CHAPTER 5

Protein-DNA Charge Transport: Redox Activation of a DNA Repair
Protein by Guanine Radical

Adapted from Yavin, E., Boal, A. K., Stemp, E. D. A., Boon, E. M., Livingston, A. L.,
O’Shea, V. L., David, S. S., and Barton, J. K. (2005) Proceedings of the National
Acadamies of Sciences, U. S. A. 102, 3546.

E. Yavin performed EPR experiments. E. Stemp and E. Boon performed transient
absorption experiments. A. Livingston and V. O’Shea prepared protein samples.



121
INTRODUCTION

DNA-mediated charge transport (CT) from a distance to generate oxidative
damage was first demonstrated in an assembly containing a tethered metallointercalator
(7). Inthis assembly, photoinduced oxidative damage of the 5’-G of 5’-GG-3’ sites was
observed; this damage pattern has since become the halimark of DNA CT chemistry and
long range oxidative damage has been confirmed using a variety of pendant oxidants (2-
6). Long range oxidative DNA damage has been demonstrated over a distance of at
least 200 A (7, 8). Indeed DNA either packaged in nucleosome core particles (9) or
inside the cell nucleus (70) has been found to be susceptible to long range oxidative
damage. Chemically well-defined assemblies, consisting of DNA duplexes with
covalently bound oxidants, have been particularly useful in establishing the sensitivity of
DNA CT to base stacking perturbation (77-76). Recently, analogous studies probing
long range reductive chemistry on DNA has been probed both in solution (77-20) and on
DNA-modified surfaces (74, 15, 21). As with oxidation chemistry, these reactions show
only small variations in rate with distance but are remarkably sensitive to perturbations in
the intervening base pair stack. Mechanistic descriptions for DNA CT focused first on a
mixture of hopping and tunneling. A phonon-assisted polaron model has also been put
forth (22). Studies in our laboratory as a function of temperature have shown the CT
process to be gated by base pair dynamics; in fact base pair motions are required for CT
(23, 24). We have therefore described DNA CT in the context of transport among
delocalized DNA domains formed and dissolved based upon sequence-dependent DNA
dynamics.

Given the exquisite sensitivity of DNA CT to DNA lesions and mismatches, we
have recently explored a possible role for DNA CT in repair. We demonstrated that redox

activity required DNA binding for MutY (25), a BER enzyme from Escherichia coli that
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acts as a glycosylase to remove adenine from G:A and 7,8-dihydro-8-oxo-2-

deoxyguanosine (8-o0xo0-G):A mismatches (27-33). Commonly considered a redox

cofactor, [4Fe4S]2+ clusters are ubiquitous to base excision repair (BER) enzymes (27-
37), yet redox activity in these proteins could not be detected under physiological
conditions. Electrochemistry on DNA-modifed electrodes showed a shift in potential for
MutY to +90 mV versus NHE (25, 26), a potential characteristic of high potential iron
proteins. Companion electrochemistry experiments showed furthermore that CT from the
electrode surface to the [4Fe4S] cluster requires DNA and is DNA-mediated.
Electrochemical studies on DNA-modified surfaces and EPR experiments in solution

testing additional BER enzymes more recently showed that this DNA-dependent redox
activity of BER enzymes is general. Bound to DNA, BER enzymes containing [4Fe4S]2+

clusters show similar redox potentials; binding to DNA shifts the [4Fe4S]3+/2+ potential,
activating the proteins towards oxidation. Based on this DNA-dependent redox activity,
we have proposed a model for how BER enzymes might more quickly redistribute onto
regions of the genome containing DNA lesions (25). This model depends upon DNA-
mediated CT among the BER enzymes and the sensitivity of DNA CT chemistry to
intervening perturbations in base pair stacking, e.g. DNA mismatches and lesions.

