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Background: Ferritins are ubiquitous and well-characterized iron storage and detoxification proteins. In
bacteria and plants, ferritins are homopolymers composed of H-type subunits, while in vertebrates, they
typically consist of 24 similar subunits of two types, H and L. The H-subunit is responsible for the rapid
oxidation of Fe(II) to Fe(Ill) at a dinuclear center, whereas the L-subunit appears to help iron clearance from
the ferroxidase center of the H-subunit and support iron nucleation and mineralization.

Scope of review: Despite their overall similar structures, ferritins from different origins markedly differ in their
iron binding, oxidation, detoxification, and mineralization properties. This chapter provides a brief overview of
the structure and function of ferritin, reviews our current knowledge of the process of iron uptake and mineral
core formation, and highlights the similarities and differences of the iron oxidation and hydrolysis chemistry in a
number of ferritins including those from archaea, bacteria, amphibians, and animals.

General Significance: Prokaryotic ferritins and ferritin-like proteins (Dps) appear to preferentially use H,O, over
0, as the iron oxidant during ferritin core formation. While the product of iron oxidation at the ferroxidase
centers of these and other ferritins is labile and is retained inside the protein cavity, the iron complex in the di-iron
cofactor proteins is stable and remains at the catalytic site. Differences in the identity and affinity of the
ferroxidase center ligands to iron have been suggested to influence the distinct reaction pathways in ferritins and
the di-iron cofactor enzymes.

Major conclusions: The ferritin 3-fold channels are shown to be flexible structures that allow the entry and exit of
different ions and molecules through the protein shell. The H- and L-subunits are shown to have complementary
roles iniron oxidation and mineralization, and hydrogen peroxide appears to be a by-product of oxygen reduction
at the FC of most ferritins. The di-iron(IIl) complex at the FC of some ferritins acts as a stable cofactor during iron
oxidation rather than a catalytic center where Fe(Il) is oxidized at the FC followed by its translocation to the

protein cavity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Iron is the most abundant transition metal on Earth and an essential
element for many forms of life. It is found in the active sites of many
enzymes and oxygen carrier proteins and is an important component of
many cellular processes including respiration, electron transfer reactions,
energy metabolism, DNA synthesis, and gene regulation. At physiological
conditions, free iron exists primarily in one of two oxidation states, the
relatively soluble ferrous (Fe?™) state and the very insoluble ferric (Fe*™)
state with the solubility of the two ions being ~ 10~! and 10~ '8 M,
respectively. The physiological ferric ion concentration is far too low to
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support the growth of aerobic microorganisms that have developed
various strategies to overcome this limitation.

Moreover, the large variability in redox potential contributes
significantly to the role of iron as an essential biological metal. The
biological use of iron is thus limited by its low solubility and its
propensity to participate in harmful free radical reactions. Conse-
quently, living organisms were compelled to adopt efficient iron
transport and storage mechanisms to obtain and safely balance the
deleterious and beneficial effects of iron. For example, in bacteria and
fungi, iron is mainly acquired by small organic molecules called
“siderophores” that have a very high affinity for Fe(IIl) [1-3]. In plants,
at least two strategies to acquire iron from the soil have evolved based
on either reducing (i.e., ferric-chelate reductase) or chelating (i.e.,
siderophores) iron [4]. In animals, iron is mainly acquired from food
with good to limited bioavailability depending on the source (i.e., iron
is readily absorbed from red meat but has limited bioavailability in
plants because of the presence of phosphates, phytates, and
polyphenols that inhibit absorption by formation of insoluble
complexes) and is transported and stored by a number of key
proteins via a complex but fairly well-understood mechanism [5].
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The wide range of the Fe?™/Fe3" redox potential (from approx-
imately —500 to +600 mV depending on the iron ligands and
environment) and the facile ability of iron to gain and lose electrons
allows it to participate in a wide variety of oxidation-reduction
reactions [6] but at the same time underlies its toxicity. The one-
electron reduction of dioxygen by Fe?™ results in the formation of
superoxide radical O3, which can accept another electron and two
protons to produce hydrogen peroxide, H,0,. Superoxide and
hydrogen peroxide are the by-products of incomplete O, reduction,
and their balance is regulated by the enzyme superoxide dismutase:

20, 4+ 2H —H,0, + 0,

On the other hand, ferrous ions can react with hydrogen peroxide
to generate the very reactive and damaging hydroxyl radical species
(*OH) via Fenton reaction while superoxide radical (O57) can reduce
ferric iron to ferrous ions [7]:

Fe’" + H,0,—Fe’" + OH™ + OH(Fenton)
0, +Fe"—0, + Fe*"

The sum of these two reactions produces hydroxyl anion, hydroxyl
radical and O, and is known as the Haber-Weiss reaction that only
manifests in the presence of catalytic amounts of a redox metal such
as iron:

H,0, + 0,,~ S50H™ + "OH + O,(Haber—Weiss)

One of the means to protect cells from the potentially toxic effects of
free iron and radical chemistry is ferritin, a ubiquitous iron storage and
detoxification protein [1,8-11]. Ferritins are a family of natural, highly
conserved supramolecular nanostructures designed to sequester
thousands of iron atoms in a mineralized and biologically available
form for later use in heme and nonheme iron proteins and in
biochemical reactions. The increased sensitivity to oxidative stress and
the lethal effect on embryonic growth following deletion of the ferritin
genes emphasize the importance of these proteins in early life
development [12-16]. Another important property of ferritin and
ferritin-like protein (also called Dps, DNA binding proteins from starved
cell) is the protection of DNA from oxidative damage and organism
nutritional deprivation and stress [17-21]. In this chapter, we will
discuss our current knowledge of the process of iron uptake and
accumulation in ferritin and review the chemistry of iron oxidation and
deposition in a number of archaeal, bacterial, amphibian, and animal
ferritins from a mechanistic and stoichiometric standpoint. Plant
ferritins and the mechanism of iron release and the movement of iron
and other ions through the ferritin shell are the subjects of separate
chapters in this special issue and will not be discussed here.

2. Ferritin structural overview
2.1. Ferritins in mammals

Ferritins are composed of a protein shell surrounding a cavity where
up to 4500 iron atoms can be accommodated as a macroinorganic iron
complex. They have a unique molecular architecture typically composed
of 24 structurally similar or identical subunits. Their main function is to
detoxify and store cellular iron by coupling iron and oxygen (or
hydrogen peroxide) to form a stable but biologically available ferric
oxide mineral at nonreactive sites inside the ferritin cavity.

Extensive and important helix-helix interactions occur between
ferritin subunits and loops resulting in unusually high protein stability
(i.e., up to 80 °C and to 6 M guanidine at neutral pH). Despite this web of

inter- and intrasubunits interactions, the protein maintains a flexible and
dynamic structure that controls the flow of iron, oxidants, reductants,
chelators, and small ligands and molecules in and out of its shell [22].
Unlike bacterial, fish, and amphibian ferritins, mammalian ferritins
(with the exception of mitochondrial and serum ferritin) consist of
two functionally and genetically distinct subunit types, H (heavy,
~21,000 kDa) and L (light, ~19,000 kDa) subunits. These two subunits
coassemble in various ratios with a tissue-specific distribution to
form a shell-like structure with 4/3/2 octahedral symmetry [1,8-11].
The H-subunit has a dinuclear iron center consisting of A and B binding
sites (Fig. 1) where the fast conversion of Fe(II) to Fe(III) by dioxygen (or
hydrogen peroxide) occurs, whereas the L-subunit is thought to
contribute to the nucleation of the iron core and thus stores iron at a
lower rate compared to the H-subunit [1,8-11,23]. The distribution of the
H/L subunit ratio is tissue specific where up to 70% H subunits can be
found in tissues exhibiting high ferroxidation activity (i.e., heart and
brain) and up to 90% L subunits are found in tissues having mainly a
storage function and much less iron oxidation activities (i.e., spleen and
liver) [8,10]. More specifically, isoferritins from the following tissues are
composed of these H to L ratios: human placenta (~20% H, 80% L), human
spleen (~10% H, 90% L), human liver (~50% H, 50% L), human heart
(~90% H, 10% L), human serum (~0% H, 100% L), horse spleen (~8% H,
92% L), and rat liver (~35% H, 65% L) [8,24]. Exclusively homopolymer
ferritins (i.e., H-type in bacterial ferritins, mammalian mitochondrial
ferritins, and M-type in fish and amphibian ferritins) seem to be able to
carry out both reactions of iron oxidation and iron mineralization [25-27].

