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Chapter 2

DNA Protection by the Bacterial Ferritin

Dps via DNA Charge Transport*

*Adapted from Arnold, A.R. and Barton, J.K. /. Am. Chem. Soc. 2013, 135, 15726-15729.
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2.1 Introduction

Dps proteins are bacterial mini-ferritins that protect DNA under stress conditions.
Dps (DNA-binding protein from starved cells) proteins are thought to protect DNA from
oxidative stress by utilizing their ferroxidase activity to deplete ferrous iron and hydrogen
peroxide, which can otherwise produce damaging hydroxyl radicals via Fenton chemistry (7).
Some Dps proteins also nonspecifically bind DNA, such as that from E. coli, which utilizes
N-terminal lysine residues for DNA binding (2). Within cells, Dps is upregulated by the
transcriptional regulator OxyR in response to oxidative stress (3), and is also upregulated in
stationary phase when an additional physical component of Dps protection is
biocrystallization with DNA (4).

Like other ferritins, Dps monomers assemble to form a spherical structure with a
hollow core where oxidized iron can be stored reversibly (5) (Figure 1). However, unlike
other ferritins which are 24-mer proteins, Dps proteins are dodecameric (12-mer) mini-
ferritins. Furthermore, whereas in 24-mer ferritins the iron-binding ferroxidase sites are
located within individual monomers (intrasubunit), in Dps proteins the ferroxidase sites are
located at the intersection of two monomers (intersubunit), with ligands being supplied from
both monomers (7).

The Dps protein family is involved in the survival of pathogenic bacteria in the
oxidizing host environment. Macrophage cells in the human immune system produce
reactive oxygen species (ROS) in order to kill invading bacteria. Dps is implicated in the

survival and virulence of pathogenic bacteria such as Bacteroides fragilis, the most common
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anacrobic species isolated from clinical infections which is both highly acrotolerant and
resistant to oxidative stress (6), and Borrelia burgdorferi, the causative agent of Lyme’s disease
(7), among others (8-12). Dps has also been shown to protect Salmonella enterica serotype
Enteritidis from the Fenton-mediated killing mechanism of bactericidal antibiotics (13).
Moreover, Dps and Dps-like proteins have been investigated as vaccines in the treatment of
H. pylori infection in humans (14), and C. jejuni infection in chickens (17). Thus, in the
struggle between host and pathogen, oxidative stress is a key factor, and Dps is implicated in
bacterial survival when confronted with either the host immune system or antibiotics. As the
worldwide burden of antibiotic resistant bacteria continues to increase, new approaches are
required to treat bacterial infections. Fully elucidating the mechanism by which Dps
proteins protect pathogenic bacteria could inform the development of new antibiotics.

What is known about the mechanism by which Dps is protecting the bacterial
genome? Previous experimentation toward revealing this protection mechanism has shown
that Dps protects DNA from DNase cleavage (15), traps hydroxyl radicals, and inhibits
DNA nicking by the Fenton reagents Fe** and H,O, (16). We seck to determine more
specifically the mechanism of E. coli Dps protection of DNA.

DNA has been shown to conduct charge efficiently through the n-stack of its
nucleobases over long molecular distances in a diverse range of systems (/7). DNA charge
transport (CT) is proposed to be utilized within the cell, both in the long-range activation of
redox-sensitive transcription factors and in facilitating scanning of the genome for damage by

DNA-repair enzymes (18,19). Could ferritins similarly utilize DNA CT to exert their
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protective effects from a distance? That is, must oxidizing equivalents diffuse specifically to
the ferroxidase site of Dps, or can Dps become oxidized from a distance through DNA CT,
thus protecting the surrounding DNA for potentially hundreds of base pairs?

The question of DNA-mediated long distance protection can be answered by
generating guanine radicals using ruthenium flash-quench chemistry (20) and investigating if
Dps protects the DNA from this oxidative damage (27-22). The flash-quench technique
utilizes dipyridophenazine (dppz) complexes of ruthenium(II) that bind to DNA by
intercalation (23). Here, racemic [Ru(phen)(dppz) (bpy M}, where phen is 1,10-
phenanthroline and bpyNj 4-butyric acid-4Njnethyl-2,2Npipyridine, was covalently tethered
to amine-modified DNA via the carboxylic acid moiety of the bpyNjgand (24). In the first
step, visible light promotes a ta, Y 7* metal-to-ligand CT transition of the Ru(Il) complex
(25). This Ru(II) excited state is then oxidatively quenched by a diffusing electron acceptor
(Q), here [Co(NH;)sCl]*, to form a highly oxidizing intercalated Ru(IlI) complex (1.6 V
versus NHE, 26). The in situ generated Ru(IIl) is competent to abstract an electron from
DNA; the hole equilibrates along the DNA n-stack and localizes on guanine, the base with
lowest oxidation potential (1.3 V versus NHE, 27). The presence of adjacent guanines can
further lower the guanine reduction potential, making the 5N of guanine doublets and
triplets most readily oxidized (28,29). In this fashion, damage at the 5Nfx of guanine repeats
is considered a hallmark of one electron oxidative damage created through DNA CT.
Further reaction of the guanine radical (G*) with H,O or O, can form a mixture of

irreversible oxidative products (30). These products are analogous to the DNA damage



50

products that can form in vivo as a result of oxidative stress. However, because the lifetime
of the guanine radical is long (milliseconds, 23) relative to the time scale of DNA CT
(picoseconds, 31), the guanine radical can also interact with DNA-bound, redox-active
proteins. Thus electron transfer from Dps through the DNA n-stack could fill the hole on
the guanine radical, restoring the integrity of the DNA (Figure 2). Guanine radicals can be
monitored by cleaving irreversible guanine oxidation products on radiolabeled
oligonucleotides and visualizing them through gel electrophoresis (24). In the presence of E.
coli Dps, decreased guanine damage should be observed if Dps is protecting the DNA in this

mannecr.
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Figure 1. Structure of Dps. Top Left: E. coli Dps dodecamer, with two monomers
highlighted in varying shades of blue (PDB: 1DPS). Top Right: B. brevis dimer, with irons
bound at intersubunit ferroxidase site (PDB: IN1Q). Bottom: Ferroxidase site of Dps
proteins, showing iron atoms in brown, [ -oxo in red between the iron atoms, and the
conserved ligating residues from each monomer: two histidines, one aspartate, and one

glutamate residue.