Here we describe the redox activation of MutY by an oxidized base radical, the
condition of oxidative stress. We generate guanine radicals using ruthenium
flash/quench chemistry. This chemistry was first developed to probe long range electron
transfer in proteins (38). Examining DNA CT using the flash/quench technique has been
particularly advantageous in that the methodology permits both spectroscopic studies to
monitor formation of DNA radicals on a short time scale (76, 39-41) and biochemical

analysis to determine the yield of oxidative damage occurring on a longer time scale (39-
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43). The flash/quench experiment for DNA typically is carried out with

dipyridophenazine (dppz) complexes of Ru(ll), complexes that bind avidly to DNA by
intercalation (44). As illustrated in Figure 5.1, the cycle is initiated by visible light, which

excites the intercalated Ru(ll) complex. This excited Ru(ll) complex, *Ru(ll), is then

quenched by a nonintercalating electron acceptor, Q, such as [Ru(NH3)6]3+ or

[Co(NHa)sCI]2+, so as to form Ru(lll) in situ. It is this Ru(lll) species that can oxidize

guanines from a distance. The oxidized guanine radical can then undergo further

reaction with H20 and/or O2 to form a family of oxidative products, GOX (45). However,

the lifetime of the guanine radical is relatively long (ms), and thus the guanine radical
can also react with DNA-bound peptides (46) and proteins (76), or, as we demonstrate

here, a BER glycosylase such as MutY.

MATERIALS AND METHODS

Materials

All chemical reagents and starting materials were purchased from commercial
sources and used as received. Phosphoramidites were purchased from Glen Research.
Poly(dGC) (ep60 = 8,400 M"'cm™) and Poly(dAT) (e,60 = 6,600 M'cm™) were purchased
from Amersham Pharmacia and were passed through spin columns (BioRad) prior to
use. The ligands bpy’ and dppz, as well as [Ru(bpy’)(dppz)(phen)]Cl,, were synthesized

as described elsewhere (47-51).
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Figure 5.1. Schematic illustration of the flash-quench technique utilized to
generate Ru(lll) in situ and subsequently to oxidize DNA-bound MutY. Back electron
transfer reactions are represented as dotted lines.
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DNA Synthesis

The oligonucleotides were synthesized on an Applied Biosystems 394 DNA
synthesizer (52, 53), purified by reverse-phase HPLC and characterized by mass
spectrometry. The synthesis of ruthenium modified oligonucleotides was carried out with
rac-[Ru(bpy’)(dppz)(phen)]Cl, (54). Purification of the ruthenium modified DNA by
reverse-phase HPLC yields four isomers, which were characterized by UV-vis

spectroscopy and mass spectrometry; the mixture of diastereomers was used.

Protein Preparation

MutY was utilized in all experiments either fused to maltose binding protein or in
a truncated form (Stop 225). Both forms are stable at concentrations much higher than
the native form and thus are preferable for spectroscopic and EPR studies. Stop 225
was used in all transient absorption experiments and MutY-MBP was used in EPR and
gel electrophoresis studies. Also, C199H-MutY was expressed as an MBP fusion and

used for EPR experiments. All forms of MutY were purified as reported previously (55).

EPR Spectroscopy

X-band EPR spectra were obtained on a Bruker EMX spectrometer equipped
with a rectangular cavity working in the TE;,, mode. Low temperature measurements
(10K) were conducted with an Oxford (ES9000) continuous-flow helium cryostat
(temperature range 3.6-300 K). A frequency counter built into the microwave bridge

provided accurate frequency values. Solutions were prepared by adding the protein (50
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uM) or protein storage buffer (20 mM NaPi, 100 mM NaCl, 1 mM EDTA, 10% glycerol,

pH = 7.5) to a solution of poly(dAT) (1 mM bp), poly(dGC) (1 mM bp) or Ru-tethered
duplex (25 uM) in the presence of quencher (Co(NH,)sCl, 125 uM). Samples were then
irradiated in standard EPR quartz tubes while cooling in an un-silvered Dewar filled with
liquid nitrogen; the excitation source was a focused beam from a xenon lamp (a suitable
filter was used to remove light with A <350 nm). EPR parameters were as follows:

receiver gain = 5.64x10°, modulation amplitude = 4G, microwave power = 1.27 mW.

Assay of Oxidized Products

Unmetalated oligonucleotide strands were labeled at the 5’ end with **P using
standard procedures (56). DNA duplexes were formed by mixing equal concentrations of
complementary strands (30- and 42-mers) in 50 mM NaCl, 10 mM sodium phosphate,
pH 7, and heating to 90 °C followed by slow cooling to 20 °C over 120 min. The Ru-
tethered DNA strand (12-mer) was then added to the duplex and the solution was heated

to 37 °C followed by slow cooling to 4 °C. Samples containing 4 uM Ru-tethered DNA

duplex and 80 uM quencher (Co(NH3)50I2+) were irradiated for 15 minutes at 4 °C using a
He-Cd laser (~ 13 mW at 442 nm). After irradiation, all samples were treated with 10%
(v/v) piperidine at 90 °C for 30 min, dried, and subjected to electrophoresis through a
20% denaturing polyacrylamide gel. The levels of damage were quantitated using

phosphorimagery (Imagequant).

