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ABSTRACT

In enteric bacteria, the cellular response to oxidative stress caused by superoxide is
activated by soxR, which encodes a redox-active transcription factor that contains a [2Fe2S]
cluster and binds DNA with high affinity. Here we describe how SoxR may detect global
changes in oxidative stress while bound to DNA at a single location through DNA-mediated
charge transport. A unique property of DNA is its ability to delocalize charge along its base stack,
allowing oxidative damage to be funneled to specific sites of low oxidation potential. Charge
transport also has the potential to access proteins with redox-active moieties.

Electrochemical studies presented here demonstrate that the redox couple of the [2Fe2S]
clusters of SoxR can be accessed through the DNA, and that when the protein is bound to DNA,
is shifted almost 0.5 V positive to its potential measured in solution in the absence of DNA.

SoxR in its reduced form is found to inhibit guanine damage by repairing guanine radicals formed
in DNA by the use of various photoactive metallointercalators, by donating an electron from one
of its [2Fe2S]" clusters and filling the guanine radical hole. RT-PCR is used to monitor the
amount of soxS mRNA produced in cells that have taken up the DNA binding photooxidant
[Rh(phi),bpy]*" and are treated with light. Cells thus treated to generate guanine radicals express
soxS, evidence that SoxR is being oxidized. An in vitro assay is furthermore used to examine
directly the DNA-mediated oxidation of SoxR by measuring its transcriptional activity.
[Rh(phi),bpy’]*", tethered to DNA 80 bp from the soxS promoter, induces transcription by
activating SoxR upon irradiation. These results demonstrate not only that guanine radicals can
act to oxidize SoxR, but that the resulting oxidized, DNA-bound protein is biologically active.
Thus, transcription can be activated from a distance through DNA-mediated charge transport.

The ability of DNA to conduct charge along its base stack allows offers a general strategy
for DNA-mediated signaling of oxidative stress, as it allows information about oxidative events to
be transmitted quickly and directly to the proteins responsible for turning on the genes necessary

for cell survival.
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Chapter 1

SoxR and the Biology of DNA-mediated Charge
Transport



Charge transport through B-DNA

DNA is a double helix composed of an anionic sugar phosphate backbone surrounding a
core of electron-rich aromatic heterocycles, which are the four bases adenine, guanine, cytosine,
and thymine. These bases are stacked on top of each other with interbase distance of 3.1 A,
similar to the spacing between sheets in graphite. A cross section of DNA, as shown in figure 1.1
further reveals a well structured n-stack of orbitals down the core of the helix, with the
polyaromatic bases lined up perpendicular to the helical axis. The similarity in structure between
DNA and graphite formed the basis of the postulate early on, that charge could migrate through
the DNA base stack along the network of stacked m-orbitals. Indeed, a large body of work has
been done since the elucidation of the double-helical structure of DNA which demonstrates that
charge transport through DNA is not only possible, but is highly efficient.

The ability of electrons and holes to access these domains in order to transverse the -
stack of DNA has been well documented, in some cases through distances of up to 200 A [1].
This phenomenon has been investigated by several methods, some of which are illustrated in
figure 1.2. Early studies demonstrated that charge could be transferred through the DNA base
stack between two metallointercalators tethered at opposite ends of a strand of duplex DNA [2].
A variety of photooxidants has also been used to oxidize DNA bases many base pairs away from
the initial site of metal binding and charge injection [3, 4].

Oxidation of DNA occurs preferentially at guanine residues and multiplets, as this base
has the lowest oxidation potential of all four naturally occurring bases [5]. Sequential guanine
residues lower the oxidation potential of the DNA further, and the presence of guanine stretches
in DNA may serve as thermodynamic sinks to localize DNA damage to certain areas of the

genome [6, 7].



Figure 1.1. Top: A side view of DNA shows the double helical structure of double-
stranded DNA and the alignment of adjacent base pairs. Bottom: A cross-sectional
view of DNA shows that the bases stack on top of each other, creating a core of

delocalized nt-bonds.



Figure 1.2. Shown here are examples of DNA-mediated charge transport. Top: The
photoirradiation of a metal complex allows it to reduce a distally bound complex

through the DNA. Middle: A bound photooxidant is able to oxidize DNA bases at a
distance. Bottom: DNA on a gold electrode can be used as a medium to monitor the

reduction and oxidation of a bound redox probe.



The DNA m-stack has also been used as a medium to electrochemistry. Thiol modified
DNA can be attached to a gold electrode surface, and the reduction and oxidation of various
DNA-bound redox indicators can be monitored using various electrochemical techniques such as
cyclic and square wave voltammetry, and chronocoulometry. These experiments demonstrate
that DNA conduction of charge through DNA can occur at energies below the oxidation potential
of the bases (8).

Charge transport through DNA has well characterized properties. First, the efficiency of
charge separation has a very shallow distance dependence (9). Second, the rate of charge
migration through DNA is very rapid, with rates on the order of 10s to 100s of picoseconds (10).
Finally, DNA charge transport is extremely sensitive to the integrity of the base stack, as any
perturbations, such as mismatches, abasic sites, or oxidative lesions will serve as barriers to

charge migration (11,12).

