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ABSTRACT: Listeria innocuaDps (DNA binding protein from starved cells) affords protection to DNA
against oxidative damage and can accumulate about 500 iron atoms within its central cavity through a
process facilitated by a ferroxidase center. The chemistry of iron binding and oxidatigsténia Dps

(LiDps, formerly described as a ferritin) using®4 as oxidant was studied to further define the mechanism

of iron deposition inside the protein and the roleLoDps in protecting DNA from oxidative damage.

The relatively strong binding of 12 Feto the apoproteinkp ~ 0.023uM) was demonstrated by isothermal
titration calorimetry, fluorescence quenching, and pH stat experiments. Hydrogen peroxide was found to
be a more efficient oxidant for the protein-bouncd®Féhan Q. Iron(ll) oxidation by HO, occurs with

a stoichiometry of 2 F&/H,0;, in both the protein-based ferroxidation and subsequent mineralization
reactions, indicating complete reduction of®4 to H,O. Electron paramagnetic resonance (EPR) spin-
trapping experiments demonstrated thédps attenuates the production of hydroxyl radical by Fenton
chemistry. DNA cleavage assays showed that the protein, while not binding to DNA itself, protects it
against the deleterious combination of?Feand HO,. The overall process of iron deposition and
detoxification byLiDps is described by the following equations. For ferroxidatiod; Re Dps” — [(Fe*™)-

DpsF*™ + HT (Fe* binding) and [(Fé&")-DpsF™! + Fet + H,0, — [(Fet)2(0O),-DpsFTt + 2HT (Fet
oxidation/hydrolysis). For mineralization, 2Fet H,O, + 2H,0 — 2Fe(O)OHcore)+ 4H™ (FE2 oxidation/
hydrolysis). These reactions occur in place of undesirable odd-electron redox processes that produce
hydroxyl radical.

The Dps protein@NA-binding protein fromstarved cells) but rather exhibits significant similarity with the sequence
from the Gram-positive bacteriurhisteria innocuacan of the Dps family membersl( 3, 16, 17) and is most
accumulate iron atoms within its central cavity to produce a appropriately called a Dps protein. Dps proteins are widely
hydrous ferric oxide mineral corel{4) similar to that of distributed in a variety of bacteria, protecting DNA against
typical ferritins 6—8). Listeria Dps, LiDpst (previously the damage from the toxic oxygen compounds suchgs O
known aslisteriaferritin), sequesters iron in three different H,O,, or *OH, a property correlated to their ferritin-like
reaction phases: iron binding to the ferroxidase centers, functions (8—26).

oxidation by dissolved oxygen, and mineralization to form Crystallographic studies reveal tHaDps is a dodecamer

a microcrystalline structure2( 4). An in vitro study has ity '3/2 tetrahedral symmetng), a common architecture
revealed that the 12 putative iron binding ferroxidase centers ¢ e Dps family of proteins18—23) and contrasting with

of LiDp; are important in_iron bin'dling and its rapid oxidation 4 typical ferritins composed of 24 subunits arranged in
(9), similar to the canonical ferritinsl0—15). 4/3/2 octahedral symmetrg{8). The hollow shell oLiDps

_Despite this resemblance, the _amino acid sequence ofhas an internal diameter of about 40 A, approximately half
LiDps shows no correspondence with that of a typical ferritin ¢ tound in ferritins, explaining its ability to sequester much

* This work was supported by NIH Grant RO1 GM 20194 (N.D.C.) Iess. iron (-500 Fe/shell) than the ferr|t|ns\(4500_ F.e/she.ll).
and Grants PRIN 2002 (S.S.) and Fondazione Pasteur Cenci-Bolognetti Like most other members of the Dps familyiDps is

angT'\gl\l/Jon’r:T:iErrzeos%trggécr:lg.e should be addressed. Phone: (603) 862 formed from a single type of 18 kDa subunit, in contrast to