Laser Spectroscopy
Time resolved emission and transient absorption measurements used an excimer

pumped dye (Coumarin 480) laser (A = 480 nm) or a YAG-OPO laser (g = 470 nm)
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(40). Laser powers ranged from 1 to 2.5 md/pulse. The emission of the dppz

complexes was monitored at 610 nm, and the emission intensities were obtained by
integrating under the decay curve for the luminescence. MutY (20 uM) was first
incubated with poly(dGC) (1 mM bp) at ambient temperature for 20 minutes in 5 mM

]3+

sodium phosphate buffer, pH 7.5, with [Ru(NHS)6 (400 uM) and [Ru(phen)zdppz]2+ (20

uM).

RESULTS AND DISCUSSION

Flash Quench Experiments Probed by EPR Spectroscopy

Solutions containing poly(dGC) or poly(dAT) (1 mM bp), [Ru(phen)zdppz]2+ (25
uM), and [Co(NHS)E,CI]2+ (125 uM) were irradiated in the presence or absence of MutY
(50 uM). Samples were irradiated in EPR tubes while freezing in liquid nitrogen. EPR
spectra were then acquired at 10K. As shown in Figure 5.2, in the absence of MutY,
irradiation of poly(dGC), [Ru(phen),dppz]’", and [Co(NH)sCI*" results in an EPR signal
with g = 2.004; we attribute this signal, found previously, to the guanine radical (57, 58).
Also as seen earlier and in contrast, with poly(dAT), this signal is not observed;
[Ru(phen)zdppz]3+ has been seen to promote formation of the guanine radical but not the
adenine radical cation.

More interesting are our observations in the presence of MutY. Irradiation results
in the appearance of EPR signals with primary g values of 2.02 and 2.08 and a feature at
2.06 for both poly(dGC) and poly(dAT) (Figures 5.2A and 5.2B, respectively). The peak

at g = 2.02 is characteristic of the [3Fe4S]'* cluster (59). Earlier studies of MutY bound
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EPR spectroscopy at 10K of DNA samples with and without protein

after irradiation of [Ru(phen)zdppz]2+ (25 uM) with [Co(NHa)SCI]2+ (125 uM) as

quencher and (A) poly(dGC) (1 mM bp) with and without MutY (50 uM); (B) poly(dAT) (1 mM
bp) with and without MutY (50 uM); (C) poly(dGC) (1 mM bp) with native MutY or C199H
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to DNA and oxidized by Co(phen)33+ or MutY oxidized in the absence of DNA with

ferricyanide (60) yielded the same EPR signal; the [3Fe4S]1+ cluster can form as a

decomposition product of [4Fe4S]a+. Not seen earlier for MutY is the signal at g = 2.08

with a secondary feature at g = 2.06, and this g value is attributed to the fully intact,

oxidized [4Fe4S]S+ cluster (59, 67). In the absence of quencher, [Co(NH3)50I]2+, or DNA,
no EPR signal is observed. Noteworthy, additionally, is that with poly(dAT) and MutY,
both signals are also apparent although at significantly lower intensity. Fluorescence
experiments show that the concentration of excited Ru(ll), and therefore Ru(lll), is
slightly lower for poly(dAT) compared to poly(dGC). Thus, MutY can be oxidized without
guanine radical as an intermediate, but the formation of guanine radicals first may
facilitate efficient MutY oxidation.

Also shown in Figure 5.2 is the flash/quench result for poly(dGC) in the presence

of the C199H mutant of MutY (60). Interestingly, this mutant yields an EPR spectrum

that is characteristic only of the [3Fe4S]1+ cluster. In addition, the signal intensity is
significantly larger. In this particular mutant, the cluster is more susceptible to
decomposition (60); thus it is not unexpected that this mutant only exhibits formation of

the degraded cluster.

Flash Quench Experiments Probed by Transient Absorption Spectroscopy

We also examined flash/quench reactions of [Ru(phen)gdppz]2+ bound to

poly(dGC) with and without bound MutY on a faster time scale at ambient temperatures.

