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protection from iron-mediated oxidative stress
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Abstract Ferritin from the hyperthermophilic anaerobe
Thermotoga maritima, a bacterium of ancient phylogenetic
origin, is structurally similar to known bacterial and
eukaryotic ferritins: 24 identical subunits assemble into a
shell having octahedral symmetry and a Mr of about
460 kDa. T. maritima ferritin (TmFtn), purified to homo-
geneity as a recombinant protein, contains approximately
2-3 iron atoms and can incorporate efficiently up to 3,500
atoms in the form of a ferric oxy-hydroxide mineral at
80°C, the optimal growth temperature of the bacterium.
The 24-mer unexpectedly dissociates reversibly into
dimers at low ionic strengths. In turn, dimers re-associate
into the native 24-mer assembly at high protein concen-
trations and upon incorporation of iron micelles containing
at least 500 Fe(IIl). TmFtn uses O, as efficient iron oxi-
dant. The reaction stoichiometry is 3—4 O,:Fe(Il) as in all
bacterial ferritins. Accordingly no H,O, is released into
solution, a feature reflected in the in vitro ability of TmFtn
to reduce significantly iron-mediated oxidative damage to
DNA at 80°C. A similar TmFtn-mediated ROS detoxifying
role likely occurs in the bacterium which lacks the SOD/
catalase defense systems of the aerobic world.
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Introduction

Ferritins are ubiquitous proteins that combat the potentially
adverse effects of iron in the presence of oxygen (Harrison
and Arosio 1996; Chiancone et al. 2004). Thus, Fe(II)
potentiates the non-enzymatic production of reactive oxy-
gen species (ROS) while Fe(IIl), the stable oxidation state,
forms at neutral pH values insoluble ferric hydroxide
polymers that decrease the bioavailability of this essential
metal. Both phenomena are prevented by ferritins whose
task is twofold: removal of free Fe(Il) from cytoplasm and
solubilization of Fe(III). Consequently, the highly con-
served ferritin structure is characterized by binuclear ferr-
oxidase centers, which ensure the catalyzed oxidation of
Fe(Il), and by a shell-like protein assembly that creates a
cavity where as many as 4000 iron atoms can be stored in
the form of ferric oxy-hydroxide micelles. Importantly,
ferritin iron can be released after reduction when the
metabolic needs of the organism so require and thus con-
tributes to maintain iron homeostasis (Theil 2004; Arosio
et al. 2009).

The ferritin oligomer consists of 24 identical or highly
similar subunits folded in four-helix bundles and related by
432 symmetry (Hempstead et al. 1994; Arosio and Levi
2002; Tatur et al. 2007) with the only known exception of
Archaeoglobus fulgidus ferritin endowed with 23 tetrahe-
dral symmetry (Johnson et al. 2005). In vertebrates, two
subunit types can be distinguished, the H-chains (21 kDa),
whose ferroxidase center is embedded in the four-helix
bundle of single subunits (Lawson et al. 1989), and the
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L-chains (20 kDa), which contain nucleation centers for
the iron micelles (Harrison and Arosio 1996). In all other
organisms the ferritin subunits are alike and of the H-type.
Bacteria may also contain the so-called bacterioferritin
containing 12 hemes bound at the interface of twofold
symmetry related subunits (Hempstead et al. 1994;
Andrews 1998) and of still undefined function (Carrondo
2003). The hydrophilic, negatively charged pores that tra-
verse the ferritin oligomer at the junction of threefold
symmetry related subunits represent an additional, typical,
functionally relevant feature (Yang et al. 2000). The neg-
ative electrostatic gradient thus produced attracts Fe(II) and
guides it toward the ferroxidase centers. Thereafter, Fe(IIl)
moves to the protein cavity where the iron core nucleates
and grows. In vitro, the catalyzed oxidation is complete
within seconds, while the hydrolysis-mineralization step,
which implies the turnover of metal at the ferroxidase
centers, requires minutes (Zhao et al. 2001, 2003).

