential of 1.31 V
versus NHE compared to adenine, thymine, and cytosine with potentials of 1.42 V, 1.45 V,
and 1.50 V, respectively (26). The presence of adjacent guanines can further lower the
guanine oxidation potential. Molecular orbital calculations revealed that, of all of the
combinations of two stacked bases in DNA, GG/CC has the lowest ionization potential with
70% of the highest occupied molecular orbital (HOMO) localized on the SNjs of the
guanine doublet (27). The localization of DNA damage was mapped experimentally using a
photosensitizer followed by treatment with hot piperidine (28). Piperidine cleaves the DNA
backbone at sites of oxidative guanine lesions, as well as abasic sites and other chemical
modifications (29). This study confirmed that guanine doublets and triplets are electron
hole sinks within DNA. Work by Barton and coworkers demonstrated that oxidative

damage can be generated from a distance via DNA charge transport, and that this damage is
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localized to low potential guanine multiplets (30,37). Here metallointercalating
photooxidants were covalently tethered to one end of the DNA duplex, ensuring spatial
separation between the photooxidant and the guanine doublet. Both [Rh(phi),(bpyMf-,
which is competent to directly abstract electrons from DNA when excited at 365 nm (30),
and [Ru(phen)(bpyMjMe.dppz)]** (where Mexdppz = 9,10-dimethyl-dipyridophenazine),
which requires a diffusing oxidative quencher to produce a ground state Ru’* oxidant in a
process known as the flash-quench technique (37), were investigated. After irradiation and
piperidine treatment of radiolabeled DNA, in both cases damage was observed
predominantly at the SN of a guanine doublet located approximately 37 A away from the
site of metallointercalation. Because the timescale of DNA CT (picoseconds) is much faster
than the formation of permanent oxidative lesions, the injected electron hole can equilibrate
along the base-pair n-stack and localize to the low potential guanine doublet. Thus the
pattern of oxidative damage to guanine multiplets is a characteristic of damage from a
distance via DNA CT.

The formation of guanine radicals using the flash-quench technique has also been
directly observed using transient absorption and EPR spectroscopic methods (32,34).
Nanosecond transient absorption experiments investigated 3-[Ru(phen).(dppz)]** with a
variety of diffusing oxidative quenchers: [Ru(NH3)s]**, methyl viologen, and [Co(NH;)sCl]*
(32). After the “flash” of laser excitation, the *Ru?" excited state is oxidatively “quenched” by

these diffusing species to yield an intercalated ground state Ru’* species with a reduction

potential of 1.6 V versus NHE (33). In the presence of poly(dAdT) DNA, ruthenium



13

complex, and diffusing quencher, a long-lived transient ascribed to the decay of the Ru™
species is observed (32). However, when poly(dG-dC) is substituted for poly(dA-dT), the
long-lived Ru’ transient disappears. Instead, the UV-visible absorbance difference spectrum
indicates formation of the neutral guanine radical with maxima at 390 and 550 nm; thus,
once formed, the guanine radical cation undergoes rapid deprotonation. The kinetics of the
Ru?* emission decay correspond to the rise of the guanine radical transient, indicating a
sequential process. In mixed sequence DNA, the neutral guanine radical transient is long-
lived, decaying on a millisecond timescale. Additionally, because [Co(NH;)sCl]*" irreversibly
labilizes upon reduction, BET events are inhibited and the highest quantum yield of damage
is obtained among the different quenchers (32). Guanine radical formation via flash-quench
has also been directly monitored spectroscopically via EPR (34). When anacrobic samples
containing [Ru(phen),(dppz)]**, [Co(INH;)sCl]*, and either mixed sequence or poly(dG-dC)
DNA were measured at room temperature under continuous irradiation, a signal with an
isotropic g-value of 2.0048 was observed, whereas this signal was not observed with poly(dA-
dT) DNA. These experiments laid the foundation for future studies of DNA-mediated
protein oxidation initiated by DNA photooxidation.
1.2.3 DNA electrochemistry