52

Figure 2. Schematic depicting DNA-mediated oxidation of Dps to fill the guanine radical
hole generated by flash-quench chemistry. 7op: Visible light excites an intercalated
ruthenium(II) photooxidant (1), which is then oxidatively quenched (2) to a highly oxidizing
Ru(III) species by a diffusing quencher (Q). This Ru(III) species is competent to abstract an
clectron from DNA (3); the hole equilibrates along the n-stack and localizes to the 5Nz of
guanine repeats, the most easily oxidized base (G). DNA CT from Dps to the guanine
radical (4) could be a long distance protection mechanism. Note: the location and precise
geometry for DNA binding of Dps are unknown. E. coli Dps PDB: 1DPS. Bottom: Structure
of [Ru(phen)(dppz) (bpyNF* covalently tethered to DNA via diaminononane linkage.
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2.2 Experimental Section
2.2.1 Materials

All chemicals and starting materials were purchased from commercial sources and
used as received. [Ru(phen)(dppz)(bpyQ]Cl,, where phen = 1,10-phenanthroline, dppz =
dipyrido[3,2-a:2Q3@c] phenazine, and bpyQ= 4-butyric acid-4@methyl-2,2@bipyridine, was
synthesized according to published methods (32), purified by reversed-phase
chromatography, and characterized by NMR and ESI mass spectrometry (expected for the
+2 ion: 409.62 m/z, observed: 410.2 m/z).
2.2.2 DNA synthesis and purification

Oligonucleotides were synthesized using standard phosphoramidite chemistry on an
Applied Biosystems 3400 DNA synthesizer or purchased from Integrated DNA
Technologies (Coralville, IA), purified using reversed-phase HPLC with a gradient of
increasing acetonitrile, and characterized by MALDI-TOF mass spectrometry. The DNA
sequences included a 70-mer: SQCTCTCGTCGTCAGTTGTCAAGTGTGCATGAAAGT
AGAGTCTCGCTAAGCTCGGGA GAACAGAGAGATGCT-3@Q and complementary 55-
mer: SATCCCGAGCTTAGCGAGACTCTACTTTCATGCACACTTGACAACTGACG
ACGAGAG-3@and 15-mer sequences: SGQAGCATCTCTCTGTTC-3@Q In order to
covalently couple racemic [Ru(phen)(dppz) (bpyQ]CL to the 5Qend of the 15-mer, the DNA
was modified (while on the solid support after DNA synthesis) with a 9-carbon saturated
hydrocarbon tether terminating in an amine group to allow for amide coupling to the

carboxylic acid moiety of the bpyQligand (24). Significant changes from published
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methodology include the following: after tether addition, the samples were lyophilized to
ensure dryness; 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU, 11.6 pmol) was used in addition to previously described reagents in the ruthenium
coupling step; metal coupling was allowed to proceed for 24 hours; and the final conjugates
were cleaved from the solid support by incubating in NH4OH for 4 hours at room
temperature, followed by 3 hours at 60°C. The Ru-DNA conjugates were then purified by
reversed-phase HPLC, characterized by MALDI-TOF mass spectrometry (expected: 5479
g/mol, observed: 5487.59, 5487.47, 5488.39, and 5487.80, for the 4 eluting isomers,
respectively), and quantified based on their absorbance at 440 nm (Rio = 2.1 10* M'cm™).
2.2.3 Site-directed mutagenesis

The H51G/H63G Dps double mutant was made with a Quikchange II-E Site-
Directed Mutagenesis Kit (Stratagene) using the pBAD18-dps plasmid (containing the WT
E. coli dps gene and an ampicillin resistance cassette) donated by Dr. Roberto Kolter (33) as a
template. The H51G mutation was made first, and this mutagenized plasmid was used as a
template to make the H63G mutation. Primers were purchased from Integrated DNA
Technologies. All mutagenized plasmids were sequenced (Laragen) to confirm the desired
sequences. After successfully creating the mutant pBAD18-dps plasmid, the E. coli cell line
ZK2471 (dps::kan 3recA-(Cam) 3ara714, leu::Tn10) donated by Dr. Roberto Kolter (33)
was made electrocompetent and the plasmid was transformed via electroporation into these

cells. Primer sequences were as follows, with mutagenized codon underlined:

H51G-forward: S6GATCTTTCTTTGATTACCAAACAAGCGGGCTGGAACATGC-3a
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H51G-reverse: S6GCATGTTCCAGCCCGCTTGTTTGGTAATCAAAGAAAGATC-3a
H63G-forward: 5S6aGCTAACTTCATTGCCGTAGGTGAAATGCTGGATGGCTTC-3a
HG63G-reverse: SGGAAGCCATCCAGCATTTCACCTACGGCAATGAAGTTAGC-3a
2.2.4 Dps overexpression and purification

WT and H51G/H63G E. coli Dps were purified according to published procedures
with a number of modifications (75,16). A single colony of E. coli cell line ZK2473, which
consists of ZK2471 (detailed above) with the pBAD18-dps plasmid, was used to inoculate
50 mL of LB media containing 100 pg/mL ampicillin and 50 pg/mL kanamycin and was
grown overnight at 37°C with 200 rpm shaking. The subsequent day, 5 mL of the overnight
culture was used to inoculate 1 L cultures of LB containing the same concentrations of
antibiotics, which were grown at 37°C with 150 rpm shaking until ODsgo = 1.
Overexpression of Dps was then induced with 0.3% w/v L-arabinose. After 4 hours of
incubation at 37°C with continued shaking, the cells were harvested by centrifugation for 10
minutes at 7,000 g.