Biological roles of DNA charge transfer

Given the robust nature of charge transport through DNA, it would be surprising if
organisms had not evolved ways to utilize this chemistry (figure 1.3) Of particular interest is the
ability of DNA-bound proteins that contain a redox-active moiety, such as a disulfide bond or
[FeS] cluster, to couple into the electronics of the DNA base stack, allowing them to exchange
electrons or holes with the DNA and become reduced or oxidized in the process.

Long range oxidation and reduction in a DNA-mediated manner has been demonstrated
electrochemically for proteins bound to DNA on a gold surface. This method has enabled the
direct measurement of the redox potentials for the [4Fe4S] cluster containing glycosylases MutY
and Endolll (13, 14). In both of these cases, it was found that binding to DNA shifts the potential
of the cluster to a more biologically relevant range. This technique has also allowed the direct
monitoring of enzymatic processes of DNA bound proteins, as in the case of photolyase, where

the redox state of the flavin cofactor was monitored as it repaired a thymine dimer (15).



The ability of proteins to accept and donate electrons through the base stack, along with
the fact that DNA is extremely sensitive to base lesions and mismatches, provides an explanation
for how DNA repair enzymes are able to locate their substrates rapidly despite their low copy
number in the cell (16). In this model, a repair enzyme will processively scan DNA until a
second enzyme binds some distance away and sends an electron into the base stack. If the DNA
between the two enzymes is intact, the electron is able to travel to the first enzyme, reducing it
and causing it to dissociate from the DNA. However, if there is a base lesion between the two
enzymes, charge transport between the enzymes will not occur, and the first enzyme will continue
scanning until it eventually reaches the site of the lesion. In this manner, enzymes will not waste
time slowly interrogating intact DNA, and there will be a net redistribution of repair enzymes
away from “healthy” regions of DNA and toward DNA which contains lesions.

DNA-bound proteins can also be oxidized by guanine radicals in DNA, formed as a result
of reactive oxygen species in the cell, or in vitro by photooxidants as described previously.
Oxidation of a protein using photooxidants in a DNA-mediated manner has been observed for
MutY, which is able to compete with guanine residues for holes (17). P53, which contains
several redox-active cysteine residues, also be oxidized this way, forming disulfide bonds and
causing the protein to dissociate from the promoter regions of some of its target genes (18).
Importantly, the formation of guanine radicals in DNA is an indicator of oxidative DNA damage
and possibly oxidative conditions in the cell; the rapid migration of these holes allows proteins to

detect damage conditions rapidly and induce the proper cellular response.

Oxidative damage in cells
Reactive oxygen species (ROS) are a normal by-product of respiration in cells, and can
arise when molecular oxygen (O,) reacts with radical intermediates in the electron transport chain.

ROS concentration in healthy cells is maintained at low levels of around 10” M for superoxide
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Figure 1.3. DNA-mediated charge transport has biological significance. Repair
proteins may be able to scan long regions of the DNA for their substrate. DNA
damage can be funneled to specific regions of the genome. Oxidative radicals, an
early sign of oxidative stress in the cell, can be detected by transcription factors, which

then activate regulatory genes.



(O77), mainly through superoxide dismutase (SOD) which converts O, into H,O,. Hydrogen
peroxide (H,0,) is maintained at 10 M in cells mainly through catalase, which converts peroxide
to H,O and O,. However, the levels of these species can be elevated in a variety of ways.
Hyperbaric oxygen can increase the rate of collision of O, with various respiratory proteins, and
antibiotics that interfere with the respiratory electron transfer chain can increase the amounts of
reactive intermediates. Various redox cycling drugs can generate ROS in the cytoplasm, and
H,0, is used as a chemical weapon by organisms such as macrophages and amoeba (19).

On their own, O, and H,O, are relatively unreactive. Superoxide does most damage to
proteins containing iron-sulfur clusters, such as aconitase, for which it oxidizes the 4Fe4S cluster,
which then loses an iron and falls apart. H,O, is able to damage certain sulfur moieties in
proteins. The real danger behind these reactive species is in the Fenton reaction, during which
free Fe(IlI) reacts with H,O, to form destructive hydroxyl radicals (HO"), which, unlike
superoxide, is able to permeate cellular membranes and attack a variety of biochemicals, most
significant of which is DNA. Importantly, O, stands out as a particularly insidious species as it

both increases the amount of free Fe in the cell and is a source of H,O, by its own dismutation

(19).