In addition to DNA photooxidant systems in solution, the other major platform that
has been effectively used to study DNA CT in the Barton group is electrochemistry on DNA
monolayers (Figure 3). Typically, a single strand of DNA is modified with a terminal

alkanethiol moiety and annealed to its complementary strand. These thiol-modified DNA
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duplexes can then be self-assembled into DNA monolayers on gold electrode surfaces,
forming covalent gold-thiol bonds (35). Monolayers can be assembled in the absence and
presence of MgCls to create low and high density monolayers, respectively (36). More
recently, click chemistry methods have been utilized to enable controlled variation in the
amount of DNA on the surface, while concurrently producing more evenly spaced
monolayers (37). Finally, DNA can also be functionalized with pyrene to form DNA
monolayers on highly oriented pyrolytic graphite (HOPG), allowing for a wider potential
window than gold electrodes (38).

After DNA monolayer formation, a DNA-bound redox probe can be exploited to
investigate DNA CT on a surface. Here again, stacking of the redox probe with the DNA
base-pair n-stack to facilitate electronic coupling is vital (39). The intercalated redox probe
may also be covalently tethered to the distal end of the DNA relative to the electrode surface;
in this case, the nature of the linkage to the DNA is also important (40). Long, saturated
linkages do not maintain electronic coupling to the DNA n-stack, in contrast to short,
unsaturated linkages which preserve this coupling (40). Organic dyes such as nile blue and
methylene blue have been commonly used as redox probes (35,36,41). In these systems,
charge can flow directly from the electrode to the redox probe, or charge can be conducted in
a DNA-mediated fashion, flowing from the electrode through the alkane-thiol tether and the
DNA r-stack to reach the redox probe. A DNA-mediated mechanism can be demonstrated
by comparing well-matched DNA with DNA that contains a mismatch or abasic site; the

disruption to the base pair n—stacking attenuates the amount of charge that reaches the redox
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probe. The DNA-mediated pathway can be favored by surface passivation with a backfilling
agent such as 6-mercaptohexanol, as well as the use of closely packed monolayers and
covalently tethered redox probes with short linkages (36). Electrochemical charge transport
through the DNA n-stack can occur well below the potential of the DNA bases, likely due to
charge delocalization (21).

Additionally, redox-active DNA-binding proteins may be utilized as redox probes on
DNA-modified electrodes. MutY, a 4Fe4S cluster-containing base excision repair (BER)
protein, was the first protein to be thus investigated (42). Importantly, these studies were
able to determine the DNA-bound redox potential of MutY. The observed redox potential
0f 90 mV versus NHE was assigned to the [4Fe4S]**** couple, and is consistent with
potential ranges for high potential iron-sulfur proteins (HiPIPs). The DNA-mediated nature
of the electrochemical signal was confirmed through abasic site discrimination. Finally, a
MutY mutant, C199H, where one of the ligating cysteine residues of the 4Fe4S cluster was
changed to a histidine, was assayed. C199H MutY displayed a redox potential of 65 mV
versus NHE, a negative shift relative to the WT protein as expected for histidine ligation
(42). This mutant experiment confirmed the iron-sulfur cluster as the origin of the observed
clectrochemical signal. DNA-modified electrodes have proven a valuable tool for
investigating DNA-binding redox-active proteins; their application will be further described
in the next section.

DNA electrochemistry experiments have directly demonstrated the shallow distance

dependence of DNA charge transport (7). Multiplexed chips have been developed that
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allow for simultancous investigation of up to four different types of DNA on a single gold
surface with four-fold redundancy (43). The multiplexed chips are composed of sixteen
individually addressable gold electrodes divided into four quadrants. An elegant application
of these chips compared DNA charge transport between 17-mer and 100-mer duplexes
covalently modified on the distal end with a nile blue redox probe (47). When a chip was
modified with half well-matched 100-mer duplex, and half that contained a single C:A
mismatch, CT was significantly attenuated even over this long distance. Quantified as
cathodic cyclic voltammetry peak area, the ratio of well-matched to mismatched surfaces was
2.3 £ 0.4, similar to what had previously been observed with much shorter DNA duplexes.
A second chip was modified with well-matched 100-mer, mismatched 100-mer and well-
matched 17-mer DNA and ET kinetics were estimated by measuring the scan-rate
dependence of the peak splitting (47). The extracted ET rates of 25 - 40 s were
indistinguishable between the 17-mer and 100-mer duplexes, indicating that tunneling
through the alkanethiol tether is rate-limiting (consistent with earlier work, 44) while ET
through the DNA n-stack is rapid. This lower limit for ET through a 100-mer DNA duplex
allowed for an estimate of [', an exponential decay parameter characteristic of electronic
coupling efficiency that describes the decrease in ET rate with increasing distance between
donor and acceptor. The estimated [ value for DNA was 0.05 A, indicating a much
shallower distance dependence than that observed in proteins, where [ ranges from 0.85 to
1.5 A, with an average value of approximately 1.1 A (45). Furthermore, the conformation