Cells were resuspended in Buffer A (50 mM Tris, pH 8, 500 mM NaCl, 0.1 mM
EDTA) containing a protease inhibitor cocktail (Roche) and lysed via microfluidization.
The cell lysate was clarified by centrifugation at 15,000 ¢ for 15 minutes, followed by a
second round of centrifugation of the supernatant at 27,000 g for 20 minutes. The resulting
supernatant was fractionated by ammonium sulfate (AS) precipitation by slow addition of
solid AS up to 60% saturated AS, centrifugation for 15 minutes at 10,000 g, and collection

of the supernatant. Next, more solid AS was added to the supernatant up to 90% saturated
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AS in order to precipitate Dps. The Dps protein was recovered by centrifugation for 20
minutes at 27,000 g, and the pellet resuspended in approximately 5 mL of Buffer A. The
partially-purified Dps was then dialyzed against a low ionic strength buffer (20 mM Tris, pH
8), where it precipitated while colored contaminants remained in solution. Precipitated
protein was isolated by centrifugation at 26,000 g for 10 minutes, and resuspended in Buffer
B (50 mM Tris, pH 8, 2 M NaCl, 0.1 mM EDTA). The high salt concentration results in
Dps dissociation from endogenous DNA.

Dps was separated from DNA and other contaminants by loading onto a HiLoad
16/600 Superdex 200 pg size exclusion column (GE Healthcare), and running with Buffer
B. Fractions were pooled that had an Azs:Azso ratio of 0.57, indicating no nucleic acid
contamination. Excess salt was removed by loading pooled fractions onto a HiPrep 26/10
desalting column (GE Healthcare) equilibrated with Buffer C (50 mM Tris, pH 7, 150 mM
NaCl). Next, the partially purified Dps solution was loaded onto a HiTrap Heparin HP
column (5 mL, GE Healthcare) using a peristaltic pump that had previously been
equilibrated with Buffer C. The column was then washed with 3 column volumes (CV) of
Buffer C, and Dps eluted with an increasing gradient of Buffer D (50 mM Tris, pH 7, 1 M
NaCl) over 10 CV. Dps clutes at approximately 200 mM NaCl. Finally, purified Dps was
exchanged into storage buffer (50 mM Tris, pH 7, 150 mM NaCl, 20% glycerol) using a
HiPrep 26/10 desalting column (GE Healthcare). From 4 L of cell culture, the yield of
purified Dps is approximately 130 mg. Protein purity was confirmed by SDS-PAGE (data

not shown).



57

2.2.5 Iron loading and oxidation of Dps

Buffer (50 mM Tris, pH 7.00, 150 mM NaCl) was placed in a Schlenk flask and
deoxygenated with at least 4 cycles of freeze-pump-thaw. Dps solutions were placed in a 5
mL Schlenk tube and deoxygenated by 4 sets of 10 cycles each of rapid dynamic vacuum
followed by argon filling while constantly stirring, letting the protein stir under argon for 15
minutes between sets. Solid ferrous iron (as iron sulfate heptahydrate) was placed in a
separate Schlenk tube and put under vacuum overnight. Solid sodium dithionite was
dispensed under an anaerobic atmosphere into a sealed vial. All deoxygenated components
were then brought into an anaerobic chamber (Coy); subsequent steps were accomplished
within the anaerobic chamber. Dithionite was used to scavenge residual dioxygen.

First, buffer was prepared with sufficient dithionite such that when the dithionite-
containing iron solution is added to the Dps solutions, the final dithionite concentration was
approximately in 5-fold excess over the protein concentration. This dithionite-containing
buffer was used to dissolve the solid ferrous iron. To load Dps with ferrous iron, Dps
solutions were incubated with 2-fold excess ferrous iron (48 Fe**/Dps) for 2 hours. Excess
iron and dithionite were then removed with small size exclusion columns (Micro Bio-Spin 6,
Biorad) that had been exchanged into deoxygenated buffer. While as-purified Dps was
considered to be Apo-Dps (with reliably < 1 Fe/Dps), in order to control for the possibility
of residual dithionite in the ferrous iron-loaded protein, Apo-Dps was treated with dithionite
in the same manner as ferrous iron-loaded Dps. Specifically, Apo-Dps was incubated with

dithionite buffer for 2 hours and subsequently passed through size exclusion columns in the
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same manner as above. The UV-Visible absorbance spectrum of the ferrous iron-loaded
protein was measured (Figure 3); no change is expected for ferrous iron binding.

A sample of iron-loaded Dps was removed from the anaerobic chamber in order to
determine the Fe/Dps dodecamer. Protein concentrations were measured using the Bradford
assay (Sigma). The iron concentration was determined based on the absorbance of
[Fe(bpy)s]** (34). Protein (50 pL) was first denatured by addition of 2 M HCI (125 ulL),
and then precipitated with addition of 20% w/v trichloroacetic acid (125 pL). Precipitated
protein was removed by centrifugation at 16,000 ¢ for 20 minutes, and saturated sodium
acetate (250 pL) was added to buffer the resulting supernatant. Iron was reduced with
thioglycolic acid (6 pL) and chelated with 2,2@bipyridine (50 pL of 0.4% w/v solution in
5% acetic acid). The absorbance of the resulting [Fe(bpy)s]** solution was measured at 522
nm and concentrations calculated using a molar absorptivity value of 8,790 M"'cm™ derived
from a standard curve of ferrous sulfate heptahydrate solutions. This derived value is
comparable to the reported molar absorptivity for [Fe(bpy)s]** of 8,650 M-1cm™ (35).