2520. Fax: (603) 862-4278. E-mail: ndc@cisunix.unh.edu. the two types of subunits, H and L, of mammalian ferritins.
* University of New Hampshire. The secondary structure @fDps shows that each subunit
$ UniversitaLa Sapienza. is folded into a four-helical bundle (AD) similar to that of

1 Abbreviations: EMPO, 5-ethoxycarbonyl-5-methyl-1-pyrrolie ; it ; _ ; ;
oxide; EPR, electron paramagnetic resonance; ITC, isothermal titration the typical ferritins but without the C-terminal E helig)(

calorimetry; LiDps, Listeria innocuaDps; Mops, 3--morpholino)- Two conserved iron-binding sites make up each of the 12
propanesulfonic acid. diiron ferroxidase centers which are located at the interface
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of two symmetry-related subunits instead of within the four- reaction mixture constantly stirred using a micro stir bar in
helix bundle of the H-chain as in mammalian ferritirgj. the bottom of the cuvette. Absorbance kinetic traces were
The amino acid residues constituting the ferroxidase centerscollected using the Cary 50 kinetic software. The kinetic data
of Dps proteins and ferritins differ as weB,(9). were further analyzed with Origin 7.0 software (Microcal
An earlier study oLiDps suggested that,B, is a superior Inc.). The early portion of the absorbandg) vs time kinetic
oxidant for F&" than Q, but the phenomenon was not curve for F&* oxidation by Q or H,O, was fit to a third-
investigated in detail4). More recent work has shown that, order polynomial,Y(t) = a, + ait + a;t? + ast?, yielding
in the case oEscherichia coliDps, the protein specifically ~ the initial ratea;.

facilitates the reaction of D, with F&*" in a pairwise  X-hand EPR spectra were measured at room temperature
fashion such that Fenton chemistry is avoided, accountingon a Bruker EleXsys E500 spectrometer fitted with a high-
in part for the protective effect of the protein against sensitivity SHQ cavity. A 2.0 mm i.d. quartz tube holding a
ox[datlve damage _of DNAZ4). In .I|ght of the fact that the 1.0 mm i.d. capillary containing 40L of sample solution

L. innocuaprotein is now recognized to belong to the Dps a5 employed. The instrumental conditions were as fol-
family, we have undertaken a more detailed study of its iron |ows: microwave power, 5.14 mW (16 dB attenuation);
oxidation and DNA protection properties. In the present microwave frequency, 9.86 GHz; modulation frequency, 100
work, the chemistry of P binding and oxidation and Fe ;- modulation amplitude, 1.0 G; receiver gain, 70 dB:; time
hydrolysis were studied by UVvisible spectrophotometry, constant, 163.84 ms; sweep time, 83.89 s; scan number, 4:
fluorescence, electrode oximetry, pH stat, and electron sweep width, 70 G: center field, 3507 G. In the EMPO spin-
paramagnetic resonance (EPR) spin-trapping experimentsyanning experiments for hydroxyl radic81), all spectra
The stoichiometry of € binding to the apopro+te|n has been \yere recorded exactly 6 min after the last injection eBbd
defined and the reaction chemistry betweef"Fend HO; The conditions of the experiment are indicated in the figure
established. In vitro DNA protection assays show that the legends

protein protects DNA from oxidative damage through Fenton Fluore;scence measurements were carried out on a Varian

chemistry. The results demonstrate tHaDps exhibits i e 3
structure-function relationships characteristic of a Dps C&ry Eclipse fluorometer. Anaerobic fitrations of °Fe

protein while sharing some features with the ferritins. binding were performedhia 1 cmpath-length gastight quartz
cell under an argon atmosphere with incremental additions
MATERIALS AND METHODS of 4 F&*/protein followed by 0.5 KHO./FE*. The production