SoxR and the soxRS response to superoxide stress in E. coli

The cell has different responses to O, versus H,O,. The main regulator of H,O, induced
oxidative stress is the OxyR regulon; OxyR is a transcriptional activator that senses H,O, levels
in the cell by the formation of a disulfide bridge between two of its cysteine residues (20).
However, constitutive induction of this OxyR is not sufficient to protect cells against redox
cycling agents that produce O,. The two oxidants have been shown to induce different DNA
damage responses, and unlike H,O,, O, induced stress does not trigger the SOS response. The
protein expression profiles are also different when comparing the two stressors. However, some

differences in protein expression were observed when comparing the protein expression profiles



Table 1.1. Genes activated as part of the SoxRS operon

Uptake [fur: iron uptake repressor
P marA, araAB: drug resistance and efflux pumps

dps: stress response DNA binding protein
DNA associated nfo: Endonuclease IV

dnaFE: o-subunit of DNA polymerase I11

cvoD, ccmD: cytochrome C related
Redox enzymes sodA: Mn superoxide dismutase

fpr: NADP+ reductase

. nuolK: NADH hydrogenase
Cellular reduction zwf: glucose 6 phosphate dehydrogenase
pgi: glucose phosphate isomerase

The genes activated by SoxR help the cell mitigate conditions of oxidative stress, and can be
grouped into four functions: (1) regulating the uptake and efflux of iron and drugs by various
membrane pumps, (2) upregulating proteins that help protect and repair DNA, (3) inactivation of
reactive oxygen species by reaction with redox enzymes, and (4) restoring and maintaining the

reductive environment inside the cell. The most well-characterized genes are shown here with
their functions.
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of E. coli lacking any superoxide dismutase (SOD) activity and wild type E. coli treated with the
redox cycling agents paraquat and plumbagin (21).

Genome-wide mutational analysis was used to identify the regulon responsible for the
unique O, response in E. coli (22, 23). This regulon, named soxRS (superoxide response) is
comprised of two genes: soxR, which encodes a 17 kDa, 154—amino acid transcription factor
which operates as a homodimer, and its target gene soxS, which encodes as 13 kDa transcription
factor (24). SoxR operates from a single site on the genome, at the soxS promoter containing a
palindromic recognition element and allosterically downregulates its own expression by acting as
a repressor at its own promoter site. This downregulation results in a low copy number of SoxR
in the cell (<100 nM) (25). The promoter region is characterized by an 18—base pair palindromic
recognition element, and the footprint of SoxR on the promoter region stretches 36—base pairs
long.

Under conditions of oxidative stress, SoxR is able to activate transcription of soxS,
increasing its mRNA levels to ~100x% that of unstressed cells (26). Once expressed, SoxS is able
to turn on the transcription of several dozen genes that help the cell mitigate the effects of
oxidative stress (27). These genes include regulators of iron uptake, a Mn-only SOD,
endonuclease IV (which is involved in repair of abasic sites), and several genes that help to
restore the reducing environment within the cell (Table 1). Once the threat of oxidative damage
has passed, SoxR is rapidly re-reduced in the cell, turning off transcription of SoxS; as of yet, the
cellular factor(s) responsible for reducing SoxR have not been characterized. SoxS is rapidly
degraded in the cell, and the soxS mRNA has a half-life of approximately one minute (28).

The SoxR/SoxS paradigm is only true for enterics. Though SoxR analogues have also
been identified in bacteria which lack SoxS, in these species, SoxR binds to multiple sites on the
genome and directly activates a variety of genes with different functions. Furthermore the role of

SoxR can diverge from that of responding to elevated levels of O, in the cell. In these
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organisms, agents other than O, are able to activate SoxR, and in some cases, deletion of the
soxR gene has no effect on O,- resistance (29).

SoxR is a member of the MerR family of transcription factors, which includes ZntR, and
CueR, which sense Zn(II) and Cu(II) respectively. These proteins share a common homology;
they all function as homodimers, and each subunit contains a C-terminal metal-binding domain
that is specific for a unique metal, a dimerization interface, and an N-terminal helix-turn-helix
DNA binding domain (30, 31). The mode of action is also conserved; these proteins bind in the
region of the promoter usually bound by repressors, and the spacing between the -10 and -35
conserved boxes in the promoters of their gene targets is longer than the 17—-base pair consensus
spacing optimal for RNA polymerase binding. Upon metal binding the protein induces a large
conformational change in the DNA, which allows RNA polymerase to bind and transcribe the
target gene. Figure 1.4 shows the primary amino acid sequence comparison of SoxR with MerR,
and Figure 1.5 shows a structural comparison of SoxR with BmrR, another member of the MerR
family.

However, unlike the other members of the MerR family, SoxR contains a redox-active
[2Fe2S] cluster in place of a metal- or drug-binding domain, which is crucial for its activity, but
is not important structurally. There is one cluster per monomer of SoxR, ligated by four cysteine
residues (Cys-119, Cys-122, Cys-124, and Cys-130) (32). This cluster is known to exist in two
oxidation states, the reduced [2Fe2S]" form and the oxidized [2Fe2S]*'form. Reduced SoxR is
EPR active, and has signals with g-values of 2.01, 1.92, and 1.90; oxidized SoxR is EPR
silent. The two forms of the protein also have different UV-vis spectra. The oxidized form of the
protein has bands with the following mM! extinction coefficients: &,76= 53.5,8300=24.5,€415=
12.7, g4 = 12.4, €540= 8.0; reduced SoxR retains the peak at 276 nm, but lacks the iron sulfur
bands between 320 and 540 nm. The EPR and UV-vis characterization of SoxR are shown in

