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Chapter 3

Characterization of DNA-bound Dps
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3.1 Introduction

Dps proteins are dodecameric (12-mer) bacterial ferritins that protect DNA from
oxidative stress, and have been implicated in bacterial survival and virulence (7). This
protection is thought to derive from ferroxidase activity, wherein Dps proteins
simultaneously deplete ferrous iron and hydrogen peroxide, reactive species that can
otherwise form damaging hydroxyl radicals via Fenton chemistry (2). Like other ferritins,
Dps proteins are spherical, with a hollow core where oxidized iron is reversibly stored. Some
Dps proteins also nonspecifically bind DNA, such as that from E. coli which utilizes N-
terminal lysine residues for DNA binding (3). Within cells, Dps is upregulated by the
transcriptional regulator OxyR in response to oxidative stress (1), and is also upregulated in
stationary phase, when an additional physical component of Dps protection is
biocrystallization with DNA (4).

DNA charge transport (CT), wherein both electrons and electron holes are efficiently
transported through the base-pair n-stack, can be used biologically by proteins, both as a first
step for 4Fe4S cluster-containing DNA repair proteins to localize to the vicinity of a lesion
within the vast milieu of the genome, and for the selective activation of redox-active
transcription factors from a distance (5). In addition to direct interaction with diffusing
oxidants, could Dps proteins utilize DNA CT to protect DNA from a distance? Guanine is
the most easily oxidized base within the DNA, and the presence of adjacent guanines further
lowers the guanine oxidation potential (6); thus, radicals are characteristically formed at

guanine multiplets upon DNA photooxidation (7,8). A long distance protection mechanism
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via DNA CT would involve electron transfer from Dps through the DNA n-stack to fill the
hole on guanine radicals, restoring the integrity of the DNA. In this way, Dps could
respond to an oxidative affront to the DNA, even if the protein is bound, at the minimum, a
hundred base-pairs away (9).

Indeed, we have previously shown that E. coli Dps loaded with ferrous iron can
protect DNA from oxidative damage created through the flash-quench technique (70). The
intercalating photooxidant [Ru(phen)(dppz) (bpyNf*, where phen is 1,10-phenanthroline
and bpyNj 4-butyric acid-4Njnethyl-2,2Njipyridine, was covalently tethered the 5Njnd of
mixed-sequence 70-mer DNA. Upon excitation with visible light (“flash”), the
ruthenium(II) excited state can be oxidatively quenched (“quench”) by a diffusing quencher,
such as [Co(NH3)sCl]*, to form a highly oxidizing intercalated Ru(III) complex (1.6 V
versus NHE) (/7). In the absence of protein, oxidative damage is observed preferentially at a
guanine triplet within the 70-mer DNA duplex. Titrating in ferrous iron-loaded Dps
significantly attenuates the level of oxidative damage at the guanine triplet, while Apo-Dps
and ferric iron-loaded Dps, which lack available reducing equivalents, do not display this
protection (/0). Luminescence experiments rule out direct interaction between the
ruthenium photooxidant excited state and Dps, suggesting a DNA-mediated oxidation
mechanism. Long-distance, DNA-mediated oxidation of Dps could be an effective
mechanism for bacteria to protect their genomes from oxidative insults, perhaps contributing

to pathogenic survival and virulence.
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The goal of this current work is to spectroscopically characterize the DNA-mediated
oxidation of ferrous iron-loaded Dps. Electron paramagnetic resonance (EPR) spectroscopy
has previously been used to observe protein oxidation following flash-quench DNA
photooxidation. Specifically, EPR studies with MutY, a base excision repair glycosylase with
a [4Fe4S]* cluster as-isolated, compared the homopolymeric DNAs poly(dG-dC) and
poly(dA-dT) (12). When a sample containing MutY, poly(dG-dC) DNA,
[Ru(phen),(dppz)]** and diffusing quencher was irradiated, a mixture of the oxidized
[4Fe4S]** cluster and its decomposition product, [3Fe4S]", was detected with low
temperature EPR. When poly(dG-dC) was substituted with poly(dA-dT), a significantly
lower intensity EPR signal was observed. Combined with transient absorption experiments,
these data directly demonstrated MutY 4Fe4S cluster oxidation by guanine radicals through
DNA CT. While MutY can be oxidized to some degree without guanine radical as an
intermediate, the thermodynamically favorable oxidation of the MutY [4Fe4S]* cluster by
guanine radical enables more efficient MutY oxidation (72).