Excitation of [Ru(phen)gdppz]2+ bound to poly(dGC) by nanosecond laser pulses leads to

an emission decay at 610 nm that can be fit biexponentially. This excited state is

oxidatively quenched by [Ru(NHS)G]S+ in the presence (~ 70% quenched) and absence (~
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90% quenched) of MutY. Quenching is less efficient with bound MutY, however, likely

due to restricted access of the quencher to [Ru(phen)gdppz]2+ when MutY is bound to
DNA. MutY alone does not quench the excited state of [Ru(phen)zdppz]2+, indicating the

absence of direct electron transfer from the protein to the [Ru(phen)gdppz]2+ excited
state.

We probed these assemblies by transient absorption spectroscopy to obtain the
full absorption difference spectrum with and without MutY bound to poly(dGC). At each
wavelength, the transient absorption signal was fit as follows (A(t) = C, + C,exp(-k4t))
and the coefficients for the fast phase (C,) and the slow phase (C,) were plotted against
wavelength. The spectrum of the fast phase resembles the spectrum of the guanine
radical in duplex DNA, with broad maxima at 390 and 510 nm (40). There appears to be
less of this product in the presence of MutY, however. The spectrum of the slow phase

shows evidence of the formation of a new species with an absorption maximum at ~ 405

nm (Figure 5.3). It is noteworthy that a [4Fe4S]S+/2+ difference spectrum should show an
absorption maximum near 405 nm (60, 62). This long lived absorption is not observed
with poly(dAT); the spectrum with poly(dAT) instead shows first a negative signal at 440
nm consistent with Ru(ll) bleaching, with no long lived signal. This long lived signal is
also not observed without inclusion of one or more of the necessary reagents: MutY,
[Ru(phen),dppz]*, and [Ru(NH,)¢]**. Thus, these transient absorption data are
consistent with formation first of a guanine radical upon oxidative flash quench of

[Ru(phen),dppz]** bound to poly(dGC) in the presence of bound MutY, followed by a

second species, likely [4Fe4S]3+, that is very long lived.
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Figure 5.3. Time-resolved transient absorption data for Ru(phen),(dppz)?* (20

uM) bound to poly(dGC) (1 mM bp) quenched by [Ru(NH?’)G]3+ (0.4 mM) with MutY (20

uM). Shown is the absorption difference spectrum of the long lived transient with data
averaged over four experiments. Inset: Transient absorption at 405 nm in the presence
(red) and absence (green) of MutY bound to poly(dGC) or without DNA (black).
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Figure 5.4. Autoradiogram after denaturing polyacrylamide gel electrophoresis

of ¥P-5’- TTGGAATTATAATTTATAATATTAAATATT-3’ after oxidation of the
ruthenium-tethered oligonucleotide duplex by flash/quench. Lanes shown are Maxam-
Gilbert sequencing reactions for C + T, and A + G respectively; lane 1 —lane 5: Ru-DNA
irradiated in the presence of cobalt quencher and 8, 6, 4, 2, or 0 uM MutY; lane 6: Ru-
DNA irradiated with 4 uM MutY but no quencher; lane 7: Ru-DNA without MutY or
quencher; lane 8: DNA irradiated without Ru-tethered strand. Concentrations were
[DNA] = 4 uM and [Co(NH,)sCI]** = 200 uM. Irradiations were for 15 min. Reactions were

carried out in 5 mM sodium phosphate, 50 mM NaCl, pH = 7.
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Figure 5.5

133
EPR spectroscopy at 10K of ruthenium-tethered DNA duplexes (25

uM, fully or partially hybridized) with MutY (50 uM) after irradiation in the presence of
quencher ([Co(NH;)sCI[**, 125 uM).
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Flash Quench Experiments with Ruthenium-tethered Oligonucleotides

Shown in Figure 5.4 are autoradiographs after denaturing polyacrylamide gel
electrophoresis of **P-5’-endlabeled DNA duplexes covalently linked to a ruthenium

intercalator, irradiated in the presence or absence of MutY. The DNA duplex was

assembled from a 12-mer ruthenium-tethered strand, a 30-mer strand 32P-endlabeled
containing a 5’-GG-3’ doublet, and the full 42-mer complement. In the absence of MutY,
the typical 5’-G damage on the 5’-GG-3’ doublet guanine is observed; this guanine
damage is expected upon oxidation from a distance via DNA-mediated charge transport
from Ru(lll) generated in situ. In the presence of 0.5-2 equivalents (2-8 uM) MutY,
however, this damage is inhibited.