Figure 1.6, and these are consistent with the cluster being a [2Fe2S] cluster (33).
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MerR MEENLEN----LTIGVFAEAARGVNVETIRFYQREGLLPEPDEPYGSIRRYGEADVTRVRFE 56

SoxR MEKKLPRIKALLTPGEVAKCSGVAVSALHFYESKGLITSIRN-SGNQRRYEKRDVLRYVAT 59
***:* . & & * .i*.:** *.:::**: ***:_. . *. * * Kk . H *

MerR VESAQRLGFSLDEIAELLRLDDGTH---CEEASSLAEHELOQDVREEMTDLARMETVLSEL 113

SoxR IKIAQRIGIPLATIGEAFGVLPEGHTLSAKEWKQLSSQWREELDREIHTLVALRDELDGC 119
HuL A - I * L HHE R T

MerR VFACHARQGNVSCPLIASLOGEKEFPRGADAV-———— 144

SoxR IGCGCLSRSDCPLRNPGDRLGE-EGTGARLLEDEQN 154

- - . L *
R R ..

Figure 1.4. SoxR is in the MerR family of transcriptional activators. Shown here is a
primary amino acid sequence alignment of the Hg(II)-sensing protein MerR with that
of SoxR. Asterisks (*) indicate amino acid identity, colons (:) indicate conserved
substitutions, and periods (.) indicate semiconserved substitutions. The DNA binding
domain is highlighted in green, the dimerization domain is highlighted in blue, and the
metal binding residues are shown in bold type. SoxR contains four cysteine residues
which ligate a [2Fe2S] cluster. The alignment was generated using ClustalW2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html).
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drug binding

Figure 1.5. Oxidized SoxR (left) and BmrR bound to the drug TPP (right) are both in
the MerR family of transcriptional activators. Both share strongly homologous helix-

turn-helix DNA binding domains and a-helices in the dimerization domain. However,
BmrR contains a large drug binding domain that is absent in SoxR, and replaced by

[2Fe2S] clusters.
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In cells, the clusters of SoxR are maintained in a reduced [2Fe2S]" state (34), and a one
electron oxidation of a cluster to the oxidized [2Fe2S]*" state allows SoxR to function as a
transcriptional activator (35, 36). Importantly, the cluster is not critical for DNA binding, and
apo-SoxR binds DNA with comparable affinity to the intact protein (Kq = 4.5 x 10™° M) both in
its reduced and oxidized forms (28, 33). Thus, SoxR remains bound to the promoter region of its
target gene in its inactive state. The binding site and footprint region of SoxR on the soxS
promoter is shown in Figure 1.7.

SoxR acts as a transcriptional activator by changing the conformation of DNA at its
binding site, as illustrated in figure 1.6. The soxS promoter region contains a 19—base pair
spacing between the conserved promoter boxes, which corresponds to a 6.8 A increase in
translational length and a rotation of 72° around the axis compared to the consensus 17-base pair
spacing. SoxR itself is not thought to interact with RNA polymerase directly; instead, the
elongated spacer regions described here preclude binding of RNA polymerase and initiation of
transcription even in the absence of SoxR (37, 38). A recently solved crystal structure of the
oxidized form of SoxR bound to DNA shows that the transcriptionally active form of the protein
induces a 65° bend, as shown in Figure 1.8, and partial unwinding of the DNA at the promoter
site, which results in a shortening of the length of the region by 3.4 A, or 1 base pair. This
change enables RNA polymerase to bind and initiate transcription (39).

Although the structure of oxidized SoxR is known, in the absence of a corresponding
structure for the reduced protein, it is difficult to predict how SoxR is able to induce such a large
conformational change in the DNA at its binding site. There is, however, evidence among other
members of the MerR family that this change involves a change in the solvent accessibility of one
or more of the metal binding centers. The crystal structure of Cu(I) bound to the CueR (copper
response) dimer shows one metal ion bound in a solvent inaccessible pocket and another bound at
the equivalent site in a disordered fashion (40). The crystal structures of the apo- and drug-bound

forms of BmrR reveal that significant disordering of an a-helix occurs in the protein upon drug
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Figure 1.6. Left: Oxidized SoxR has a characteristic UV-vis spectrum for an [FeS]
cluster containing protein. The oxidized protein has bands with the following mM-1
extinction coefficients: €276=53.5, €320=24.5, ¢418=12.7, €462=12.4, £€540=8.0;
reduced SoxR retains the peak at 276 nm, but lacks the iron sulfur bands between 320
and 540 nm. Right: Reduced SoxR has an EPR spectrum has peaks with g values at
1.93,1.92, and 2.01. Oxidized SoxR is EPR silent. Taken from Ref. 35.



16

A A _3‘
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Figure 1.7. SoxR binds to the soxS promoter region with high affinity. Shown in red
is the SoxR footprint; the protein protects 36 bases on one side of the binding site and
25 bases on the other. The palindromic recognition element is shown in italics.
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[2Fe2S]*— [2Fe2S]*

Figure 1.8. The transcriptional activity of SoxR is mediated by its [FeS] clusters. The
one-electron oxidation of one of the [2Fe2S] clusters from the +1 state to the +2 state
induces a conformational change in the DNA at the promoter site of soxS, the target
gene for SoxR. The protein induces a 65° bend in the DNA, which amounts to a ~1—
base pair shortening of the length of the region between the -10 and -35 promoter
elements. This shortening of the spacer region allows RNA polymerase to bind to the
promoter and transcribe soxS.