2.2. Ferritins and ferritin-like proteins in bacteria

In bacteria, there are at least three types of iron storage proteins: the
archetypal ferritins, the heme-containing bacterioferritins, and the Dps
proteins [6]. The archetypal ferritins are similar to those found in
eukaryotes and are composed of the typical but identical 24 homopol-
ymer H-type subunits. The bacterioferritins are found only in eubacteria
and consist of 24 identical H-subunits and up to 12 protoporphyrin IX
heme groups of unknown function [28,29]. In Escherichia coli, these
latter bind covalently between 2-fold symmetry-related subunits and
are ligated by methionines Met-52 and Met-52".

The Dps proteins are present only in prokaryotes and are smaller
compared to ferritin (i.e., ~250 kDa vs. ~500 kDa). They consist of only
12 similar subunits organized in 3/2 octahedral symmetry and can
accumulate just ~500 iron atoms per protein shell [30]. Interestingly, all
three protein types can exist in the same bacterium but bind and oxidize
iron quite differently. In the 24-mer proteins, the ferroxidation reaction
takes place at conserved amino acid residues located within the H-
subunit, whereas iron oxidation in Dps occurs at sites located at the 2-
fold interface between the two subunits [30]. Each ferritin subunit is
folded into four a-helix bundles (helices A-D) with helices B and C
connected by a loop L that traverses the length of the bundle and a short
fifth helix E (Fig. 1) that ends at the C-terminal [1,8-11]. Plant and
animal ferritins share a high amino acid sequence homology and a very
similar 3D structure with, however, two major differences that are
related to localization and expression. Firstly, animal ferritins are
localized in the cytoplasm of cells whereas plant ferritins are found in
the plastids, a family of specific plant organelles responsible for the
proper functioning of the plant (refer to the chapters by Zhao and by
Briat et al. in this special BBA issue). Secondly, animal ferritins are
mainly expressed and regulated at the translational level, whereas plant
ferritins are regulated at the transcriptional level [4].

3. Ferritin channels
3.1. Vertebrate channels

In most species, the assembled 24 subunits in ferritin are tightly
packed together leaving eight narrow hydrophilic channels around
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Fig. 1. Schematic view of the di-iron ferroxidase center on the four-helix of the H-chain ferritin (left panel). Dinuclear ferroxidase center diagram (right panel) showing residues

from the Tb-derivative X-ray structure of ferritin.
Adapted from Bou-Abdallah et al. [35] and Toussaint et al. [89].