of the 100-mer duplex on the electrode surface was investigated by cutting with a sequence-
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specific restriction enzyme (47). Comparing 100-mer duplexes with a restriction site to 17-
mer duplexes without such site, almost complete attenuation (90% of the cathodic peak
area) of the 100-mer electrochemical signal was observed after incubation with the restriction
enzyme as the nile blue-modified section is cleaved and released into solution, while the 17-
mer electrochemical signal was unaffected. This established the biologically relevant
conformation of the 100-mer DNA on the electrode surface. Overall, this DNA
electrochemistry experiment directly demonstrated that charge can be efficiently transported

through DNA over long molecular distances, at least up to 100 base-pairs or 34 nm.
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Figure 3. Applications of DNA electrochemistry. DNA monolayers assembled on gold
clectrodes can be used to probe the ground state DNA-mediated oxidation and reduction of
redox probes such as intercalated organic dyes methylene blue or nile blue (/ef?) as well as

DNA-bound redox active proteins (right). Shown is the base excision repair glycosylase

Endonuclease IIT that contains a 4Fe4S cluster. PDB: 2ABK.
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1.3 Biological DNA CT

The discovery of the remarkable conductivity of DNA led to speculation about
whether DNA CT could be relevant in a biological context inside cells. Because the neutral
guanine radical has a relatively long lifetime in DNA (32), there is the possibility for
interaction with redox-active peptides or proteins that are electronically coupled into the
DNA r-stack. This was first demonstrated in proof of principle experiments with the
tripeptides KWK and KYK (46,47), where the aromatic tyrosine (Y) or tryptophan (W)
residue intercalates into the n-stack while positively charged lysine (K) residues assist in
binding to negatively charged DNA. The oxidation of tyrosine (0.9 V versus NHE) and
tryptophan (1.0 V versus NHE) by guanine radical are thermodynamically favorable.
Using the flash-quench quench technique with mixed sequence DNA, [Ru(phen).(dppz)]*',
[Ru(NH3)6]** and KWK, nanosecond transient absorption experiments were used to observe
a positive transient at 510 nm that could be assigned to the neutral tryptophan radical given
its strong dependence on peptide concentration (46). This transient was not present when
any of the necessary components (DNA, quencher, or peptide) were omitted. Is this
tryptophan oxidation DNA-mediated? First, the peptide itself does not quench the DNA-
bound [Ru(phen),(dppz)]** excited state, confirming the absence of direct electron transfer
from tryptophan to *Ru*". Given that the free *Ru is rapidly quenched (ps) in aqueous
solution in the absence of DNA (/8), further studies compared poly(dA-dT) and poly(dG-
dC) DNA. With poly(dG-dC), the rise of the tryptophan radical positive transient at 510

nm corresponds to the disappearance of the guanine radical transient at 373 nm, suggesting
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that guanine radical is a necessary intermediate in tryptophan oxidation. In contrast, no
positive transient was observed at 510 nm with poly(dA-dT), likely because of fast BET with
the diffusing quencher. This control demonstrates that there is no direct contact of KWK
with the ground state [Ru(phen),(dppz)]** oxidant. Therefore tryptophan oxidation appears
to be mediated by guanine radicals (46). Combined with similar experiments using the
tripeptide KYK that monitored tyrosine radical formation at 405 nm (47), these studies
paved the way for work on DNA-mediated protein oxidation.