18

binding and activation (41). For oxidized SoxR, the binding region for the [2Fe2S] cluster is
fairly solvent accessible, and reduction of these clusters may cause them to become more buried
within the protein.

It is well established that SoxR is activated in the presence of redox cycling drugs that
form the reactive oxygen species O, but the exact nature of SoxR oxidation is also not known.
In fact, SoxR has been reported to be activated by H,O, and NO- as well (42, 43). However, the
low copy number of this protein in the cell and the fact that it binds to a single site on the genome
with high affinity makes it unlikely that a diffusible species is responsible for oxidizing the iron-
sulfur clusters of SoxR. Furthermore, O,™ is likely to irreversibly degrade the cluster of SoxR
upon direct interaction. An alternate hypothesis is that these redox cycling agents interfere with
the ability of the cell to maintain SoxR in a reduced state by consuming reducing equivalents to
form O, from O,; the same scenario might arise in cells undergoing oxidative stress. Common
cellular redox buffers such as glutathione do not reduce SoxR, nor do redox cofactors such as
NADPH or NADH. Recently, a possible reducing system for SoxR was identified as the
rsxABCDGE operon, which shares homology with the rnf operon in Rhodobacter capsulatus
involved in nitrogen fixation; the gene products of this operon have not been well characterized
and a direct interaction with SoxR has not been demonstrated (44).

Of particular note is that arguably the most deleterious effect of increased O, levels in
organisms is DNA damage caused by the increase in free iron levels and the subsequent
production of hydroxyl radicals (OH-). A major product of OH: induced DNA damage are
persistent oxidative radicals of the aromatic bases, which, when trapped, lead to permanent
oxidative damage products (45). These radicals are able to migrate through the base stack of
DNA and between DNA and associated proteins or small molecules, localizing at low oxidation
potential sinks. In DNA, these sinks are guanine multiplets, and for proteins, they may be thiol

residues or metal clusters (46).
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The ability of DNA to conduct charge provides a mechanism for SoxR activation which
circumvents the limitations of having a diffusible signal. In this model, the DNA base radicals
that are formed when O, levels are elevated in the cell are able to migrate long distances through
the DNA to guanine multiplets. These relatively long lived radicals would then be able to oxidize
the [2Fe2S] cluster of SoxR from the +1 to the +2 state, causing it to activate the transcription of
soxS. In this way, information about oxidative events occurring distal to the site of sensor
binding can be transmitted across long distances rapidly and induce the desired cellular response.
The following studies attempt to address this mechanism for SoxR activation by investigating its
electrochemical properties, its ability to accept holes in DNA, its ability to activate transcription

both in vitro and in cells, and the rate of cluster oxidation by DNA-mediated methods.
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Chapter 2

The Electrochemistry of DNA-Bound SoxR on Gold
and Graphite

Adapted from Gorodetsky, et al., Proc Natl Acad Sci USA 105:3685-3689 (2008).
Experiments on graphite were performed by A. Gorodetsky
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INTRODUCTION
Charge transport in DNA on a gold electrode

The ability of DNA to conduct charge is well demonstrated in applications for which it
can be used as the conduit between an electrode surface and a DNA-coupled redox active species.
Devices that take advantage of DNA in this manner consist of a gold or graphite electrode, onto
the surface of which thiol- or pyrene-modified DNA is attached. The DNA and electrode are
usually separated by a saturated alkane linker moiety. The electrode is then backfilled with free
alkane thiol, which passivates the surface and prevents unspecific non-DNA-mediated
interactions between the electrode and any soluble species bound to DNA from occurring (1).

In most cases cyclic voltammetry is used to observe the redox signals of the molecule of
interest; in this detection method the potential of the working electrode is scanned across a
potential window, and current to and from the electrode surface to the molecule is measured
versus the applied potential. This results in a signal shape with a characteristic “duck” shape and
two distinct anodic and cathodic peaks for the oxidation and reduction, respectively, of the DNA
bound species.

Another electrochemical technique used with DNA-modified electrodes is square wave
voltammetry, in which the potential is stepped alternating between negative and positive
potentials, which effectively measures the absolute current flow at a given potential for both the
anodic and cathodic currents. Square wave voltammetry has the advantage of being a more
sensitive technique than cyclic voltammetry, but at the cost of losing information about the
specifics of peak height and area, which are important when studying nonreversible and quasi-
reversible electrochemical systems.

These techniques have been applied to a variety of redox probes, which are coupled to the
base stack of DNA either by intercalation or through a conjugated linker. These signals are
largely reversible (except in the case of probes that undergo electrocatalysis), and occur at similar

potentials to the non-DNA associated molecule.



24

Importantly, charge transport to the probe is critically dependent on the nature of the
DNA on the surface; specifically, on mismatches and oxidative lesions, which disrupt the base
pair stacking. If such a lesion is located on the DNA between the electrode and the probe, charge

migration cannot occur and the redox signal from the probe will be greatly attenuated.