the 3-fold axes and six hydrophobic channels around the 4-fold axes
(Figs. 2b and a, respectively) both about 4 A wide in diameter [8-11].
Most data indicate that iron enters and exits the cavity of animal
ferritins via the eight hydrophilic 3-fold channels [31-35], while the
hydrophobic channels are thought to be involved in diffusion of
oxygen and hydrogen peroxide [22,36], although long-range electron
tunneling mediated by aromatic groups within the protein shell has
been suggested [37]. Recent calculations of electrostatic potentials,
molecular diffusion, and thermodynamic and kinetics measurements
of animal ferritin reinforced this proposal and illustrated the
permeability of the protein's 3-fold channels to small ligands and
molecules [32,36,38-40]. Alterations of the conserved amino acid
residues that line these channels (aspartate and glutamate residues)
decreased the capacity of H-chain ferritins to bind and oxidize Fe(II).
Inhibition kinetics experiments employing Zn(Il) and Th(III) as probes
of Fe(Il) oxidation indicated that the mechanism of inhibition occurs
through blocking the passage of Fe(Il) to the ferroxidase center,
suggesting that the 3-fold channels are the main pathway of iron(II)
entry in ferritin [31]. Binding experiments using Mn(II), VO(IV), Cd
(I1), Zn(I1), and Th(IIT) have shown that these metal ions compete with
Fe(Il) and Fe(Ill) and with one another, implying the existence of
common binding sites for all these metal ions on the protein.
Observed binding stoichiometries in conjunction with X-ray crystal-
lography, Méssbauer, and EPR spectroscopy suggest several types of
binding sites, at least one of which is located inside the 3-fold
channels. Other classes of binding sites involving the ferroxidation
and nucleation sites, the external surface of the apoprotein, residues
such as His118, His128, Cys130, and other carboxyl groups within the
protein shell, have also been identified and proposed as loci for metal
ion binding [31, and references therein]. Fig. 3 illustrates the putative
pathway into the protein via the 3-fold channel where residues
Thr135, His136, and Tyr137 are proposed to be involved in guiding
iron from the inner opening of the channel to the ferroxidase centers
of the protein.

A recent investigation of the kinetics and pathways of Fe(Il) and O,
diffusion into human ferritin (HuHF) indicated that Fe(Il) diffusion
from the outside of the protein to the ferroxidase centers exhibited a
half life of about 3 ms and involved a facilitated diffusion process [35].
The eight 3-fold hydrophilic channels were demonstrated to be the
only avenues for rapid Fe(II) access to the ferroxidase center, whereas
0, diffusion kinetics were too fast to be followed [35]. Other small
molecules such as reductants/oxidants and iron chelators can also
enter and leave the ferritin shell during the processes of iron

deposition and release (see the chapter by Watt et al. in this special
BBA issue). Interestingly, modification of the region around the 3-fold
channels (i.e., site-directed modifications of amino acid residues,
chaotropic agents, and specific binding of small peptides) has been
shown to have a significant positive effect on the rates of iron release
from ferritin, suggesting an important role of these channels in
modulating ferritin iron entry and exit [40-42].

3.2. Invertebrate channels

Unlike vertebrate ferritins, the 3-fold channels in the heme
(EcBFR) and nonheme (EcFtnA) ferritins from E. coli [43,44], the
bacterioferritin from Azotobacter vinelandii [45,46] and the archaeal
hyperthermophile and anaerobes Pyrococcus furiosus, PfFtn [47], and
Archaeoglobus fulgidus, AfFtn [48], are less hydrophilic, while the 4-
fold channels are more polar and a likely route of iron entry and
release. Because of the alternating distribution of positively and
negatively charged residues along the 3-fold and 4-fold channels,
molecular surface and electrostatic potentials calculations suggested
that iron might gain access to the inside of the bacterioferritin from
Desulfovibrio desulfuricans (DdBF) by other channels located in
between the 3- and 4-fold channels [49,50].