Ferrous-iron loaded Dps was chemically oxidized within the anaerobic chamber.
Solid sodium ferricyanide was brought into the anacrobic chamber and resuspeded with
deoxygenated buffer. 4-fold excess ferricyanide (based on 12 Fe?*/Dps) was added to the
ferrous-iron loaded Dps solutions and incubated for approximately 10 minutes.
Ferricyanide was then removed by spin columns as described above. The UV-Visible
spectrum of the iron-loaded protein was measured to confirm iron oxidation, characterized

by increased absorbance at 310 nm (76).
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2.2.6 Anacrobic Fe(II) fluorescence titration of Dps

Dps solutions, solid iron sulfate heptahydrate, and buffer solutions were
deoxygenated as described above. MOPS buffer was used to allow comparison with iron
loading results in Tris buffer, confirming similar results in different buffers. Samples were
prepared in an anaerobic chamber (Coy), and measured in sealed cuvettes. Each sample
contained 1 { M Apo-Dps with either buffer alone (50 mM MOPS, pH 7.00, 150 mM
NaCl) or additionally 6, 12, 18, 24, or 36 Fe**/Dps. Dps solutions were incubated with
ferrous iron for 10 minutes before spectra were taken. As a control, the spectra of 36
Fe**/Dps was retaken after an additional 2 hours of incubation, and was found to be almost
identical (data not shown). Using an ISS-K2 spectrofluorometer, the solutions were excited
at 280 nm, and emission measured from 300 to 400 nm. A spectrum of buffer alone has
been subtracted from all traces.
2.2.7 Circular dichroism

Protein concentrations (5 pM) were determined using Roso value calculated using the
ExPASy ProtPram tool (http://web.expasy.org/protparam/). The calculated molar
absorptivity values for both WT and H51G/HG63G E. coli Dps dodecamers was Ruso =
185,640 M'em™. Spectra were recorded at 25°C on a Model 430 circular dichroism
spectrometer (AVIV) in a buffer consisting of 50 mM Tris, pH 7.0, 150 mM NaCl. The
spectra shown are the average of three individual scans, with a buffer alone spectrum

subtracted.
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2.2.8 Guanine oxidation experiment

69-mer single-stranded DNA, with the same sequence as the 70-mer listed above but
lacking the 3@thymine, was radiolabeled with | -*’P-dTTP (Perkin Elmer) using standard
protocols, treated with 10% piperidine for 30 minutes at 90°C to cleave any abasic sites, and
purified by 20% denaturing PAGE as previously described (36). The radiolabeled 70-mer
strand was then annealed with unlabeled 70-mer and complementary 55-mer DNA by
heating at 90°C for 5 minutes, followed by slow cooling to room temperature, to result in an
approximately 10% statistical radiolabel with roughly 1,000,000 cpm in each sample. After
this first annealing step, the Ru-15-mer conjugate was added to the solution, heated to 65°C
for 5 minutes, and again slowly cooled to room temperature. The annealed Ru-DNA
samples were dried, brought into the anaerobic chamber, and resuspended with deoxygenated
buffer (50 mM Tris, pH 7.00, 150 mM NaCl). Solid [Co(NH;3)sCl]** was brought into the
anacrobic chamber and also resuspended in deoxygenated buffer. Samples were prepared
within the anaerobic chamber and transferred to septa-sealed NMR tubes. Protein-
containing samples were incubated with DNA for 30 minutes prior to irradiation. In order
to induce DNA damage via the flash-quench technique, the anaerobic samples were
irradiated at 442 nm using a Hg/Xe arc lamp (Oriel) equipped with a monochromator and
320 nm long-pass filter, with total incident powers of approximately 3700 m]J/sample (2.4 —
3.2 mW, 20 — 25 minutes irradiation). Within each experiment, all samples were irradiated
with identical lamp power. Samples containing both Dps and cobalt quencher precipitated

upon irradiation; such precipitation was independent of Dps iron-loading. Following
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irradiation, samples were acrobically treated with 10% piperidine for 30 minutes at 90°C to
cleave the DNA at sites of oxidative guanine damage and subsequently dried on a centrifugal
evaporator. Samples were resuspended with denaturing loading dye (80% formamide, 10
mM NaOH, 0.025% xylene cyanol, 0.025% bromophenol blue in 90 mM Tris-borate).
After heating at 90°C for 2 minutes, identical scintillation counts were loaded for each
sample onto a 20% denaturing polyacrylamide gel, and electrophoresed at 90 W for 2 hours.