of H,O, from iron oxidation by molecular oxygen inDps

The recombinant wild type was prepared as described was detected by Amplex Redhorseradish peroxidase (HRP)
elsewhere Z7). The iron-free protein (apoprotein) was assay in 50 mM 3N-morpholino)propanesulfonic acid
prepared according to the procedures previously describedMops) buffer, pH= 7.4 (30). Fluorescence standards for
(28). The concentration of apoprotein was determined the assay were plotted using duplicate samples and measured
spectrophotometrically using a molar absorptivity of 2.59 at the same time as the unknown samples, which were both
x 107> M~!cm* at 280 nm on a 12-mer protein bas®.(  incubated for 30 min at room temperature and protected from
Trace iron in the apoprotein was determined by the ferrozine |ight.

method following published procedure®df and found to The production of H ion during F&* binding and

be typically <1.5 Fe/12-mer protein. Freshly prepared e . X
hydrogen peroxide solution was assayed by its absorbanceOX'datlon and F& hydrolysis was made with a pH stat/

at 240 nm é = 43.6 M* cmY) or by measuring the oximet_ry apparatus des_crib_ed elsewhel2, (13)._02 con-
concentration of @ produced upon addition of beef liver sumption upon F& oxidation and @ evolution after

catalase (65000 units/mg; Boehringer Mannheim GmbH injection of catalase were monitored by a Clark oxygen
Germany) to the bD» so'lution using Clark electrode " microelectrode. As a control, freshly prepared ferrous sulfate

oximetry @0). Hydrogen peroxide was purchased from solution at pH 2.8 was added to a weakly buffered solution

Walgreen Co. (Deerfield, IL), ferrous sulfate from Baker 0.3 mM Mops and 100 mM NaCI, pH stat 7.0). Backgrognd
Scientific Inc. of VWR Scientific (Plainfield, NJ), the corrections for the free acid in the ferrous sulfate solutions

Amplex Red hydrogen peroxide assay kit from Molecular (0-21 H'/Fe") were made in all calculations.

Probes (Eugene, OR), and 5-ethoxycarbonyl-5-methyl-1- Isothermal titration calorimetry (ITC) of Pé binding to

pyrroline N-oxide (EMPO) from Oxis Research (Portland, apoliDps was carried out at 25C with an upgraded

OR). All other chemicals were of reagent grade or better. Calorimetry Sciences Corp. CSC Model 4200 isothermal
For anaerobic experiments, all solutions including water titration calorimeter as described for similar experiments with

and buffer were thoroughly deoxygenated using high purity human H-chain ferritin 14).
grade argon gas (99.995%5 ppm Q). Syringes and 1 mL DNA protection assays were conducted following the
quartz cuvettes for absorbance or fluorescence measurementsrotocol for Agrobacterium tumefacieri3ps 23). Briefly,
were G purged with pure argon before filling with the 30 nM pET-11a plasmid DNA in 30 mM Tris-HCI and 0.2
deoxygenated solutions. A constant pressure of pure argonvi NaCl, pH 7.3, buffer was allowed to interact withu®/
was maintained through a rubber septum on the cuvettel, innocuaDps orE. coli Dps for 10 min at room temperature
during the experiment to prevent the diffusion of oxygen and thereafter was subjected to 10 mMddor a combina-
into the reaction solution. tion of 10 mM H0, and 144uM Fe(ll). The reaction was
UV —visible difference spectrophotometric titration and the stopped after 3 min by treatment with 2% SDS at°&5
kinetics of F&" oxidation by HO; in LiDps were performed  The integrity of the DNA following the various treatments
on a Varian Cary 50 spectrophotometer at°@5with the was assayed by 1% agarose gel electrophoresis.
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FiGURE 1: Isothermal titration calorimetric measurement of'Fe
binding to LiDps under anaerobic conditions. (A) Raw data. (B)
Integrated heats. Conditions are as follows: &Bl LiDps,
[dithionite] = 1 mM, stock [Fé"] = 1.0 mM, each point represents
1 Fe*/protein, 0.1 M Mops, pH= 7.0. Injections of Fe(ll) were
made every 5 min.