In ferritins from higher Eukarya two limiting Fe*/O,
stoichiometries can be distinguished during the oxidation/
uptake process, namely

2Fe’" 4 0, + 6H,0 — 2Fe(OH), + H,0, + 4H" (1)
4Fe*™ + 0, 4 10H,0 — 4Fe(OH), +8H" (2)

At low iron loading levels, Fez+/02 values near 2.0 are
observed, indicative of H,O, formation according to
reaction (1). At high iron loading levels, values near 4.0
are measured that point to reduction of O, to H,O by
reaction (2). On these bases, reaction (1) was proposed to
occur at the ferroxidase centers of native ferritins and
of recombinant human H-chain ferritin (HFtHu), while
reaction (2) becomes increasingly important during
formation of the mineral core (Zhao et al. 2001, 2003).
Bacterial ferritins likewise use molecular oxygen to
oxidize iron. However, the iron oxidation stoichiometry
corresponds to 3—4 Fe(I[)/O, and entails the complete
reduction of O, to water (Treffry et al. 1998; Bunker et al.
2005). This peculiarity of the iron oxidation process, which
results in a significant, highly beneficial reduction in the
formation of reactive oxygen species, has been correlated
to the presence of a third iron-binding site close to the
ferroxidase center (Treffry et al. 1998).

Bacterial ferritins from extremophiles have received
relatively little attention. The X-ray crystal structures are
limited to the proteins from A. fulgidus (AfFtn; PDB ID:
1S3Q), a sulfate-reducing thermophilic anaerobe, Pyro-
coccus furiosus (PfFtn; PDB ID: 2JD6), a strict anaerobe
and hyperthermophilic archaeon, and Thermotoga mariti-
ma (TmFtn; PDB ID: 1VLG), a strict anaerobe, the first
known hyperthermophile of bacterial rather than of
archaeal origin (Tatur et al. 2007; Johnson et al. 2005;
Huber et al. 1986).
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T. maritima belongs to a slowly evolving lineage and
has an ancient phylogenetic position within the bacterial
kingdom, according to macromolecule-based phylogenetic
and whole genome-based analyses (Darimont and Sterner
1996; Fitz-Gibbon and House 1999; Nelson et al. 1999). It
is an organotrophic bacterium isolated originally from a
shallow, geothermally heated marine sediment in the island
of Vulcano, Italy. T. maritima grows optimally at 80-90°C
and at ~0.5 M salt, similar to the salt concentration of
seawater, its natural habitat (Huber et al. 1986). Recently,
several reports proposed that Thermotoga, though a strict
anaerobe, has to face temporary oxygen exposure in the hot
ecosystems it inhabits and, therefore, must be able to deal
with temporary oxidative conditions (Rusch et al. 2005;
Van Ooteghem et al. 2004; Eriksen et al. 2008). Another
likely problem T. maritima has to face is the high con-
centrations (UM to mM) of free ferrous iron that charac-
terize the geothermally heated marine sediment and might
enhance oxygen toxicity. As already mentioned, free Fe(Il)
potentiates the non-enzymatic ROS production through
several reactions which comprise the Fenton reaction
(Fe(Il) + H,0, — Fe(IIl) + OH + OH").

To protect themselves from oxygen toxicity, aerobic
organisms have developed specific mechanisms that
involve sets of enzymes with different specificities such as
superoxide dismutase (Ludwig et al. 1991), catalase
(Chance et al. 1979), and nonspecific peroxidases (Ludwig
et al. 1991; Ortiz de Montellano 1992). T. maritima, like
most anaerobes, does not contain catalase, SOD or perox-
idases. However, it can combat the damaging action of
ROS during the possible, temporary exposure to oxygen as
the genome contains genes coding for rubrerythrin,
believed to have a peroxidase-like function in other
anaerobic bacteria (Coulter et al. 1999), superoxide
reductase and a flavodiiron protein (Nelson et al. 1999).
The possible participation of ferritin in the defense strategy
against ROS is not only of interest per se, given the special
phylogenetic position of 7. maritima, but can provide new
insights into the cellular mechanisms used by the first
anaerobic forms of life to handle oxidative conditions.