Electrochemistry of proteins bound to DNA

DNA-modified electrodes have previously been explored for the study of DNA-mediated
charge transport chemistry (2-4). Typically, self-assembled DNA monolayers on gold or graphite
are interrogated electrochemically with the efficiency of charge transfer to an electroactive probe
yielding information on the integrity of the intervening base pair stack. In fact, duplexes that are
covalently modified with redox-active reporters at a fixed position provide particularly well-
defined systems for study of DNA charge transport at electrode surfaces, allowing for the
electrochemical detection of even small perturbations in the intervening base stack (5-8).

Similar to the detection of redox probes, the potentials of DNA-bound proteins can be
measured using the same electrochemical techniques. DNA-modified electrodes have proven
highly useful for probing of redox centers within proteins bound to DNA, and have been used to
probe the redox potential of MutY and Endo III, base excision repair glycosylases that contain a
[4Fe-4S] cluster (9-11). Initial studies of these enzymes had found no clear role for the clusters
because, in the absence of DNA, they did not display redox activity within a physiologically
relevant range of potentials (12-14). However, at DNA-modified gold surfaces, these BER
enzymes display reversible, DNA-mediated electrochemistry with midpoint potentials of ~90 mV
(10). Moreover, experiments comparing directly the electrochemistry of Endo III on bare and
DNA-modified graphite demonstrated that binding to DNA shifts the redox potential of Endo III
by about -200 mV into a physiologically relevant range, activating the cluster for oxidation (11).
DNA binding thus changes the redox properties of the enzymes from being similar to ferredoxins

to instead resembling high-potential iron proteins. Based on these data, a redox role for the
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[4FedS] clusters in long-range DNA-mediated signaling has been proposed to detect damaged
sites that are to be repaired in the genome (9-11, 15). The ability to alter the redox states of these
proteins in a DNA-mediated manner further suggests that DNA may be a medium through which
oxidation/reduction reactions occur. This idea of long range DNA-mediated signaling may also

be important to consider in the context of SoxR.

The electrochemistry of SoxR

SoxR belongs to the MerR family of transcriptional regulators. The members of this
family are defined by an N-terminal helix-turn-helix DNA-binding motif, a coiled-coil
dimerization region, and a C-terminal sensory domain (16-18). Although the DNA-binding and
dimerization regions are conserved among MerR-type regulators, their sensory domains are
diverse (17). Typically, MerR type transcription factors occupy suboptimally spaced 19+1 bp
promoter elements in the inactivated state, often inducing a slight bend of the promoter DNA.
Upon activation, they are thought to undergo a conformational change that unwinds and bends the
promoter region, thereby allowing RNA polymerase to bind and initiating transcription (17).

SoxR regulates an oxidative stress response to superoxide in the enterics Escherichia coli
and Salmonella typhimurium (19, 20). This unique transcription factor is a 17 kDa polypeptide
that binds DNA as a dimer and contains a [2Fe2S] cluster in each monomer (19). Loss of this
cluster does not affect protein folding, DNA binding, or promoter affinity (21-25), but oxidation
of this cluster by either oxygen or superoxide generating agents (e.g., methyl viologen) triggers
expression of the transcription factor SoxS (23, 24). Subsequently, SoxS controls the expression
of more over 100 genes in the SoxRS regulon which collectively act to repair or avoid oxidative
damage (25).

The role of SoxR appears to vary drastically across organisms. Whereas SoxR is
conserved in both Gram-negative and Gram-positive bacteria, soxS is exclusively found in

enterics, indicating that SoxR can be part of different regulatory networks (26, 27). Indeed,
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Pseudomonas putida and P. aeruginosa do not rely on SoxR for an oxidative stress response (28,
29). Instead, P. aeruginosa SoxR responds to phenazines, endogenous redox-active pigments,
and activates transcription of two probable efflux pumps and a putative monooxygenase (30) that
might aid in phenazine transport and modification. Considering that SoxR shows functional
diversity between pseudomonads and enterics, it is surprising that the transcription factor is
biochemically conserved: (i) Expression of P. putida SoxR in E. coli can complement a soxR
deletion mutant (29) and (ii) the redox potentials of soluble SoxR from E. coli and P. aeruginosa
in vitro are both approximately -290 mV vs NHE (22, 23, 30).

The fact that SoxR requires oxidation for its transcriptional activity seems biologically
reasonable but also leads to a conundrum. Under normal physiological conditions, it is assumed
that SoxR is kept in its reduced, inactive state by the intracellular NADPH/NADP" redox
potential of ~340 mV vs NHE (31, 32). Furthermore, it has been reported that NADPH-
dependent SoxR reduction is enzyme mediated, allowing for a rapid adjustment to changes in
cellular conditions, though direct enzymatic interaction with soxR has not yet been demonstrated
(33, 34). The conundrum does not lie in the mechanism of SoxR reduction but rather in the
specificity of its oxidation: at a low redox potential of -290 mV, many cellular oxidants could
react with SoxR, in particular glutathione (35), and therefore SoxR would primarily be in the
oxidized form even in the absence of oxidative stress, contrary to studies showing that the protein
in cells is strongly reduced. How is SoxR then maintained in its reduced and transcriptionally
silent form?