RESULTS

Fe?t Binding to Listeria DpsThe hinding stoichiometry
of Fe(ll) with apoLiDps was established by a combination
of isothermal titration calorimetry (ITC), fluorescence spec-
trophotometric titration, and proton production measure-
ments. Figure 1A shows the raw ITC data for the anaerobic
titration of the protein with F& in 1 F&*/protein increments.
The integrated heats for each addition shown in Figure 1B
were satisfactorily fit to a model of two independent classes
of binding sites (strong and weak), yielding binding param-
eters for the strong sites of = 10.9+ 0.3,K; = (4.4 +
1.7)x 10 M1, AH,° = —12.94 0.4 kJ/mol AG,° = —37.9
+ 0.4 kd/mol, andAS,° = 83.7 + 0.5 J/(K:mol). For the
weak sites, only the product of binding parameterd<,-
AHy° = (2.0+ 1.1) x 10° M~1-kJ/mol could be determined
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FiGUure 2: Fluorescence quenching uporfFanaerobically binding
to LiDps. Conditions are as followsle, = 280 nm,Aem = 335
nm, slits for both excitation and emission are 5 nm,@0LiDps,
0.1 M Mops, 0.05 M NacCl, pH= 7.0, 25°C.
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Ficure 3: Proton production upon Feoxidation in the protein-
based ferroxidation (A) and mineralization reactions (B). Conditions
are as follows: anaerobic, 54M protein, 0.3 mM Mops, 0.1 M

NacCl, pH stat 7.0, 5 mM standard NaOH, 28 standard HCI.

we calculate that 1.0 His generated per Fe for addition

since the individual parameters were correlated to one anothelpf the first 12 F&", dropping to only 0.17 H/Fe** for the

as is typical of weak binding phenomena where the fitting
is relatively insensitive to the values of the individual

second addition of 12 Ré. This result is in accord with a
binding stoichiometry of 12 Pé&/protein for the strong sites

parameters in the concentration regime employed in the followed by a much weaker interaction beyond the first 12

titration (see footnote 3 of ref4).

The ITC data indicate that there amg ~ 10—12 strong
binding sites on the protein. This stoichiometry was con-
firmed by an anaerobic Fetitration of the apoprotein while
monitoring the quenching of tryptophan fluorescence. As

Fe#tadded. Therefore, we write the equation fof'Hainding
to each of the 12 strong sites biDps as

Fe" + Dps” — [(Fe*")-Dpsf ™ + HY 1)

shown in Figure 2, fluorescence reaches a minimum once Kinetics of F&" Oxidation by Q versus HO,. Consump-

~12 Fe* have been added to the protein.
Figure 3A shows the production of *Hion upon the
anaerobic addition of two increments of 12%Feo the

tion of dissolved molecular oxygen-@80uM) during iron
oxidation in the presence and absence of kilagps was
measured by electrode oximetry. Oxidation ofFey O,

apoprotein as measured with the pH stat apparatus. Afterin the presence dfiDps was found to be very slow (Figure

correction for the H in the Fé* solution (0.21 H/Fe),

4, curve a), being comparable to that of autoxidation in buffer
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FiGure 4: O, consumption curves ihiDps (curve a) and in the
buffer (curve b) upon addition of Peto the solution. Conditions
are as follows: 28@&M O,, 90uM Fe?t, 0.05 M Mops and NaCl,
pH stat 7.0, 25C. (a) In 4.5uM LiDps. (b) In buffer.
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alone for the first 500 s of the reaction but ultimately slowing
further (Figure 4, cfcurves a and b). In the experiment
depicted in Figure 4 (curve a), the aerobic addition of 90
uM Fe?t (20 Fé*/protein) resulted in the consumption of
only 7.6uM O, during the 1500 s of the reaction, implying
that some of the P& remained unoxidized at this point in
time. The Fé" remaining in solution was determined to be
57.1 uM by the ferrozine assay. From the 7.6V O,
consumed and the amount ofF@xidized (90.0— 57.1=
32.9uM), a stoichiometry of 4.3 P&/O, was calculated, in
agreement with the previously reported iron oxidation
stoichiometry by dioxygen of-4 Fet/O, (4).