These considerations prompted the present solution
study of T. maritima ferritin whose properties have never
been investigated, despite the availability of the X-ray
crystal structure. The protein, obtained in the recombinant
form in E. coli, is characterized by the reversible dissoci-
ation of the 24-mer into dimers at low ionic strengths. This
phenomenon does not occur in mammalian ferritins, whose
24-meric assemblage is highly stable (Harrison and Arosio
1996; Arosio et al. 2009), but takes place in Escherichia
coli bacterioferritin (Andrews et al. 1993). Interestingly,
iron oxidation/incorporation induces reassociation of
dimers into the canonical 24-mer at low ionic strengths,
while leading to formation of highly homogeneous iron
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oxide nanoparticles inside the protein cavity. Iron oxidation
at the ferroxidase centers takes place efficiently in the
presence of O, that is reduced directly to H,O without
intermediate H,O, formation. Further, in vitro TmFtn
inhibits the release of ROS into solution at 80°C in the
presence of H,O, and Fe(Il). On this basis it may be sur-
mised that, during the possible exposure of the bacterium
to oxygen, TmFtn plays a role in the protection of DNA
similarly to other members of the ferritin family, namely
the bacterial Dps (DNA-binding proteins from starved
cells) proteins (Zhao et al. 2002; Bellapadrona et al. 2010;
Chiancone and Ceci 2010).

Materials and methods
Cloning, overexpression and purification of TmFtn

The expression vector pET-11a containing the TmFtn gene
was purchased from GENEART AG (Germany). Gene
synthesis was performed using the TmFtn protein sequence
downloaded from the UniProt database (UniProt Consor-
tium 2010, http://www.uniprot.org) and taking into con-
sideration the codon-optimization for high level expression
in Escherichia coli. The plasmid was introduced into
E. coli BL21 (DE3) and sequenced by dideoxy sequencing
to confirm the presence of the correct gene. E. coli BL21
(DE3) cells harboring the recombinant TmFtn plasmid
were grown to ODgyo 0.6 at 37°C in 1 L of ampicillin-
containing liquid Luria—Bertani (LB) medium (10 g/L
tryptone, 5 g/ yeast extract, and 5 g/LL NaCl). Gene
expression was induced by addition of 0.5 mM isopropyl
thio-f-p-galactoside (IPTG) and the culture was incubated
further for 2-3 h. Cells were harvested by centrifugation
(15000g for 20 min) and suspended in 50 mM Tris—HCI
(pH 7.5), 0.5 mM dithiothreitol, 1 mM EDTA, and
500 mM NaCl and disrupted by sonication. The lysate was
centrifuged at 15000g for 40 min and the supernatant was
treated 30 min at 37°C with 0.1 mg/mL DNase (Sigma-
Aldrich) supplied with 5 mM MgCl,, heated to 90°C for
10 min, cooled on ice, and then centrifuged to remove
denatured proteins. The recovered supernatant was dia-
lyzed overnight against milli-Q water, sterile filtered and
stored at 4°C. The purity of all the preparations was
assessed using Coomassie brilliant blue staining of 15%
PAGE gels run in the presence of SDS. Moreover, the
UV/visible spectrum points to the absence of non-protein
contaminants. Protein concentration was determined spec-
trophotometrically at 280 nm using a molar extinction
coefficient of 29910 M~ cm™! (ProtParam software,
http://www.expasy.org). The iron content of the ferritin
samples was assessed by the modified ferrozine method
(Percival 1991) that entails reduction of Fe(Ill) by

mercaptoacetic acid and stabilization of the ferrozine—iron
complex at acid pH (Fluka).

Analysis of X-ray crystal structure

The amino acid sequence and three-dimensional structure
of TmFtn were obtained from the Protein Data Bank
(http://www.pdb.org/) (Berman et al. 2000). The structural
sequence of TmFtn was produced by SSM (http://www.
ebi.ac.uk/msd-srv/ssm/) (Krissinel and Henrick 2004).
Structure visualization and analyses were performed using
PyMol (Delano Scientific LLC, San Carlos, LA,
http://www.pymol.org).