4. Ferritin ferroxidase centers

As mentioned earlier, the catalytic activity of ferritin is associated
with the presence of a dinuclear A and B metal-binding site in each H or
H-type subunits but not in the L-subunits [8,9,11,35]. This di-iron center
called the “ferroxidase center” plays a critical role particularly during the
early stages of iron oxidation and mineralization in ferritin (Table 1). It
has been shown that the H- and L-subunits have complementary roles in
iron oxidation and mineralization with maximum activity observed at a
30% H-subunit content (i.e., ~7 H and 17 L) [51,52]. The presence of a
small number of L-subunits per ferritin molecule appears to modulate
the ferroxidase activity of the H-subunits by accelerating iron trans-
location from the di-iron center into the cavity. Substitution of key
residues at the dinuclear center leads to a great reduction of ferroxidase
activity [51,53]. Interestingly, the ferroxidase centers of the handful of
bacterial ferritins examined thus far (P. furiosus [47], A. fulgidus [48], and
E. coli [44]) include a third iron-binding/ oxidation site called the “C-site”
that is somewhat unique to these proteins (Scheme I). The exact role of
this third C-site remains unknown, although a recent study suggested a
possible function in shuttling electrons to a stable di-iron ferroxidase
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Fig. 2. Full ferritin shell (left panel) and expanded views (right panel) of three channel types: (A) 4-fold, (B) 3-fold, and (C) 2-fold channels with key residues indicated. The rotation
symmetry related subunits is highlighted in blue in the left panels.
Adapted from Bou-Abdallah et al. [35].
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Fig. 3. Internal view of the three-fold channel of ferritin (left panel). The right panel shows a putative Fe(II) pathway from the three-fold channel to the ferroxidase center of the protein.

Adapted from Bou-Abdallah et al. [35].

center [54]. As discussed in detail below, the latter acts as a stable
catalytic center for the oxidation of incoming Fe(II) and their subsequent
transfer to the protein's cavity to further build the iron core. The low
occupancy of iron at the dinuclear ferroxidase centers of some of these
ferritins as seen in the X-ray structures and the movement of conserved
amino acid residues were explained in terms of a dynamic migration
mechanism of iron from these sites to the inner cavity of the protein to
form the mineral core. A detailed analysis and comparison of the X-ray
structures of the di-iron ferroxidase centers of a number of ferritins, the
overall subunit structure, and the subunit-subunit interactions is
covered in a separate chapter of this special issue by Crichton et al.

5. Iron(II) oxidation at the dinuclear centers of ferritin: The role of
the H-chain

A large number of in vitro studies have been carried out in the past
three decades in an effort to understand the mechanism of iron
oxidation and deposition in ferritins. The overall and generally accepted
multistep mechanism involves the binding of ferrous ions at the protein
catalytic sites followed by oxidation and movement of the resulting
ferric ions into the protein cavity where a stable nucleus of crystalline
mineral (ferrihydrite) starts to form. The growing mineral core then
provides additional nucleation sites onto which incoming Fe(Il) can be
further deposited and oxidized. Under conditions of low iron fluxes (i.e.,
<48 Fe atoms/molecule, an amount required to saturate the 24 di-iron
centers on each ferritin molecule), the protein catalytically oxidizes all
48 Fe(II) at these centers and virtually nothing reaches the cavity at this
first stage of iron oxidation. As more and more iron enters the protein
and once a mineral core is formed, another mechanism involving
oxidation on the surface of a growing mineral occurs.

Because conserved amino acid residues at either the A or the B
sites are critical for rapid iron binding and oxidation, a recent study
showed that it is possible to reconstitute a dinuclear ferroxidase
center in the inactive L-chain ferritin and obtain a protein with
varying degrees of iron oxidative activity depending on the identity of
the amino acids at these sites [22]. Ferritins with a reconstituted site A
alone had no ferroxidase activity, whereas ferritins with both A and B
sites showed equivalent catalytic activity to wild type ferritins. Earlier