H,0, has been shown to be a more efficient oxidant for
Fet in E. coli Dps than Q (24) and also suggested to be a
better oxidant inLiDps @). Therefore, a direct comparison
of the rates of iron oxidation ihiDps by HO, versus by
O, was undertaken. Iron oxidation liDps was monitored
at1 = 304 nm (the maximum absorbance ofFeprotein
complex) and 23C after the addition of 24 Fé/protein to
the apoprotein solution containing eithep®3 (Figure 5,
curve a) or Q (curve b). The initial rate of P& oxidation
by H,O, is ~1000-fold faster §p = 16.7 + 1.7 mol of Fe
(mol of protein)* s71] than by G [v, = 0.0160+ 0.0003
mol of Fe (mol of protein)! sY], indicating that HO, is a
far superior oxidant.

H.O, Production during Fé&" Oxidation by Q. The
fluorescence assay of,B, using Amplex Red was per-
formed to determine whether8, is an intermediate product
during Fé* oxidation by Q in both ferroxidation and

Biochemistry, Vol. 44, No. 15, 2005575
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FiGURe 5: Kinetics of F&" oxidation by HO, (curve a) and @
(curve b) inLiDps. The upper and lower insets show the early
portions of curves a and b and the corresponding cubic equation
fits giving the values for the parametess, a;, a;, and az of
—0.00235, 0.0504;-0.0107, and 7.71& 10* and of—0.000862,
4.70x 1075 —1.53x 1078 and 1.904x 10 2 respectively (see
Materials and Methods). The initial rates were derived from the
linear a; coefficients 0.0504 and 4.7 10°° for H,O, and G,
respectively. Conditions are as follows: 0.1 M Mops, 0.05 M NacCl,
pH 7.0, 25°C. (a)LiDps + 24 Fe'/protein+ H,0, , anaerobic,
1.17uM LiDps, 28.1uM Fe?t, 100uM H,0,. (b) LiDps+ O, +

24 Fé*/protein, aerobic, 1.18M LiDps, 28.3uM Fe2t, 280uM
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FiGUrE 6: H,0, titration curves for F& oxidation inLiDps with

the different loading of iron. Each point corresponds to an addition
of 0.05 HO,/Fe#t. Conditions: anaerobic, 0.1 M Mops, 0.05 M
NaCl, pH 7.0. (a) 1.8&M LiDps+ 43.2uM Fe*" (24 Fé*/protein).

(b) 1.1uM LiDps+ 110uM Fe**(100 Fé*/protein). Inset: Family

of UV —visible difference spectra for ferroxidation (a) and miner-

mineralization reactions. Hydrogen peroxide generated in this alization (b) reactions.

way would be expected to rapidly react with additionai'Fe

in the solution. In the Amplex Red assay, an average of one Stoichiometry of F& Oxidation by HO,. Anaerobic

H,0, was detected per 5.7 Fexidized for the ferroxidation
reaction for the aerobic addition sequence: Amplex Red
HRP+ apoLliDps+ 24 Fé'/protein. For the mineralization
reaction, one kD, was observed per 14.9 Feoxidized for
the sequence: Amplex Rett HRP + apoLiiDps + 100
Fet/protein. The control experiment of Amplex ReédHRP

+ 7.2uM Fe?* showed only a very weak fluorescence signal
at the detection wavelength of 585 nm. We conclude that,
in both the ferroxidation and mineralization reactionsOkl

is an intermediate product of Feoxidation by Q. The HO»
thus produced presumably reacts rapidly with furthet"Fe
to give the observed net PdO, stoichiometry of 4/1,
accounting for the complete reduction of @ H,O.