Indeed, DNA-mediated protein oxidation was soon demonstrated with the
methyltransferase Hhal (48). This enzyme flips out the central cytosine of its target
sequence SNjCGC-3Npr methylation, inserting a glutamine side chain (residue 237) into
the DNA pocket. Transient absorption experiments with the flash-quench technique
utilized a Q237W Hhal mutant, where the intercalating glutamine residue is replaced with
aromatic tryptophan. Like studies with the tripeptide KWK, a positive transient
corresponding to the neutral tryptophan radical was observed at 510 nm with Q237W Hhal.
Here, the ruthenium photooxidant was covalently tethered away from the methylation site,
ensuring DNA-mediated tryptophan oxidation. Furthermore, when the distance between
the intercalated ruthenium photooxidant and the methylation site is increased from 24 to 51

A, there was no variation in the rate of transient formation, indicating that CT through the

DNA is not rate-limiting (48).
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1.3.1 Coordination of iron-sulfur cluster DNA processing cnzymes via DNA CT

But how could DNA charge transport be used by proteins inside the cell? Following
the work with E. coli MutY (42), other BER proteins with 4Fe4S clusters were discovered to
have similar DNA-bound [4Fe4S]*"?* reduction potentials, including E. coli Endonuclease
III (Endolll) and uracil DNA glycosylase (UDG) from Archeoglobus fulgidus (49). As the
first step in the BER pathway, these glycosylase enzymes target and excise specific oxidized
lesions within the genome. MutY removes adenine base-paired with 7,8-dihydro-8-
oxoguanine (8-0x0Q), a result of inaccurate replication of DNA with 8-0x0G, while EndollI
targets oxidized pyrimidines (50). After excision of the oxidized or incorrect base to create
an abasic site, glycosylase activity is followed by the remaining steps in the BER pathway to
restore the integrity of the DNA. While the mechanistic details of glycosylase enzymes once
they have found their substrates are relatively well understood (57), how the search is
efficiently coordinated is less clear given their low copy numbers in the cell. In E. coli, there
are an estimated 500 copies of Endolll, and only approximately 30 copies of MutY (52).
Given their low copy numbers and the vast quantity of DNA that they must search,
diffusion-only search models are simply too slow to permit scanning of the entire genome
within the doubling time of E. coli (53).

Could the 4Fe4S cluster of these glycosylase enzymes be involved in the search
process? The [4Fe4S]* cluster of Endolll is relatively insensitive to reduction and oxidation
in solution (54), leading to a proposed structural role for the cluster although it is not

required for folding or stability in the homologous enzyme MutY (55). However, we have
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found that the redox potential of the EndollI cluster shifts upon DNA binding (56). The
electrochemistry of Endolll was measured on HOPG electrodes that were either bare or
modified with DNA. On DNA-modified HOPG electrodes, the observed midpoint
potential of 20 mV versus NHE was assigned to the [4Fe4S]**** couple, similarly to what
had been previously reported on DNA-modified gold electrodes. On bare HOPG, two
signals were obscrved: an irreversible anodic peak at 250 mV and a cathodic peak at -300
mV, assigned to the [4Fe4S]>"* and [4Fe4S])*"!* couples, respectively. Thus DNA binding
negatively shifts the [4Fe4S]*** redox potential of the cluster by at least 200 mV, activating
the cluster towards oxidation (56). Because significant conformational changes do not occur
upon DNA binding, a thermodynamic consequence of this shift in redox potential is that the
oxidized, [4Fe4S]** form of EndollIl has a much higher affinity for DNA (3 orders of
magnitude) than the reduced, [4Fe4S]** form (56). Lower DNA binding affinity for the
reduced enzyme was also observed qualitatively with bulk electrolysis experiments on
EndolIl, MutY, and UDG (49). Therefore while these proteins are relatively insensitive to
oxidation in solution, the redox potential of the 4Fe4S cluster shifts into the physiologically
relevant range when bound to DNA.

The combination of (7) the negative shift in redox potential of the 4Fe4S cluster of
glycosylase enzymes upon DNA binding that entails higher binding affinity in the oxidized
[4Fe4S]? state compared to the reduced [4Fe4S]** state, (i7) similar DNA-bound [4Fe4S]>/*

redox potentials of approximately 80 mV versus NHE for all of the enzymes studied, and

(i the apid ineris of DNA CT (N