The mechanism underlying the oxidation/activation of SoxR is also not well understood.
For E. coli SoxR, it was first suggested that superoxide directly oxidizes the iron-sulfur cluster
(36, 37). Alternatively, the redox state of SoxR might be coupled to changes in the equilibrium of
biologically relevant redox couples, such as NADPH or glutathione (31, 38). Recently, it was
shown that the activation of SoxR in P. aeruginosa can occur in an oxygen independent manner

(29). Considering that both E. coli and P. aeruginosa SoxR can transfer electrons to the acceptor
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safranin O, a phenazine derivative (22, 23, 30), it seems reasonable that endogenous phenazines
may oxidize SoxR in pseudomonads. Alternatively, given that pseudomonad phenazines can also
modulate the intracellular NADH/NAD ratio, the possibility that phenazines activate SoxR
indirectly must also be considered (39).

One interesting possibility that has been suggested but never addressed experimentally is
the effect of DNA binding on the redox potential of SoxR. The published redox potentials for
SoxR were measured in the absence of DNA (19, 22, 23). This is particularly significant because
SoxR is activates transcription only in its DNA-bound state, so determining the redox potential of
the DNA bound form of SoxR becomes critical.

Given the sensitivity of DNA-modified electrodes in probing redox centers of proteins
bound to DNA and the precedent that DNA binding can alter redox potentials of the bound
protein, the redox properties of the DNA bound form of SoxR were investigated. Model studies
have shown repeatedly the sensitivity of redox potentials of iron-sulfur clusters to environmental
perturbations, which are expected to be significant for SoxR (40). Here, using self-assembled
DNA monolayers on gold and highly oriented pyrolytic graphite (HOPG), the effect of DNA
binding on the redox potential of both E. coli and P. aeruginosa SoxR was addressed. The
potential measured provides convincing evidence for the mechanism the cell uses to maintain

SoxR in its reduced form in vivo.
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RESULTS
Experimental strategy for SoxR electrochemistry on gold

The general strategy for the formation of DNA modified films is shown in Figure 2.1
The electrochemistry of SoxR was first examined on a DNA-modified gold surface. DNA
modified with an alkanethiol linker is hybridized with its complement, and assembled onto a gold
(1,1,1) on mica surface in a low Mg**-containing buffer, leading to a loosely packed surface,
which leaves room for the protein to bind (9-11). The surface is then backfilled with
mercaptohexanol to prevent direct interaction of the protein with the surface (41, 42). DNA-
modified gold assemblies were incubated with SoxR at room temperature, then scanned using
cyclic and square wave voltammetry. Very small protein-dependent signals were seen with cyclic
voltammetry; however, square wave voltammetry revealed a signal from the DNA-bound SoxR.
This signal was seen at +40 mV versus NHE (Figure 2.2). These initial studies demonstrated that
the oxidation and reduction of the [2Fe2S] clusters in SoxR is possible in a DNA-mediated
fashion, and like previous studies on BER enzymes, that DNA binding greatly alters the redox

properties of SoxR. In this case, the protein undergoes a positive shift in its redox potential.

Experimental strategy utilized for SoxR electrochemistry

Electrochemistry was done on graphite to further collaborate the results on gold. In
addition, SoxR from the bacteria Pseudomona aeruginosa was studied, as it was empirically
shown to be a more stable protein than its £. coli counterpart. DNA duplexes were prepared by
hybridizing pyrene-modified single stranded DNA with its complement (with or without
covalently attached Redmond Red). The duplexes were then self assembled on the graphite in the
absence of Mg*" to form a loosely packed DNA monolayer, leaving room for SoxR to bind (9-11).
The surface backfilling agent in this case was either octane or decane. (41, 42). The electrode was

subsequently incubated with protein, and electrochemical experiments were performed before and
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Figure 2.1: Schematic illustration of the self-assembly/backfilling of a DNA monolayer
followed by incubation with protein. A strand modified at the 5° end is hybridized with its
complement in solution. The double-stranded oligonucleotides are incubated with the
electrode surface, and backfilled with an alkane monolayer. The surface is washed, and
subsequently incubated with a solution containing protein, which is allowed to bind. In this
example, pyrene-modified DNA is put down on a HOPG surface.
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Figure 2.2: Square wave voltammetry at 20 mV/s of Au(1,1,1) on mica electrodes. Red:
Voltammogram of DNA in the absence of SoxR. Blue: Voltammogram of DNA incubated
with SoxR in a high salt buffer. Magenta: Voltammogram of DNA incubated with SoxR in
a low salt buffer. The sequence used in these experiments was 5’-

ACCTCAAGTTAACTTGAGGAATT-3 and its complement.
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after addition of protein. The DNA binding sites for SoxR are 18 bp symmetrical sequences that
are conserved across species (30). For P. aeruginosa experiments, the SoxR binding site chosen
is found upstream of an operon that encodes the efflux pump MexGHI-OpmD in P. aeruginosa

PA14.