addition of F& to LiDps (24 Fét/protein) showed no UV
absorbance, whereas a band with a maximum absorbance at
304 nm emerged upon subsequent addition HFigure

6, inset a). The molar absorptivity for this oxidation
production was determined to lagysnm = 2550 M~ cm™*

per iron and is within the range of values for dinucleat'Fe
complexes formed at the ferroxidase site of ferritin8000
M~tcm™ periron) (L2, 13, 24, 30). Therefore, the absorbing
compound is postulated to beaoxo-bridged dinuclear
Fe**—protein complex. To establish the stoichiometry of
oxidation, an anaerobic titration of protein solutions contain-
ing either 24 F&'/protein (ferroxidation) or 100 FPé&/protein
(mineralization) with increments of 0.05,8./F€" was
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carried out. Stoichiometries 6f0.5 HO./F€* were obtained
as shown in Figure 6, curves a and b, respectively, indicating
complete reduction of kD, to H,O in both instances; i.e.,
two Fe" are oxidized per kD, consumed.

A stoichiometry of 0.5 HO,/Fe*t for the ferroxidation
reaction was also obtained using electrode oximetry per-

formed under anaerobic conditions. In this experiment, excess

H,O, was added to th&iDps solution containing 24 Fe/
protein followed by injection of kL of catalase (50 s after
injection of HO,). From the amount of @produced from
the unreacted D, [H,0, — H,O + 1,0, (14)], the amount
of H,O, that had been consumed by?Favas calculated.
For the addition sequencei® apoLiDps + 48 uM Fe*t

+ 100 uM H,0, + catalase, 3uM O, was produced,
indicating that 74«M unreacted HO, was present; therefore,
26 uM H,0, had reacted with the 48M Fe*t to give a
stoichiometry of~0.5 H,O./FE*. In a control experiment
without LiDps present for the addition sequence buffer
48 uM Fe?t + 100 uM H,0, + catalase, 2%M O, was
produced, demonstrating that 5B H,O, had reacted with
48 uM Fe?* to give the stoichiometry of1 F&t/H,0,, the
value expected from the Fenton reaction?(Fe¢- H,O, —
Fe’* + OH™ + *OH). Thus, the mechanism of iron oxidation
is altered byLiDps, switching the oxidation stoichiometry
from 0.5 HO./FE in its presence to 1 ¥D./FE" in its
absence, a result in accord with attenuation of Fenton
chemistry by the protein. This result was verified by the EPR
spin trapping experiments described below.

Stoichiometric Equations for Iron Oxidation and Hydroly-
sis.For the ferroxidase reaction, on€ k4 produced per P&
oxidized by HO, when a total of 24 F¢ are added to the
protein followed by HO, (Figure 3A), whereas for the
mineralization reaction, 2 Hare produced per Fewhen a
second 24 F& are added to the protein followed by,®Gb
(Figure 3B). On the basis of the stoichiometries of'Fe
binding, oxidation and proton production, and the fact that
24 Fé* have been shown to bind to the apoprotein when
Fet is oxidized by HO, (32), we write the stoichiometric
equation for F& oxidation at each of the 12 ferroxidase
centers as follows:

[(Fe"")-Dpsf™ + F&" + H,0, —
[(FE*)(0),-Dpsf ™ + 2H" (2)

The oxidation/hydrolysis reaction for the mineralization
phase of core formation is given by the equation:

2F€" + H,0, + 2H,0 — 2Fe(0)OH,e + 4H"  (3)