DNA damage was quantified by phosphorimagery (ImageQuant TL). Specifically,
oxidative DNA damage was quantified for each lane by the ratio of guanine triplet damage to
the undamaged parent band. Each protein set (i.c., Apo-Dps 0, 2, 4, and 6 puM) was then
normalized to the lane with no added protein. The fold damage attenuation was calculated
by dividing the normalized level of DNA damage in the no protein lane by that in the lane
with maximal protein concentration (i.e., “0 uM Apo-Dps” / “6 uM Apo-Dps”). Values
given in the text are the average of three separate experiments; errors are given as standard
deviation.
2.2.9 Gel-shift assays

In an anacrobic chamber (Coy), 10 nM of 100% 56**P-radiolabeled 70-mer DNA
with the complementary 70-mer strand was incubated with 0 — 600 nM Apo-Dps, ferrous
iron-loaded Dps or ferric iron-loaded Dps for 25 minutes in 50 mM Tris, pH 7.00, 150
mM NaCl, 20% glycerol. Deoxygenation procedures for all components were the same as
described above. Within the anaerobic chamber, samples were then loaded onto 10% TBE

gels and electrophoresed for 1 hour at 50 V at room-temperature in 0.5 X TBE. The DNA
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embedded in the gel matrix was acrobically transferred to an Amersham Hybond-N
membrane (GE Healthcare) via electroblotting and quantified by phosphorimagery
(ImageQuant TL). Dps-DNA complexes did not enter the gel matrix; thus, gels were
quantified by the disappearance of the free DNA band with increasing titration of Dps. The
fraction of free DNA, relative to the amount of DNA with no added protein, was plotted
versus protein concentration for each iron loading condition of Dps (data not shown).
These data were fit sigmoidally, and the fit used to solve for the protein concentration where
the fraction of free DNA was 0.5. The Kj values extracted in this manner are 260 nM for
Apo-Dps, 230 nM for ferrous iron-loaded Dps, and 310 nM for ferric iron-loaded Dps.
2.2.10 Ruthenium luminescence

Samples were prepared in an anacrobic chamber (Coy), and measured in sealed
cuvettes. Steady-state experiments were performed with an ISS-K2 spectrofluorometer.
Solutions were excited at 440 nm, and emission measured from 500 to 800 nm. A spectrum
of buffer alone has been subtracted from all traces. For studies with non-covalent
ruthenium, samples contained various combinations of 8 pM non-covalent
[Ru(phen)(dppz) (bpyNf, 8 pM unmodified duplexed 70mer DNA, 8 pM ferrous iron-
loaded Dps (11.4 + 0.2 Fe/Dps dodecamer) in 50 mM Tris, pH 7.0, 150 mM NaCl. For
studies with covalent ruthenium, each sample contained 8 pM duplexed Ru-DNA (70-mer
DNA with complementary Ru-15-mer and 55-mer strands) with either buffer alone (50 mM
Tris, pH 7.0, 150 mM NaCl) or additionally 8 uM Dps solutions with varying iron loading

(Apo-Dps and Dps loaded with cither ferrous (11.8 + 0.2 Fe/Dps dodecamer) or ferric iron).
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Slight precipitation occurred for the sample containing Ru-DNA and ferric iron-loaded Dps,
resulting in a raised baseline.

Time-resolved emission measurements were carried out at the Beckman Institute
Laser Resource Center using the third harmonic (355 nm) of a 10 Hz, Q-switched Nd:YAG
laser (Spectra-Physics Quanta-Ray PRO-Series) with a pump pulse duration of 8
nanoseconds. The third harmonic used to pump an optical parametric oscillator (OPO,
Spectra-Physics Quanta-Ray MOPO-700) in order to achieve laser excitation at 470 nm.
Samples were held in sealed 1 cm path length cuvettes equipped with stir bars and irradiated
at 470 nm with laser powers of 3.3 m]/pulse. Samples contained 20 pM non-covalent
[Ru(phen)(dppz) (bpyMf*, 1 mM basepairs of the alternating copolymer poly(dGdC),, and
cither 6 pM of ferrous iron-loaded Dps (12.0 + 0.1 Fe/Dps dodecamer) or 400 pM of
[Ru(NHj3)6]* in a buffer of 50 mM Tris, pH 7.0, 150 mM NaCl. Samples with
poly(dGdC), and Ru alone, as well as in the presence of ferrous-iron loaded Dps, contained
residual 3.3% glycerol, whereas the [Ru(NH3)]*" sample contained no glycerol. Emission
decays were fit to a bi-exponential function and the following kinetic parameters obtained:
poly(dGdC), + Ru: lifetimes of 31 ns and 132 ns with 25% and 75% contributions,
respectively; poly(dGdC), + Ru + [Ru(NH3)e]**: lifetimes of 36 ns and 102 ns with 42% and
58% contributions; poly(dGdC), + Ru + Fe(I)-Dps: lifetimes of 34 ns and 133 ns with

25% and 75% contributions.
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Figure 3. Comparison of UV-Visible absorption spectra of Dps before (black) and after
(blue) anaerobically loading with ferrous iron; no change in the UV-Visible spectra of Dps is

expected upon binding of ferrous iron. Protein spectra were normalized to Axso. Buffer: 50

mM Tris, pH 7.0, 150 mM NaCl.
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2.3 Results and Discussion
2.3.1 Ferrous iron loading and chemical oxidation of Dps

At the intersubunit ferroxidase sites of Dps, ferrous iron is bound, oxidized, and then
shuttled to the protein core where it is stored (7). Two conserved histidines together with
glutamate and aspartate residues ligate two iron atoms (Figure 1), creating one relatively high
affinity iron site and another with much lower affinity. It seemed reasonable to consider that
any protective effects of Dps would vary as a function of the iron content of the protein.

We sought to compare the protective effects of Apo-Dps with Dps in which the ferroxidase
site was loaded with either ferrous or ferric iron.