SoxR binding is reported through the Redmond Red electrochemical signal

Protein binding in electrochemistry experiments can be observed by monitoring the
DNA-mediated transport between the electrode and the redox active probe Redmond Red that is
attached at either end of the DNA duplex (Figure 2.3). The midpoint potential of Redmond Red
is -160 mV vs NHE, and the linearity of the plot of peak current as a function of scan rate
indicates that Redmond red behaves as a surface-bound species (43). Although small potential
shifts (~20 mV) in the Redmond red signal are occasionally observed upon addition of SoxR,
Redmond red provides a convenient and reliable internal standard.

It is expected that a redox-active probe located at the top of the DNA monolayer will
report on perturbations of the base pair stack that intervene between the redox probe and the
electrode, whereas the same probe located at the bottom of the monolayer near the electrode
surface will not be affected by disruptions in base stacking above the probe. Previously, we have
reported attenuation of charge accumulation for covalently attached daunomycin due to
perturbations of DNA structure by the base-flipping methylase M.Hhal and TATA binding
protein (43). When Redmond Red is incorporated above the SoxR binding site, a 16% decrease
in the integrated cathodic charge of Redmond Red is observed upon addition of SoxR. In contrast,
when Redmond Red is incorporated at the bottom of the DNA duplex below the SoxR binding
site, there is little detectable change in the presence of SoxR. Although the loss of signal
observed upon addition of SoxR is far smaller than that found for TATA-binding protein or
M.Hhal, the decrease in electrochemical signal when the binding site is positioned between the

probe and the electrode does provide evidence for proper SoxR binding.
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Figure 2.3:  Cyclic voltammetry at 50 mV/s of electrodes modified with DNA featuring
Redmond Red at the bottom (top), Redmond Red above the binding site (middle), and no
Redmond Red (bottom). Voltammograms before addition of SoxR are in blue while ones
after addition of SoxR are in red. The sequences used in the course of these experiments are
illustrated with the binding sequence for SoxR in red, the location of Redmond Red
indicated by an R and the location of abasic sites outlined.
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Electrochemistry of P. aeruginosa SoxR

A second distinct and reversible electrochemical signal is observable at +200 mV versus
NHE upon addition of SoxR, as evident in Figure 2.3. The signal is observed only after SoxR
addition and is not affected by the Redmond Red, as it is also present in the absence of the probe.
Note that no redox signature is observed at -290 mV versus NHE, the potential previously
reported for SoxR in solution (Figure 2.3). Incubation of the DNA-modified surface with
PA2274, a control protein that lacks an iron sulfur cluster, does not result in the appearance of
any redox signature. Furthermore, experiments with SoxR stocks featuring low iron sulfur
content do not lead to appreciable cyclic voltammetric signals (data not shown). Therefore, we
can assign the new signal observed to the [2Fe2S] cluster of SoxR.

In a typical experiment, the observed SoxR signal grows in over a period of 15 minutes
and is stable for a minimum of 18 scans before slowly decaying (Figure 2.4), although we have
found a high variability in electrode stability upon addition of protein. High concentrations of
protein (>10 mM) are required for these experiments, certainly concentrations higher than is
required for site-specific binding, and both the high protein concentrations and long DNA
sequences used make DNA/protein film formation difficult. It is important to note that the
Redmond Red signal is highly stable and exhibits no noticeable degradation during typical
electrochemistry experiments.

As can be seen in Figures 2.3 and 2.4, the cathodic and anodic waves observed for SoxR
are asymmetric: the oxidation wave is pronounced and substantially less broad compared to the
reduction wave. In an ideal quasi-reversible system, the anodic to catholic peak current ratio is
unity (44, 45), but this is certainly not the case for SoxR. We find an anodic to cathodic peak
current ratio of 3.0 for SoxR, strongly indicative of a non-ideal and quasi-reversible
electrochemical response. In contrast, the anodic to cathodic peak current ratio is 1.3 for

Redmond Red on the same film, far closer to the ideal value for a fully reversible system. These
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Figure 2.4: Binding of SoxR to the DNA-modified film is shown. Left: Background
subtracted cyclic voltammetry of P. aeruginosa SoxR at DNA-modified graphite electrodes
at a 50 mV/s scan rate immediately after addition of SoxR (light grey) and 20 min after
addition of SoxR (black), revealing the signal observed. Right: Integrated anodic charge
for SoxR showing the growth of the signal as a function of time.
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data strongly indicates that the electrochemistry of SoxR is complicated, hardly surprising given
that SoxR binds DNA as a dimer.

Interestingly, the asymmetries in the reduction and oxidation waves of SoxR are
qualitatively distinct from those previously observed for the BER enzymes, MutY and Endo I1I;
the electrochemistry of these enzymes featured a reduction wave that was somewhat more
pronounced than the oxidation wave (9). The better resolved anodic wave of SoxR integrates to
very low surface coverages of 0.5 pmol/cm”. This low apparent coverage comparable to that of
2 pmol/cm’ previously found for MutY at DNA monolayers on gold (9) and may reflect poor
coupling of the iron-sulfur cluster with the base pair stack. However, the Redmon