Subunit association/dissociation processes

The state of association of TmFtn was determined by
means of size exclusion gel chromatography (SEC) and
analytical ultracentrifugation (AUC) experiments as a
function of ionic strength. TmFtn samples at 2 mg/mL
concentration were applied to a Superose 6 gel-filtration
column (GE Healthcare) connected to a GE Healthcare
FPLC system (UNICORN) and eluted at a flow rate of
0.5 mL/min at 25°C. The buffer used was 50 mM MOPS-
NaOH buffer at pH 7.5 unless otherwise stated. Horse
spleen ferritin (450 kDa), Listeria innocua Dps (215 kDa),
ovalbumin (43 kDa), and myoglobin (16.9 kDa) were run
independently under the same conditions to calibrate the
column (see inset of Fig. 2). Oligomerization state was
determined from the calculated molecular weight and the
predicted monomer molecular weight.

Sedimentation velocity study experiments were con-
ducted at 30000 rev/min and 20°C in a Beckman Optima
XL-I analytical ultracentrifuge equipped with absorbance
optics. Radial absorbance scans were obtained at 280 or
405 nm and at a spacing of 0.003 cm with three averages in
a continuous scan mode. Sedimentation coefficients were
calculated using the software Sedfit (provided by
Dr. P. Schuck, National Institutes of Health) and reduced to
water and 20°C (sp0y) using standard procedures after
calculation of the buffer density and viscosity by the
software Sednterp. Sedimentation coefficient distributions,
c(s), were obtained using the linear least-squares algorithm
(Is-g(s)) incorporated in Sedfit (version 8.3). The molecular
mass of the components was calculated assuming a spher-
ical shape and a partial specific volume of 0.736 mL/g.

Iron incorporation experiments
Iron incorporation experiments were carried out at 80°C on
2 mg/mL TmFtn samples in water at a constant pH of 7.0

maintained dynamically with 100 mM NaOH by means of
an automatic titrator (TITRINO, Metrohm AG). Solutions
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of FeSO, dissolved in 0.5 mM HCI were used as iron
source. Iron (3500 Fe(1I)/24-mer) was added to the TmFtn
solution aerobically under magnetic stirring by means of a
stepwise procedure that entailed successive additions of
100 Fe(II)/24-mer; the time interval between steps was
5 min. The reaction was complete 20 min after the last
Fe(Il) addition. The final solution was centrifuged at
26000g for 20 min, dialyzed overnight against 50 mM
MOPS-NaOH buffer at pH 7.5 and analyzed by SEC using
a Superose 6 gel-filtration column and by AUC.

Thermostability

Protein thermostability was assessed at 100°C by following
the circular dichroism signal at 222 nm to monitor the
thermal unfolding process. A Jasco J-715 spectropolarim-
eter was used; temperature was varied in steps of 1°C/min;
the protein, at 1 mg/mL in milli-Q water, was kept in
stoppered 0.1 cm quartz cells.

Oxygraphic measurements

Oxygen consumption assays were carried out in a gas-tight
vessel using Clark-type selective electrodes (Oxygraph-2K,
Oroboros Instruments, Innsbruck, Austria). A ferrous sul-
fate solution was added to 4 M recombinant TmFtn or to
recombinant human H-ferritin (HFtHu) to achieve a Fe(II)/
24-mer molar ratio of 24:1. At the end of the reaction, the
possible presence of H;O, was monitored by addition of
2 mg/mL bovine liver catalase (Sigma-Aldrich). Mea-
surements were performed at 25°C in air-equilibrated
20 mM MOPS, pH 7.0. The software DatLab 4.2 furnished
by the manufacturers was used for data acquisition and
analysis.