If all of the di-iron sites of dodecameric Dps are fully occupied, this would
correspond to 24 Fe/Dps. As-purified Dps was considered to be Apo-Dps, with reliably <1
Fe/Dps (based on the absorbance of [Fe(bpy)s]**, see experimental section for details). The
ferroxidase sites of Dps were anacrobically loaded with ferrous iron by incubating the protein
with excess ferrous iron and dithionite for 2 hours and subsequently removing the dithionite
and unbound iron using small size-exclusion columns. Despite using excess ferrous iron and
long incubation times, reliably only 12 Fe**/Dps were bound under anacrobic conditions. A
linear increase in the quenching of intrinsic protein fluorescence upon anaerobic titration of
ferrous iron to Apo-Dps from 0 to 12 Fe/Dps, coupled with minimal quenching past this
stoichiometry, supports the observed 12 Fe*'/Dps (Figure 4). In Bacillus anthracis Dps, only

one iron per ferroxidase site binds appreciably under anaerobic conditions because of the
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difference in affinity between the iron sites; a bridging oxidant seems to be required to form
the di-iron site (21). Similar results were observed with Listeria innocua Dps (22).

To then confirm specific iron binding to the ferroxidase site of E. coli Dps, a double
mutant was prepared where both ligating histidines were changed to glycines: H5S1G/H63G
Dps. Similar secondary structure to the wild-type protein was established by circular
dichroism spectroscopy (Figure 5). Under identical conditions, the wild-type protein bound
11.8 £ 0.2 Fe**/Dps, whereas the H51G/H63G mutant bound only 1.0 + 0.3 Fe**/Dps,
demonstrating that these mutations did indeed abolish iron binding (Figure 6). Therefore
we observe specific iron binding only to the higher affinity iron site under these anacrobic
conditions for E. coli Dps. Ferrous iron-loaded Dps was then oxidized anaerobically using
potassium ferricyanide (Figure 7), which was removed in the same fashion as above. While
evidence suggests that the preferred oxidant for Dps is hydrogen peroxide (16), compared to
dioxygen for maxi-ferritins, addition of even sub-stoichiometric quantities of hydrogen
peroxide led to Dps precipitation. Regardless of the oxidant (hydrogen peroxide or
ferricyanide), the important factor is that with oxidized iron, electrons are not available from

Dps to fill guanine radical holes. Iron oxidation was evidenced by a characteristic increase in

absorbance at 310 nm (76).
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Figure 4. Anacrobic titration of E. coli Dps with ferrous iron, which quenches the intrinsic
protein fluorescence. 7op: Emission spectra of Apo-Dps compared to Dps that has been
incubated with 6, 12, 18, 24 or 36 Fe(II)/Dps dodecamer (excitation wavelength = 280 nm).
Protein concentration was 1 { M in a buffer of 50 mM MOPS, pH 7.00, 150 mM NaCl.
Bottom: Plot of fluorescence quenching, normalized to quenching observed with 36
Fe(II)/Dps, versus the number of Fe(II)/Dps. A linear fit to the 0 to 12 Fe(I)/Dps data

yields a line with the equation y = 0.0776x, with an R value of 0.99.
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Figure 5. Circular dichroism spectra of wild-type (WT) (solid line) and H51G/HG63G E. coli
Dps (dashed line). Protein concentration was 5 { M in a buffer of 50 mM Tris, pH 7.00, 150

mM NaCl.
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Figure 6. Ferrous iron loading of Dps ferroxidase mutant H51G/H63G compared to WT E.
coli protein. Normalized UV-Visible spectra of [Fe(bpy)s]** produced from either WT Dps
(pink) or H51G/H63G Dps (black). For normalization, the absorbance values were divided
by protein concentration. The calculated number of iron atoms per Dps dodecamer is 11.8 +
0.2 for WT Dps and 1.0 + 0.3 for H51G/H63G Dps. Protein concentrations were
determined via the Bradford assay; the concentration of [Fe(bpy)s]** was determined by Asz,

using a derived extinction coefficient of 8,790 M'cm™.
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Figure 7. Oxidation of ferrous iron-loaded E. coli Dps by stoichiometric potassium
ferricyanide. All protein spectra were normalized to Asso. Apo-Dps (4 { M), shown in green,
has minimal spectral features other than the characteristic protein absorbance at 280 nm.
Apo-Dps with ferricyanide (4 { M each), shown as dashed red line, additionally shows
characteristic spectral features of ferricyanide (inset, arrows). Ferrous-iron loaded Dps (4

t M), shown as solid red line, that has been incubated with stoichiometric ferricyanide
displays a distinct increase in absorbance at 310 nm (dashed black vertical line), as expected
for iron oxidation. Note that ferrocyanide is spectroscopically silent. A similar Asjo increase

was observed for oxidation by dioxygen (data not shown).
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2.3.2 Inhibition of guanine damage by Dps

To compare the level of DNA protection by Dps as a function of protein iron
loading, samples containing 3NFP labeled 70-mer duplex DNA appended with 5Njovalently
tethered [Ru(phen)(dppz)(bpyMf (6 t M), the diffusing quencher [Co(NH3)sClJ** (600
t M), and 0-6 { M of ApoDps, ferrous iron-loaded Dps, or ferric iron-loaded Dps were
irradiated anaerobically at 442 nm to avoid dioxygen oxidation of ferrous iron-loaded Dps.
The locations of DNA damage thus generated via flash-quench chemistry were then revealed
by treatment with hot piperidine, which cleaves the DNA backbone at sites of oxidative
guanine lesions (30) and subsequent visualization by denaturing gel electrophoresis. Figure 8
shows a representative gel featuring the differential effects of Dps with varying iron content.