Attenuation of Hydroxyl Radical Productiohe ability
of LiDps to minimize the production of hydroxyl radical
arising from the Fenton reaction was investigated by spin-
trapping experiments (Figure 7). Spectrum a is that of the
EMPO—-0H adduct for the control experiment in the absence
of protein: EMPO+ Fe#t + H,O,. The oxidation of F&
by H,O. generates hydroxyl radical, and thus an intense
spectrum from trapped HQvas observed. Spectrum b is
that for another control experiment for the addition se-
qguence: bovine serum albumin (BSA)EMPO + F&™ +
H,0,. Again, an intense spectrum was obtained. In contrast,
for the addition sequence apdbps+ EMPO + 24 or 100
Fet/LiDps + H,0, weak EPR signals were obtained
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Ficure 7: X-band EPR signal of the EMPEDH adduct: spectrum
a, anaerobic addition sequence EMROe" + H,0,; spectrum
b, BSA+ EMPO+ Fe#t + H,0,; spectrum cLiDps+ EMPO +
24 Fé*/protein+ H,0,; spectrum dLiDps+ EMPO+ 100 Fé*/
protein+ H,0,. Conditions: 5.uM proteins, 37.5 mM EMPO,
120uM Fe?* (spectra ac) or 500uM Fe** (spectrum d), 15@M
H,0, (spectra ac) or 500uM H,0, (spectrum d) added in 10
increments of either 1aM H,0, or 50 uM H,0s.

Ficure 8: DNA protection assay. Agarose gel electrophoresis.
Lanes: 1, DNA+ H,O;; 2, DNA + H,0, + Fe(ll); 3, DNA + L.
innocuaDps + H,0, + Fe(ll); 4, DNA + E. coli Dps + H,0, +
Fe(ll). Conditions: 30 nM plasmid DNA in 30 mM Tris-HCI, 0.2
M NaCl, pH 7.3, buffer subjected to 10 mM&, or a combination

of 10 mM H;O, and 144uM Fe(ll) in the presence or absence of
3 uM Dps. Bands from top to bottom correspond to increasing
degrees of supercoiling of the DNA.

(spectra ¢ and d), demonstrating thiatDps attenuates
hydroxyl radical production, a result in accord with the
measured 2 Pe/H,O, oxidation stoichiometry of eqs 2 and
3 (Figure 6).

DNA Protection by LiDpsFigure 8 illustrates the results
of DNA protection/degradation experiments. Treatment with
H.O, alone has no effect on the gel pattern of plasmid DNA
(compare lane 1 with Figure 6 of réB) whereas treatment
with H,O, + Fe(ll) fully degrades the DNA (lane 2). In
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contrast, the presence of eitherinnocuaDps (lane 3) or
E. coli Dps (lane 4) DNA is essentially undegraded.

DISCUSSION

LiDps is a representative system for the study of iron
accumulation within the structurally unique proteins of the
Dps ferritin-like family. The present work reveals thabDps
has some characteristics similarEo coli Dps but exhibits
differences as well. In both proteins®} is a more efficient
oxidant for F&" than molecular oxygen (Figure 5), which
contrasts with the typical ferritins where,@ an efficient
oxidant for F&" bound at specific sites of the protei8, (
12, 13). In LiDps, the oxidation of & in both ferroxidation

and mineralization reactions proceeds rapidly and completely

with the stoichiometry of 2 Fe/H,O, (Figure 6), thus
preventing the formation of the significant amounts of
hydroxyl radical from the Fenton chemistry, a finding
confirmed by EPR spin-trapping experiments (Figure 7).
Similar behavior is seen witk. coli Dps 24), and both
proteins protect DNA (Figure 8). The similarity in the iron
chemistries oLiDps andE. coli Dps is in keeping with the

conservation of the ferroxidase center ligands for the two

proteins (7). All Dps proteins have sequence similarity and
a common overall architectur&g—21, 33, 34), suggesting

that all may share some common features in iron accumula-

tion.