DNA protection assays

Two different in vitro assays were set up to assess DNA
protection from Fe(Il)-mediated oxidative damage. One
assay utilizes agarose gel electrophoresis (Zhao et al. 2002;
Ceci et al. 2003). In these experiments, the integrity of
20 nM supercoiled pET-11a DNA (5600 bp) was measured
at 85°C after exposure to a hydroxyl radicals generating
mixture of Fe(Il) and H,O,. The total reaction volume was
16 pL in 20 mM MOPS-NaOH, pH 7.0; 3 uM TmFtn or
bovine serum albumin (BSA) were mixed sequentially with
20 nM pET-11a, 144 uM FeSO4 in 0.5 mM HCI, and
1 mM H,0,. Thereafter, the reaction mixture was incu-
bated in 1% SDS at 100°C for 10 min. Plasmid DNA was
resolved by electrophoresis on 1% agarose gel in 0.04 M
TAE (Tris—Acetic acid-EDTA) buffer at pH 8.5. The gel
was stained with ethidium bromide and imaged using
ImageMaster VDS (Amersham Biosciences).
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The other assay evaluates the iron-dependent hydroxyl
radical formation according to the fluorimetric procedure
described by Halliwell and Gutteridge (1981) as modified
by Ceci et al. (2003). In brief, Fe(Il) salts in solution
generate hydroxyl radicals that degrade deoxyribose to a
malondialdehyde-like compound that forms a fluorescent
chromogen with thiobarbituric acid (TBA). The total
reaction volume (1.2 mL) contained (final concentrations):
potassium phosphate buffer (10 mM, pH 7.4), NaCl
(63 mM), deoxyribose (I mM) and 1 pM TmFtn or BSA.
The reaction was initiated by adding FeSO, (48 uM). After
incubation at 85°C for 10 min, TBA (1 mL at 1% w/v) plus
trichloracetic acid (1 mL at 2.8% w/v) were added.
Thereafter, the mixture was heated at 100°C for 10 min,
cooled, and the fluorescence emission of the chromogen
measured at 553 nm (Aex 532 nm) using a Fluoromax
fluorimeter (Spex Industry).

Results and discussion
Expression and purification of recombinant ferritin

The ferritin gene from 7. maritima was cloned and
expressed as authentic, functional protein in E. coli cells.
The overexpressed ferritin accounted for ~40% of the
total protein in the cell-free extract (not shown). The
stringent heating step at 90°C used for ferritin purification
was motivated by the hyperthermostability of 7. maritima,
which grows optimally at about 80°C (Huber et al. 1986).
The heating step produced pure protein, based on SDS gel
electrophoresis, at typical yields of around 200 mg/L of
E. coli culture. After purification, all the ferritin samples
had very low iron content (2-3 iron atoms per 24-mer) as
assessed by the ferrozine assay (Percival 1991).

Quaternary structure

In the X-ray crystal structure (PDB ID: 1VLG), T. mari-
tima ferritin displays the canonical quasi-spherical, shell-
like assembly with 432 point-group symmetry, formed by
24 identical, 4-helix bundle subunits and traversed by small
pores at the 3- and 4-fold symmetry axes (Fig. 1).
Hydrophilic, negatively charged residues line the pore
entry and create the characteristic negative electrostatic
gradient used to guide Fe(II) toward the ferroxidase cen-
ters. These possess the iron ligands pertaining to the
canonical bi-nuclear ferroxidase centers (Fig. 1), namely
E19, E52, H55, E96 and E132, and those creating the
additional iron-binding site in its vicinity that is charac-
teristic of bacterial ferritins, namely ES51, E128 and E131
as well as E132 (Johnson et al. 2005; Stillman et al. 2001).
This particular arrangement of iron ligands provides the
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Fig. 1 Structure and sequence
of T. maritima ferritin. a view of
TmFtn, a hollow spherical
protein composed of 24 subunits,
along a threefold symmetry axis.
The subunits are shown in
different colors. In the blow-up,
the electrostatic potential surface
brings out the negatively charged
iron entry into the protein cavity.
Red indicates negative charges,
blue positive charges, and white
neutral charges. b the structure-
based sequence of TmFtn.
a-helices A—E are represented as
colored rectangles. Iron-binding
residues at the ferroxidase center
and the nearby third iron-binding
site are indicated by black
triangles. ¢ a schematic
representation of the monomer
structure showing the four
antiparallel helices, the iron-

binding residues at the A ki e W
ferroxidase center and the nearby
third iron-binding site. The figure wr

was obtained with Pymol (color

figure online)

molecular basis for the capacity of bacterial ferritins to
reduce O, directly to H,O without intermediate H,O,
production. In the known ferritin X-ray structures the
occupancy of these three sites with iron varies. Thus,
E. coli FtnA (Stillman et al. 2001) and A. fulgidus ferritin
(Johnson et al. 2005) contain one iron in each of the three
sites; Campylobacter jejuni ferritin contains two water
molecules in place of the iron atoms in the canonical
ferroxidase center; TmFtn contains one iron and a water
molecule. Based on the conservation of the metal ligands at
all three iron-binding sites, TmFtn is expected to oxidize/
incorporate iron efficiently like the other bacterial ferritins.