We also monitored the flash/quench reaction by EPR spectroscopy for the
ruthenium-tethered oligonucleotide in the presence of MutY (Figure 5.5). As with

poly(dGC), here too at 10K strong signals with g = 2.08, g = 2.06, and g = 2.02 are
apparent, consistent with formation of the oxidized [4Fe4S]S+ cluster as well as its

decomposition product, [3Fe4S]1+. Not apparent is any evidence of guanine radical
formation in the absence of MutY; likely the lower concentration of guanine radical in this
oligonucleotide assembly compared to poly(dGC) makes its detection by EPR more
difficult.

In addition, we examined the flash/quench reaction of the Ru-tethered duplex
lacking the 30-mer strand. This assembly, composed of a short duplex region and long
single-stranded segment, contains no guanines but can generate Ru(lll) by flash/quench
with yields comparable to that for the fully duplexed oligomer above. Yet this assembly
in the presence of MutY results in an attenuated EPR signal in comparison to the fully

hybridized duplex containing the 5-GG-3’ doublet. Thus in the fully hybridized duplex,
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oxidation of MutY mediated by the DNA duplex must occur, and here too guanine

radical formation appears to facilitate efficient MutY oxidation.

Discussion

Results reported here show clearly that DNA-bound Ru(lll) can promote oxidation

of the [4Fe4S]2+ cluster of MutY to [4Fe4S]3+ and its decomposition product [3Fe4S]1+.
Flash/quench experiments monitored by EPR spectroscopy reveal spectra with g values

characteristic of the oxidized clusters. Earlier studies had shown a resistance to

oxidation of the [4Fe4S]2+ cluster of BER enzymes in the absence of DNA but an
enhancement in oxidation in the presence of DNA (25, 63, 64). We have attributed this
facility in oxidation of the DNA-bound proteins to the shift in oxidation potential
associated with DNA binding.

Interestingly, these data provide the first direct demonstration of the formation of
[4Fe4S]3+ in MutY. The signal with g = 2.08, 2.06 is characteristic of that seen for
[4Fe4S]3+ in high potential iron proteins (59, 67). We find some evidence for formation
of the [4Fe4S]S+ cluster in oxidation of DNA-bound uracil DNA glycosylase from A.
fulgidus by Co(phen)33+, but for Endolll and MutY from E. coli both oxidation by
ferricyanide and Co(phen)33+ have produced only the oxidized but decomposed product,
[3Fe4S] " (60, 64).

It is useful in this context to consider our results for the C199H mutant. For this

mutant, oxidative decomposition to [3Fe4S]1+ is known to be facile owing to the poorer

coordination of the cluster by the histidine ligand (60). Our finding of a signal at g = 2.02

for C199H, characteristic of the [3Fe4S]1+ cluster, helps us to assign the signal at g =
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2.08, 2.06 for wild type MutY to the one electron oxidized [4Fe4S]3+. We suggest that

this oxidation product is obtained by flash/quench, because this process is particularly

fast. In this case, also, we utilize the tightly bound, well stacked DNA intercalator as

oxidant rather than Co(phen)33+ or ferricyanide, which do not bind deeply in the base pair

stack by intercalation. Thus the direct, rapid formation of [4Fe4S]S+ appears to be
facilitated by the DNA-mediated oxidation of MutY.
The transient absorption data also provide a consistent picture. The long lived

transient, with a maximum absorption at 405 nm, is attributed primarily to formation of
[4Fe4S]S+ and possibly also [3Fe4S]1+; both absorb more in this region than does

[4Fe4S]2+ (60-63). The shape of the spectrum has some features that resemble that of a

tyrosine radical, and several tyrosine residues surround the cluster in the enzyme (36,

37), but the extinction coefficient for [4Fe4S]S+ is expected to be significantly higher in
this region, so that tyrosine radical or even guanine radical may not be distinguishable.
Some tyrosine radical formation at ambient temperatures on a short time scale, or even
tyrosine radical as a second intermediate, cannot be ruled out, however.