Fe** oxidation by Q in Dps proteins is markedly slower
than in mammalian and bacterial ferritink2( 13, 24) and

Biochemistry, Vol. 44, No. 15, 200%577

seems to alter the catalytic properties of the protein in
significant ways so as to favor,B, over G, as the oxidant,
leading to the attenuation of Fenton chemistry.

The ITC, fluorescence quenching, and pH stat data show
that ~12 Fé" bind to apoLiDps with relatively strong
affinity (Kp = 0.023uM). This result differs from the binding
stoichiometry of 24 F& seen withE. coli Dps 24), despite
conservation of ferroxidase center residues, and with the 24
Fe*f/protein binding stoichiometry previously assumed for
LiDps @). In contrast toE. coli Dps where 2 F& bind to
the ferroxidase center prior to oxidation by,® (24), in
LiDps, a second P¢ binds and oxidizes at each of the 12
ferroxidase centers only upon addition of®4 as in eq 2.
Obviously, structural factors beyond the identity of the
ferroxidase center ligands play a role in binding, e.g., charged
residues in the vicinity of the ferroxidase center, like Lys48
in E. coliDps where it can serve as a further metal ligand in
the binding of Pb 18).

Fet binding inLiDps is favored both enthalpicallAd®
= —12.9 kd/mol) and entropicallyS’ = 83.7 J/(kmol)]
with the entropy being the dominant termTAS’ = —24.9
kJ/mol) in the standard free energy of bindifg3d° = AH°
— TAS). Binding of Fé*, Zn?*, and T to human H-chain
ferritin (14, 37) and Fé" to E. coli frataxin 38) is also
largely driven by entropy. The large positive entropy changes
are likely a consequence of changes in metal ion hydration
upon complexation of the metal ion with the protein,
releasing water from the first coordination sphere ofFe
(37). Although the association constant for’Féinding to

is comparable to that in buffer in the absence of Dps protein g i Dps has not been measured, binding must be

(Figure 4). Dps is better suited to utilize®, as the oxidant
(Figure 5) whereas mammalian ferritins utilize, @nplying
different preferred substrates for iron oxidation in vivo for
the two classes of proteins. The faster initial rates ¢f" Fe
oxidization by HO, during the ferroxidation reaction of
LiDps than during the mineralization reactioB2( are
opposite to the observations made witha3 oxidant where

reasonably strong and comparable to thal.ddps since
sharp end points are obtained in titration of the apoprotein
with Fe* (24). Fe* binding to human H-chain ferritirkp

~ 7 uM) and E. coli and human frataxingp ~ 4 and 55
uM, respectively) 88, 39) is ~200—2500-fold weaker than
seen inLiDps Kp ~ 0.02uM). ThusLiDps has avidity for
Fe*™ that significantly exceeds that of other known iron-

the ferroxidation reaction proceeded more slowly than the binding proteins for which P& binding affinities have been

oxidation/mineralization reactiod), a further indication that
H.O, is the preferred oxidant in the ferroxidase reaction. The
production of 2 H upon the oxidation of the di-P& center

in LiDps (reaction 2) is the same as that observed previously

using Q as oxidant 4), suggesting similar F& hydrolysis

products in both instances. Both oxidants are capable of

oxidizing Fé* to generate Fe(O)Qfkj cores.

The different iron oxidation properties of the ferritins and
Dps proteins are reflected in their different ferroxidase

measured.

In conclusion, the overall mechanism of iron deposition
in the LiDps using HO, as oxidant has been investigated
and the detailed chemistry of iron binding and oxidation
established. The pairwise oxidation ofF&y H,O, prevents
the production of toxic hydroxyl radical, a property charac-
teristic of the Dps family of proteins that is likely central to
their role in protecting cells against oxidative stress. The in
vitro assays demonstrate significant protection of DNA by

centers. Tyrosine-34 near the ferroxidase center of H-chain| jpps against Fenton chemistry.

ferritins may be important in rapid ferroxidatioB5, 36),

but this residue is absent in Dps proteins. Perhaps moreREFERENCES
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