To establish whether the 24-meric assembly is stable in
solution, size exclusion gel chromatography (SEC) and
analytical ultracentrifugation (AUC) experiments were
carried out on the apoprotein under different experimental
conditions (Fig. 2; Table 1). The elution profiles display
two components (Fig. 2) of about 38 and 440 kDa, two
values that match those calculated for dimers and 24-mers
from the amino acid composition, respectively 36.0 and
430.0 kDa. This close correspondence indicates that dis-
sociation intermediates are not present to a significant
extent. The relative amounts of dimers and 24-mers,
obtained by integration of the respective areas using the
software Origin 7.5 (Originlab Corporation), have a
marked dependence on experimental conditions. Thus,
apo-TmFtn exists largely as dimers at the cytoplasmic ionic
strengths of moderately halophilic bacteria (Brown 1964)

mHYISEEVYEEALNDQGLERETD
W EFECFANVMEEQAQGEELTANAMKEFTEYITERNQES -AYE N
s
IKDAFEAALENEETFVYTORIT NI W6
a
LELAFEEKONATYFFLEMFYOEQYEEEOQYRETILOL W2

M) LEKANSOMEVIFOLARYLGORE "

YEITLYLIMATTYFOAE

15 16 17 18 19 20
elution volume (i)

mAUZaUnm

volume (ml)

Fig. 2 Association state of apo-TmFtn. Gel-filtration elution profiles
of dimeric and 24-meric species. Samples were in 50 mM MOPS-
NaOH buffer at pH 7.5 (dotted line) or the same buffer supplemented
with 0.2 M NaCl (solid line). TmFtn elutes as a dimer (17.8 mL;
M, ~ 38 kDa) and as a 24-mer (14.5 mL; M,, ~ 440 kDa). The
inset shows the calibration curve of the Superose 6 column

and in water, as established also in sedimentation velocity
experiments at low protein concentrations.

Several observations demonstrate that the subunit asso-
ciation—dissociation process is reversible. Firstly, the
amount of dimers decreases when the initial protein con-
centration increases from 2 to 20 mg/mL (Table 1). Fur-
ther, the reversibility of the ionic strength effect is proven
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Table 1 Effect of different solution conditions on the association state of 7. maritima ferritin

Conditions Method* Dimer (%) 24-mer (%) Dimer of 24-mer (%)
H,04q AUC 98 + 1.8 2+138

50 mM MOPS AUC, SEC 89 £+ 2.1 11 £ 2.1

50 mM MOPS" SEC 78 £ 1.5 22+ 1.5

50 mM MOPS, 0.2 M NaCl AUC, SEC 41 £ 4.5 58 £ 4.5 1

H,044, AUC, SEC 97 + 1.6 3+1.6

14 mM Fe(Il)
(3500 Fe(IT)/24-mer)

* The association state was evaluated using analytical ultracentrifugation (AUC) and size exclusion gel chromatography (SEC) techniques (see
“Materials and methods” for details). The experiments were carried out on three different protein preparations and are reported as mean and
standard deviation. Protein concentration was 2 mg/mL in SEC and 0.4 mg/mL in AUC experiments

" Protein concentration: 20 mg/mL

by the fact that the 24-mer, isolated after SEC at high ionic
strength, dissociates into dimers after dialysis at low ionic
strengths (not shown). As mentioned above, E. coli Bfn
(EcBfn) dissociates into dimers to very much the same
extent as TmFtn at pH values around neutrality and 0.15 M
NaCl (see Fig. 3 of Andrews et al. 1993); however, the
effect of ionic strength and protein concentration on the
dissociation process was not studied.

The stability of TmFtn was evaluated also as a function
of temperature by monitoring the CD signal in the far-UV
CD region (at 220 nm) in water, a condition where only
dimers are present in solution at room temperature
(Table 1). The constancy of the CD signal even at 100°C
points to the absence of a transition from the native to the
denatured state and proves the extremely high temperature
stability of protein dimers, the building blocks of the fully
assembled structure (data not shown).