Oxidation of DNA-bound MutY does not necessitate a DNA-mediated charge
transfer, but the data here illustrate that the DNA-mediated reaction can occur and
guanine radical formation may facilitate MutY oxidation. The oxidation potential of

guanine is -1.25 V versus NHE (65), the midpoint potential of DNA-bound MutY

2+/3+

([4Fe4S] ) is +0.1 V versus NHE (26), while the reduction potential of Ru(lll) is 1.5 V
versus NHE (40). Thus the net reaction for these charge transfer processes is
thermodynamically favored. The biochemical data indicate that MutY inhibits long range

oxidative damage to guanines. The EPR data show that the flash/quench reaction

promotes oxidation of the [4Fe4S]2+ cluster in DNA-bound MutY. Taken together, these
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data show that MutY oxidation, the thermodynamic product, is formed at the expense

of guanine radicals and accounts for the loss of irreversible oxidative DNA damage in the
presence of MutY.
Cluster oxidation furthermore appears generally to occur in a DNA-mediated

reaction. In the absence of DNA, no MutY oxidation occurs; DNA-binding is required to

shift the [4Fe4S]3+/[4Fe4S]2+ potential of MutY, activating it towards oxidation. Moreover,
the Ru(lll) oxidant must also be DNA-bound to have been generated from excited Ru(ll);
there is no detectable formation of Ru(ll) excited state unless the complex is
intercalated. Thus both MutY and the ruthenium complex must be bound to DNA. In
addition, MutY oxidation was found to be greater for the full ruthenated 42 bp duplex
assembly versus that lacking the 30-mer strand. Ru(lll) formation is equivalent in these
assemblies and the shorter duplex region along with the single-stranded tail in this
assembly might be expected to facilitate direct encounters between Ru(lll) and DNA-
bound MutY. Yet, oxidation is greater with the longer duplex that contains a guanine
site. While some direct oxidation cannot be ruled out, oxidation mediated by a DNA
duplex appears favored.

Is the cluster oxidized in competition with guanine oxidation or does guanine
radical represent an intermediate in the charge transport process? The transient
absorption spectroscopic data indicate that the guanine radical is formed on a fast time
scale compared to the oxidized cluster formed in the presence of MutY. Low temperature
EPR data for polyd(GC) also indicate that [4Fe4S]S+ and [3Fe4S]1+ form, and the sharp
organic radical signal is no longer apparent. In the case of poly(dAT), no base radical in
the absence of protein has been observed; an adenine radical, if formed, would be

expected to be short lived, and the large negative bleach associated with Ru(lll) makes
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detecting any small positive transients in this wavelength region difficult. In any case,

the transient absorption data with poly(dGC) indicate quite clearly that guanine radical is

formed in the presence of MutY but is depleted, and instead the [4Fe4S]2+ cluster is
oxidized.

Indeed, while a guanine radical is not required as an intermediate in MutY
oxidation, its presence appears to enhance oxidation. In the absence of any guanines,
both for polyd(AT) and the assembly lacking the 30-mer strand that only contains
adenines and thymines, Ru(lll), once generated, does oxidize DNA-bound MutY. But the
yield of oxidation per Ru(lll) is clearly greater with polyd(GC) than polyd(AT).
Furthermore, in the assembly with the extended duplex containing a guanine site, the
yield of cluster oxidation seen by EPR spectroscopy is significantly greater than in the
assembly containing only a 12-mer duplex region and no guanines.

Why does the presence of intervening guanines appear to enhance the
efficiency of cluster oxidation? It is reasonable to consider that guanine radical formation
serves to compete with fast back electron transfer to the DNA-bound ruthenium so that
there is more time for oxidation of MutY. The guanine radical lifetime in the absence of
MutY is on the millisecond time scale (40). Thus a DNA-mediated oxidation of MutY can
occur with or without intervening guanines, but guanine radical formation, the first DNA
product under oxidizing conditions, facilitates the oxidation of DNA-bound MutY.