What type of EPR signal might we expect for Dps? At the inter-subunit ferroxidase
sites of Dps, two irons ions are bound by two conserved histidine ligands and two conserved
carboxylate ligands, glutamate and aspartate (Z). This ligand coordination sphere creates two
binding sites with very different iron affinities: while one site has a relatively high affinity,
the other site binds iron weakly (73). After binding, ferrous iron is oxidized and shuttled to
the core of the protein for storage. Whereas 24-mer ferritins react rapidly with dioxygen as

an oxidant, Dps proteins react slowly with dioxygen and much more quickly with hydrogen
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peroxide (74). We have previously found that ferricyanide also works well as a chemical
oxidant of E. coli Dps in solution (10). Whereas full occupation of the twelve di-iron centers
of the protein would correspond to 24 Fe(II)/Dps, we have found that under the anaerobic
conditions used in our experiments (i.c. in the absence of oxidants), E. coli Dps binds only
12 Fe(I)/Dps (10). This agrees with studies on Bacillus anthracis and Listeria innocua Dps
proteins, where a bridging oxidant seems to be required to tether the lower affinity iron and
form the di-iron site (13,15). Coupled with the specificity of iron binding evidenced by its
abrogation in the E. coli Dps ferroxidase site double mutant H51G/HG63G, the 12
Fe(II)/Dps likely corresponds to binding at the higher affinity iron site of each ferroxidase
center in the dodecameric protein. Therefore, in spectroscopic studies with Dps, we would
expect to observe the oxidation of mononuclear non-heme iron sites.

Mononuclear high-spin Fe(IIl) sites of low symmetry (i.e., non-heme) typically
display an EPR signal with an apparent g-value of 4.3 (16,17). The ground state of the high-
spin & Fe(IlI) S = 5/2 species is split into three Kramer’s doublets according to the zero field
splitting parameters D and E. In purely rhombic cases, the distortion parameter £/D is equal
to 1/3, and the doublets are equally spaced. At low magnetic fields, the spin states mix and
the 3-M; = t 1 selection rule no longer holds, allowing for transitions within, rather than
between, the Kramer’s doublets. The transition within the middle pair of Kramer’s doublets
(M, = + 3/2) produces an isotropic signal at g = 4.29. Because of its isotropic nature, this

transition produces a strong signal that is easily observed.
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This mononuclear high-spin Fe(III) signal at g = 4.3 has been frequently reported in
the EPR spectra of 24-mer ferritins. For instance, the EPR spectra of horse spleen ferritin
oxidized by dioxygen has been described after rapid mixing of acrobic ferritin with an
anaerobic solution of ferrous iron (/8). After varying reaction times, the sample was freeze-
quenched and measured at 7.2 K. EPR experiments with iron must typically must be
performed at low temperature because of their rapid spin-lattice relaxation. In the carly
stages of ferrous iron oxidation, mononuclear Fe**-apoferritin with g = 4.3 is formed
quantitatively. This signal is followed by the appearance of a mixed-valent Fe*'-Fe’* species
with ¢ = 1.87, derived from the mononuclear ferric iron sites within the first second of
reaction. At later times, as the oxidized iron translocates to the core of the protein,
polynuclear EPR-silent Fe®* species are formed (/8).

Conversely, the EPR spectra of iron-bound Dps proteins have not been previously
reported. Sulfolobus solfataricus Dps selectively binds two Mn*" as evidenced by EPR
titrations (/9). Spin trapping experiments have been performed with Dps proteins that
measure the EPR-active adduct of hydroxyl radical with EMPO (5-ethoxycarbonyl-5-
methyl-pyrroline-N-oxide). The presence of both E. coli and Listeria innocua Dps proteins
have been shown to attenuate formation of the EMPO-OH adduct resulting from reaction
of ferrous iron and hydrogen peroxide (13,14).

Here, we use X-band EPR to observe the oxidation of DNA-bound E. coli Dps
loaded with 12 Fe(II)/Dps. Using the flash-quench technique with non-covalent racemic

[Ru(phen)(dppz) (bpyMf* and the diffusing quencher [Co(NH;)sCl]*", we compare the
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alternating copolymers poly(dGdC), and poly(dAdT), in order to investigate if guanine
radical is an important intermediate in Dps oxidation. Thus our goals are to
spectroscopically confirm the oxidation of ferrous iron-loaded Dps following DNA
photooxidation, and investigate the DNA-mediated characteristics of this oxidation.

We also seek to explore possible electron transfer intermediates in the DNA-
mediated oxidation of ferrous iron-loaded Dps. There is a highly conserved tryptophan
residue in close proximity (approximately 5 A) to the ferroxidase site in Dps proteins (Figure
1), W52 in E. coli. Because of the location of this aromatic tryptophan residue between the
ferroxidase site and the outer protein shell, it is an attractive candidate as a hopping
intermediate to facilitate electron transfer between the ferroxidase site of Dps and DNA.
While the molecular characteristics of DNA binding are unknown, one proposal suggests
that D. radiodurans Dps uses its N-terminal extensions to bind to consecutive DNA major
grooves along the dimer interface of the dodecamer where the ferroxidase sites are located

(20). Although D. radiodurans Dps has exceptionally long N-terminal extensions that bind
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