Iron incorporation experiments

The addition of Fe(Il) to apo-TmFtn (3500 atoms/24-mer)
was carried out in water at a constant pH of 7.0 and 80°C
(see “Materials and methods” for details) to investigate
whether the iron incorporation process alters the relative
proportion of dimers and 24-mers in solution. Iron incor-
poration results in the formation of an orange colored
solution containing, respectively, >95% or 90% of the
initial protein. Accordingly, there was no or little precipi-
tate after centrifugation of the solution at the end of the
reaction, while bulk precipitation of iron hydroxide poly-
mers occurs in control reactions run in the absence of
protein. The formation of protein-enclosed iron nanopar-
ticles was established experimentally by means of SEC
experiments. The TmFtn samples were dialyzed versus
50 mM MOPS-NaOH, pH 7.5 and were loaded on a Su-
perose 6 column for analysis. Over 90% of the protein is
characterized by the same elution volume of the apo-pro-
tein 24-mer (data not shown). Importantly, the same pattern
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Fig. 3 Gel filtration chromatography and analytical ultracentrifugation
of iron-containing TmFtn. a Gel-filtration elution profile of TmFtn after
oxidation/incorporation of 3500 iron atoms/24-mer in water. b Sedi-
mentation coefficient distributions of apoTmFtn before (dashed line)
and after incorporation of 3500 Fe atoms/24-mer in water (solid line)

is obtained at 405 nm, where solely the iron cluster absorbs
(Fig. 3a) and at 280 nm, where the protein moiety con-
tributes to the absorbance, proving the composite nature of
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the material. The amount of iron in the major peak of the
iron-incorporated TmFtn samples was estimated to be 3450
atoms/24-mer, on the basis of the ferrozine assay (Percival
1991) and of quantitative protein assays (Ceci et al. 2010),
an indication that essentially all the added iron participates
in the formation of protein-enclosed oxide nanoparticles.
Analytical ultracentrifugation was used to assess their
molecular mass distribution. The sedimentation velocity
(Fig. 3b) of the TmFtn sample incorporated in water (50 S)
is in good agreement with the estimated s, value of a
ferritin molecule containing ~3500 Fe atoms/24-mer
(May et al. 2010). It is worth highlighting that the ferric
nanoparticles are characterized by a relatively small degree
of polydispersity even though the starting solution con-
tained mainly TmFtn dimers. This fact lends itself to be
exploited in the nano-biotechnological area given the well-
known strong dependence of the properties of nanoparticles
on their size and homogeneity.

To our knowledge, a role of iron micelles in the sta-
bilization of the ferritin assemblage has never been
observed in canonical ferritins, with the only exception of
the unusual A. fulgidus protein after incorporation of 500
Fe/24-mer (Johnson et al. 2005).

Oxygraphic measurements

The iron oxidation reaction was characterized further in
oxygraphic experiments to establish the stoichiometry and
the possible presence of H,O, in solution at the end of the
reaction. Solutions of Fe(Il) were added to 4 uM TmFtn or
HFtHu to achieve a molar ratio of 24 Fe atoms/24-mer and
oxygen consumption was measured. The addition of Fe(II)
results in fast oxygen consumption according to O,:Fe(Il)
molar ratios of 1:3 in TmFtn and 1:2 in HFtHu (Fig. 4).
The significance of this difference is proven by the addition
of catalase at the end of the reaction. Catalase does not
cause O, formation in the presence of TmFtn indicating
that H,O, is not released into solution. In contrast, catalase
leads to O, formation in the presence of HFtHu, where the
ferroxidation reaction is known to result in the quantitative
production of H,O, according to reaction (1). In this con-
nection it should be mentioned that TmFtn can use H,O, as
well as molecular oxygen to oxidize Fe(Il) like the other
bacterial ferritins (Bunker et al. 2005) and Dps proteins
(Zhao et al. 2002).