In the absence of Dps, damage is evident predominantly at the 5N§s of the guanine
triplet, as expected with one electron DNA oxidation through long-range DNA CT.
Hydroxyl radical damage leads instead to damage at all guanines. When any component is
missing, such as in the dark control (DC), which is the full sample (containing DNA,
photooxidant, and quencher) but not irradiated, or light control 1 (LC1), which is the
sample irradiated but in the absence of quencher, no damage is observed. In order to
compare the differential effects of iron loading, experiments were performed in triplicate,
and oxidative DNA damage was quantified for each lane by the ratio of guanine triplet
damage to the undamaged parent band. Ferrous iron-loaded Dps (6 t M) attenuates
oxidative DNA damage at the guanine triplet by an average of almost 5-fold (4.9 £ 1.5),

whereas equivalent concentrations of Apo-Dps and ferric iron-loaded Dps have relatively
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little effect (1.1 + 0.5 and 1.3 + 0.7 fold attenuation, respectively). One-way analysis of
variance (ANOVA) was performed on the fold decrease data of triplicate experiments with
Apo-Dps, ferric iron-loaded Dps, and ferrous iron-loaded Dps. Using the null hypothesis
that the three average fold decrease values are the same, an F value of 13.272 was obtained,
corresponding to a p value of 0.0062. Thus because p < 0.01, we can state at a 99%
confidence level that these average fold decrease values are different.

Thus increasing equivalents of Dps loaded with ferrous iron, in contrast to Apo-Dps
and ferric iron-loaded Dps which lack available reducing equivalents, significantly decrease
the level of DNA damage at guanine repeats, as can be clearly seen in the lane profile
comparisons in Figure 8, indicating the importance of both the presence and oxidation state
of iron in Dps. It is noteworthy that iron-loaded Dps binds DNA similarly to Apo-Dps (Kj
values of approximately 300 nM), as determined via gel-shift assays (see experimental section
for details), negating the possibility of a differential binding effect.

Free ferrous iron diminishes damage, as shown by a control which is the full sample
in the absence of protein with the addition of free ferrous iron at a concentration equivalent
to that in ferrous iron-loaded Dps (“free Fe*'” in Figure 8). To determine if free iron is
generated by the irradiation of ferrous iron-loaded Dps, the iron content of a sample was
measured before and after irradiation, while ensuring removal of any unbound iron from the
irradiated sample by size-exclusion chromatography. The iron content before and after
irradiation (12.2 + 0.3 and 11.8 + 0.1 Fe/Dps, respectively) was found to be identical,

indicating no iron labilization. In view of these controls, the difference in damage
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attenuation for ferrous iron-loaded Dps compared to Apo-Dps and ferric iron-loaded Dps
indicates that Dps containing ferrous iron can become oxidized, perhaps via DNA CT, to fill

the hole on guanine radicals.
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5-CTCTCGTCGTCAGTTGTCAAGTGTGCATGAAAGTAGAGTCTCGCTAAGCTCGGGAGAACAGAGAGATGCT-3-32p
3'-GAGAGCAGCAGTCAACAGTTCACACGTACTTTCATCTCAGAGCGATTCGAGCCCTCTTGTCTCTCTACGA-5"-Ru

Figure 8. Representative gel comparing ability of Apo-Dps, ferrous iron-loaded Dps, and
ferric iron-loaded Dps to protect DNA from damage created via flash-quench chemistry.
Left: Autoradiogram of gel showing effect of increasing Dps with varying iron loading,.
Conditions: 6 { M statistically 3NfP-labeled 70 mer Ru-DNA, 600 t M [Co(NH)sCI]>*

Dps concentrations from 0 to 6 { M, buffer: 50 mM Tris, pH 7.0, 150 mM NaCl. A+G and
C+T are Maxam-Gilbert sequencing lanes. Controls: DC contains all components (DNA,
photooxidant, and quencher) but is not irradiated; light control 1 (LC1) is irradiated but
lacks quencher; LC2 is irradiated, lacking quencher, but contains 6 { M Dps loaded with
ferric iron; free Fe** is irradiated, containing all components but protein, with the addition of
free ferrous iron at a concentration equivalent to that in ferrous iron-loaded Dps. The
number of Fe/Dps in ferrous iron-loaded Dps was 10.8 + 0.1. Right. Lane profiles
comparing normalized level of DNA damage at the guanine triplet upon titration of ferric
iron-loaded Dps (upper), ferrous iron-loaded Dps (middle), or Apo-Dps (lower) from 0 { M
protein (red), 2 { M protein (orange), 4 { M protein (green), to 6 { M protein (blue). Lower:
DNA sequence, with guanine triplet shown bolded, and the location of a nick in the DNA
backbone underlined. For higher synthetic yield, the DNA was made in two pieces (55-mer
and Ru-15-mer); breaks in the sugar-phosphate backbone do not affect long-range CT.
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2.3.3 Ru-DNA luminescence with Dps

In order to definitively establish long-range oxidation of ferrous iron-loaded Dps via
DNA charge transport, ideally a mismatch experiment would be performed. Mismatches
and DNA lesions attenuate DNA CT because they disrupt n-stacking of the nucleobases
(39,40). If a mismatch can be engineered between the site of protein binding on the DNA
and the location of the guanine multiplet, a decreased level of damage inhibition would be
expected compared to intervening well-matched DNA. A similar experiment was performed
with the transcription factor p53 which binds to a defined consensus sequence (41).

However, Dps binds DNA non-specifically using N-terminal lysine residues (2), so
the exact location of Dps binding along the DNA is unknown. Nevertheless, mismatch
experiments were attempted where either a C:A mismatch or abasic site was engineered 21
bases from the 5Njnd of the 70-mer duplex where the ruthenium photooxidant is tethered (2
base-pairs intervening between mismatch and guanine triplet). Little difference was observed
in damage inhibition by ferrous iron-loaded Dps between the well-matched, mismatched,
and abasic sequences because of the non-specific DNA binding of Dps. Additionally, these
experiments are performed under conditions of a large excess of sacrificial Co** quencher and
relatively long irradiation times (20 minutes); until the Co’* quencher has been exhausted,
electron holes will be repeatedly injected into the DNA n-stack. Therefore, even if some
DNA-binding locations do not facilitate protein oxidation via DNA-mediated CT, Dps may

diffuse to other regions of the DNA during the time of this experiment.
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Instead we use luminescence experiments to determine if there is any direct
interaction between the Ru photooxidant and Dps. If our hypothesis is correct that DNA is
a necessary intermediate in the oxidation of ferrous iron-loaded Dps, there should be no
direct interaction between the Ru photooxidant and Dps. Interaction with the ruthenium
(IT) excited state can be probed by measuring the luminescence of the Ru-DNA alone, and
then in the presence of Dps. If the protein is interacting with the ruthenium (II) excited
state, quenching would be expected both in steady-state and time-resolved experiments.