Under conditions of oxidative stress, guanine radicals in DNA are generated and
lead to the formation of 8-0x0G; note that 8-0xoG:A mismatches represent the primary
substrate for MutY (37). The results presented here indicate that this first signal of the
need for DNA repair may in fact activate the repair machinery through oxidation. Figure

5.6 shows our model for how DNA charge transport among BER enzymes may facilitate
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the detection of DNA lesions. The data here describe MutY oxidation, but other BER

enzymes containing [4Fe4S]2+ clusters show equivalent DNA-bound redox potentials. In
our model, the BER enzyme, robust to oxidation in solution has a [4Fe4S]2+ cluster. DNA

binding shifts the cluster potential, promoting its oxidation to [4Fe4S]3+, with DNA-
mediated charge transport to another oxidized repair protein bound at a distal site along
the duplex; reduction of this distal DNA-bound repair protein then facilitates dissociation
from DNA and relocation onto another site. In this model, charge transport occurs
effectively among the repair proteins bound along well-matched, undamaged DNA and
thus provides a strategy to scan the genome. However, when the protein binds to a
region nearby a DNA lesion, DNA mediated charge transport cannot occur, and the
repair protein processively moves on a slower time scale to the site of the lesion and
carries out its repair. Thus, DNA charge transport provides a route to redistribute the
repair proteins onto regions of the genome containing DNA lesions.

Also, as illustrated in Figure 5.6, guanine radicals, as effective oxidants of the
repair proteins in a DNA-mediated reaction, may promote this redistribution. The
guanine radicals, formed under oxidative stress, can essentially be “repaired” directly
through DNA-mediated electron transfer from the repair protein. Significantly, oxidation
of the repair protein through this process serves further to drive the redistribution of DNA
repair proteins on genomic sites and hence preferentially onto sites near lesions. Thus
guanine radicals, in oxidizing the DNA-bound repair proteins, can provide a signal to
stimulate DNA repair.

DNA charge transport chemistry provides a route to carry out oxidative DNA

damage from a distance. This chemistry is also exquisitely sensitive to the presence of
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Figure 5.6. Model for detection strategy for BER enzymes using DNA mediated
charge transport and stimulated by guanine radicals. The guanine radicals, formed
under oxidative stress, are reduced and hence repaired through DNA-mediated electron
transfer from the BER enzyme. Oxidation of the repair protein then drives charge
transport to an alternate repair protein bound at a distal site, thereby promoting the
redistribution of DNA repair proteins on genomic sites. Since no DNA charge transport
can proceed through intervening lesions, the proteins are preferentially redistributed onto
sites near lesions (below). Thus guanine radicals, in oxidizing the DNA-bound repair
proteins, and driving the redistribution, provides a signal to stimulate DNA repair.
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mismatches, lesions, and other perturbations to the structure of the base pair stack,

and as a result, could serve as a sensor for mismatches and lesions in DNA. Here we see
that this chemistry may also provide a unique biological signal within the cell. Oxidative
damage from a distance may itself provide a stimulus for DNA charge transport among

DNA-bound proteins and hence for activation of DNA repair.



142
SUMMARY

DNA charge transport chemistry provides a route to carry out oxidative DNA damage
from a distance in a reaction that is sensitive to DNA mismatches and lesions. Here DNA-
mediated charge transport also leads to oxidation of a DNA-bound base excision repair

enzyme, MutY. DNA-bound Ru(lll), generated through a flash/quench technique, is found to
promote oxidation of the [4Fe4S]2+ cluster of MutY to [4Fe4S]S+ and its decomposition

product [3Fe4S]1+. Flash/quench experiments monitored by EPR spectroscopy reveal

spectra with g of 2.08, 2.06, and 2.02, characteristic of the oxidized clusters. Transient
absorption spectra of polyd(GC) and [Ru(phen)zdppz]3+ (dppz = dipyridophenazine),

generated in situ, show an absorption characteristic of the guanine radical that is depleted in

the presence of MutY with formation instead of a long lived species with an absorption at
405 nm; we attribute this absorption also to formation of the oxidized [4Fe4S]S+ and

[3Fe4S]1+ clusters. In ruthenium-tethered DNA assemblies, oxidative damage to the 5-G of
a 5-GG-3’ doublet is generated from a distance but this irreversible damage is inhibited by
MutY and instead EPR experiments reveal cluster oxidation. Using ruthenium-tethered
assemblies containing duplex versus single-stranded regions, MutY oxidation is found to be
mediated by the DNA duplex, with guanine radical as an intermediate oxidant; guanine
radical formation facilitates MutY oxidation. A model is proposed for the redox activation of
DNA repair proteins through DNA charge transport, with guanine radicals, the first product
under oxidative stress, in oxidizing the DNA-bound repair proteins, providing the signal to

stimulate DNA repair.
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