These findings show that TmFtn reduces O, directly to
H,O without intermediate H,O, formation, in accordance
with the foreseen existence of a third Fe binding site close
to the ferroxidase center as in all known bacterial ferritins.
On this basis, TmFtn might prevent formation of reactive
oxygen species. To test this hypothesis, the ability of
TmFtn to prevent DNA cleavage mediated by hydroxyl
radicals was determined by means of in vitro assays.

250
240+
230+

220 4

O, concentration [nmol/mi]

210+

200 ——

time [min]

Fig. 4 Oxygen consumption during Fe(Il) oxidation in the presence
of TmFtn or recombinant human H-ferritin (HFtHu). A solution of
Fe(Il) was added (at 80 s) to 4 uM TmFtn (dotted line) or HFtHu
(solid line) at a molar ratio of 24 Fe(I)/24-mer. Buffer: 20 mM
MOPS-NaOH pH 7.0, at 25°C. The addition of Fe(II) to both TmFtn
and HFtHu results in fast oxygen consumption according to the
0,:Fe(Il) molar ratios of 1:3 or 1:2, respectively. The subsequent
addition of catalase (arrows) results in oxygen production only in the
case of HFtHu

ROS formation assays

In one type of assay, plasmid pET-11a DNA in 20 mM
MOPS-NaOH, pH 7.0 was exposed to hydroxyl radicals
formed via Fenton chemistry by the combined effect of
H>O, and Fe(Il) in a molar ratio of 48 atoms/24-mer.
Plasmid DNA alone is fully degraded as shown by com-
parison of lanes 1 and 3 in Fig. 4. In the presence of TmFtn
hydroxyl radicals are not formed and efficient DNA pro-
tection is achieved, as indicated by the essentially unaltered
pattern of the plasmid bands (Fig. 4, lanes 1 and 2). In
contrast, BSA used as control does not afford protection
and DNA is degraded entirely (Fig. 4, lane 4).

In the other type of experiment, the capacity of TmFtn and
BSA to inhibit the Fe(IT)-dependent hydroxyl radical forma-
tion was investigated using the fluorimetric assay described
under “Materials and methods” (Ceci et al. 2003). The pres-
ence of TmFtn prevents hydroxyl radical formation efficiently
since the extent of inhibition was 79 & 3%. In contrast, BSA
has practically no inhibitory effect (5 = 4% inhibition).

These results substantiate the oxygraphic data and point
to a potential role of TmFtn in the protection of the bac-
terium under the conditions of temporary oxidative stress it
may encounter (Fig. 5).

Conclusions

The association—dissociation behavior and functional prop-
erties of recombinant ferritin from the hyperthermophilic

@ Springer
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Fig. 5 ROS formation in the presence of TmFtn as monitored in a
DNA protection assay. Lane 1, plasmid DNA; lane 2, plasmid DNA
with 1 mM H,0,, 144 uM Fe(Il) and 3 pM TmFtn; lane 3, plasmid
DNA with 1 mM H,0,, 144 uM Fe(ll); lane 4, plasmid DNA with
1 mM H,0,, 50 pM Fe(Il) and 3 uM BSA. Conditions: agarose gel
(1%) in 0.04 M TAE (Tris—Acetic acid-EDTA) buffer at pH 8.5

obligate anaerobe 7. maritima are of interest from several
perspectives. The reversible dissociation of the TmFtn
24-mer into dimers at low ionic strengths, and the obser-
vation that subunit re-association is promoted by formation
of iron micelles in the internal cavity provide insight
into structure—function relationships within the ferritin
family and in addition lend themselves to be exploited
in the production of nano-sized material for chemical,
physical and biomedical applications, an area of active
research (Uchida et al. 2008; Kasyutich et al. 2008, 2010;
Ueno et al. 2004; Turyanska et al. 2009; Prastaro et al.
2009).

Among the family members, to date only E. coli
bacterioferritin has been shown to dissociate under quasi-
physiological conditions. In terms of function, the
efficiency of iron oxidation/uptake at 80°C and the char-
acteristics of the ferroxidation reaction, which takes place
without the intermediate production of H,O,, are of value
in connection with the mechanisms used by the first
anaerobic forms of life, which possess rubrerythrin, but
lack the catalase/SOD systems, to combat oxidative stress
during temporary exposure to oxygen.
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