Figure 9A shows the results of non-covalent steady-state ruthenium luminescence
experiments. [Ru(phen)(dppz)(bpyNf" is a DNA light-switch complex: whereas its
luminescence is quenched in aqueous solution, upon the addition of DNA the ruthenium
complex luminesces intensely (42). Accordingly, while no luminescence is apparent in a
solution of [Ru(phen)(dppz) (bpyNf* alone, luminescence is restored upon the addition of
un-modified 70mer DNA. Importantly, the further addition of ferrous-iron loaded Dps has
no effect on the DNA-bound ruthenium luminescence, indicating no quenching of the
ruthenium (II) excited state by Dps. Also, no luminescence is observed in a sample that
contains ruthenium and ferrous-iron loaded Dps, but lacks DNA, indicating that the
ruthenium complex does not intercalate into the protein fold. Moreover, the steady-state
luminescence of covalently tethered Ru-DNA is not quenched in the presence of Apo-Dps,
ferrous iron-loaded Dps, or ferric iron-loaded Dps (Figure 9B).

Time-resolved emission experiments probed the behavior of the ruthenium (II)

excited state on a nanosecond timescale (Figure 9C). In the absence of additional reagents,
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non-covalent [Ru(phen)(dppz) (bpyNf* bound to poly(dGdC). DNA decays in less than a
microsecond. In the presence of a known oxidative quencher, [Ru(NHs;)¢]*, the ruthenium
(I) excited state decays more quickly as a result of this quenching process. However, upon
the addition of ferrous iron-loaded Dps to a sample of Ru photooxidant and poly(dGdC),
DNA, identical decay kinetics were observed as in the absence of Dps. Therefore, both
steady-state and time-resolved emission experiments show no quenching of the ruthenium
(II) excited state with Dps, confirming no direct interaction and suggesting that the DNA a
necessary intermediate in the oxidation of ferrous iron-loaded Dps.

Further controls for this interaction are samples in the guanine oxidation assay which
were irradiated and lack quencher but contain 6 { M Dps loaded with ferric iron or ferrous
iron (LC2 in Figure 8 and LC3 in Figure 10, respectively). If iron-loaded Dps oxidatively
quenched Ru(I)* to form Ru(III), guanine damage would be apparent in these samples.
The lack of guanine damage in these controls again confirms the absence of direct interaction

between the ruthenium (II) excited state and Dps.
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Figure 9. DNA-bound ruthenium luminescence in absence and presence of Dps. All

samples prepared and measured anaerobically. Steady-state emission spectra with non-

covalent (4) and covalent [Ru(phen)(dppz) (bpyMf" (B) utilized an excitation wavelength of

440 nm. In 94, samples contained various combinations of 8 uM non-covalent

[Ru(phen)(dppz) (bpyNf', 8 pM unmodified duplexed 70mer DNA, 8 uM ferrous iron-

loaded Dps (11.4 £ 0.2 Fe/Dps dodecamer). In 9B, samples contained 8 { M duplexed 70-

mer DNA with covalently tethered [Ru(phen)(dppz) (bpyWf* alone or with 8 { M Apo-Dps,

ferrous iron-loaded Dps (11.8 + 0.2 Fe/Dps dodecamer) or ferric iron-loaded Dps. Slight

precipitation occurs for the sample containing Ru-DNA and ferric iron-loaded Dps,
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resulting in a raised baseline. For the nanosecond time-resolved emission spectra in 9C,
samples were excited at 470 nm and contained 20 pM non-covalent

[Ru(phen)(dppz) (bpyNf*, 1 mM basepairs of the alternating copolymer poly(dGdC),, and
either 6 uM of ferrous iron-loaded Dps (12.0 + 0.1 Fe/Dps dodecamer) or 400 uM of
[Ru(NHs3)¢]**. Samples with poly(dGdC); and Ru alone, as well as in the presence of
ferrous-iron loaded Dps, contained residual 3.3% glycerol, whereas the [Ru(NH3)]** sample
contained no glycerol. For all, buffer was 50 mM Tris, pH 7.0, 150 mM NaCl.
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Figure 10. Autoradiogram of gel comparing ability of Apo-Dps, ferrous iron-loaded Dps,
and ferric iron-loaded Dps to protect DNA from damage created via flash-quench chemistry,
showing reproducibility of result as well as additional control (LC3). A+G and C+T are
Maxam-Gilbert sequencing lanes. Controls: Dark control (DC) contains all components
(DNA, photooxidant, and quencher) but is not irradiated; Light control 1 (LC1) is
irradiated but lacks quencher; LC2 is irradiated, lacking quencher, but contains 6 { M Dps
loaded with ferric iron; LC3 is irradiated, lacking quencher, but contains 6 { M Dps loaded
with ferrous iron; “Free Fe2+” is irradiated, containing all components, but additionally free
ferrous iron at a concentration equivalent to that in ferrous iron-loaded Dps. The number of

Fe/Dps in ferrous iron-loaded Dps was 13.6 £ 0.6.