kinetics and thermodynamic measurements of Fe(Il) binding and
oxidation in human and bacterial ferritins showed a preferred order of
binding where Fe(Il) binds first at site A and then at site B followed by
dioxygen binding to site B and the formation of the first detectable p-
1,2-peroxodi-Fe(IlI) intermediate [32,55]. The weaker B site in ferritin
is probably why differences have been observed in iron reaction
intermediates between ferritins and di-iron carboxylate oxygenases
(i.e., alabile peroxo/oxo/hydroxo di-iron(Ill) in ferritin versus a stable
di-iron cofactor in oxygenases), although the effect of second shell
amino acids in modulating the chemistry of iron oxidation at the
dinuclear ferroxidase center is not ruled out. A recent study employ-
ing M-chain ferritin reported evidence for a model of concerted
binding of two Fe(II) at the active site independent of the levels of iron
loading. Such a discrepancy could be accounted for by the presence of
different amino acid residues at the ferroxidase centers of the two
proteins (i.e., a nonbinding alanine residue at site B of H-chain ferritin
compared to a binding aspartate residue in M-chain ferritin). A -
peroxo di-iron(Ill) intermediate is observed in some but not all
ferritins despite the high degree of similarities in their amino acid
sequences and their highly conserved structures and ferroxidase site
residues (Table 1). The blue peroxo intermediate (Amax~650 nm) has
not been observed in EcBFR and the H-chain from recombinant frog
ferritin [56,57], whereas in HuHF, HoSF, M-chain from recombinant
frog ferritin, EcFtnA, and MtF, the blue complex has been readily
detected by stopped-flow spectrophotometry [26,27,57-60]. In
addition, the H,0, that is produced at the dinuclear ferroxidase
centers is used differently by these ferritins; ECBFR quickly consumes
one H,0, to oxidize two Fe(II) at a second di-iron site [61], whereas
in other ferritins, it accumulates to measurable amounts in solution
[57-63]. In HuHF, two Fe(Il) ions are oxidized by one H;0,, a
stoichiometry that helps avoid the generation of hydroxyl radicals,
whereas MtF lacks this Fe?™ + H,0, detoxification property [26,53]. In
ferritins where Fe(II) oxidation by O, produces a peroxo complex, the
intermediate quickly decays to the more stable p-oxo diferric complex
with the concurrent release of H,O, in solution (Scheme II). The
resulting oxo/hydroxo ferric iron slowly translocates to the interior
cavity of the protein where it is stored as a mineral resembling
ferrihydrite in animals or as a ferric phosphate in bacteria [64].



724 F. Bou-Abdallah / Biochimica et Biophysica Acta 1800 (2010) 719-731
Table 1
Representative ferritin types and their iron oxidation properties.
Ferritin name Subunit Preferred oxidant Fe(II)/0,* A and B ferroxidase site Peroxo complex Ferroxidase activity/ References
composition ligands observed iron turnover
HuHF: Human H-chain 24 H-subunits 0, and H,0, 2-4 E27, E62, H65, E107, Q141  Yes Yes/yes [57,82,89,94,96,97]
ferritin
HuLF: Human L-chain 24 L-subunits H,0, 2.6-4 Y27, Y34, K62, G65, E107, No No/no [53,70,82,92]
ferritin E141
MtF: Mitochondrial 24 H-like subunits O, and H,0, 2-4 E27, E62, H65, E107, Q141, Yes Yes/no [26,91]
ferritin S144
HosF’: Horse spleen ~21L-and ~3 H- Hy0, 2-4 Y27, Y34, K62, G65, E107,  Yes Yes/no [58,68,92,97]
ferritin subunits E141
M-chain: Bullfrog ferritin 24 H-like subunits O, (no data available 2 E23, E58, H61, E103, Q137, Yes Yes/yes [27,63,70,87,90]
with H,0,) D140
PfFtn: Pyrococcus furiosus 24 H-like subunits O, (no data available 2-3.6 E17, E50, H53,E94, E130 ND Yes/no [47,54]
ferritin with H,0,)
AvVBF“:Azotobacter 24 H-like subunits 0O, and H,0, 4 E18, E479, E51, H54, E94, Yes Yes/ND [45,46,82,83]
vinelandii ferritin E127, H130¢
DdBF*: Desulfovibrio 24 H-like subunits 0, (no data available 4 E23, E56, H59, E99, E132, ND ND [49,88,95]
desulfuricans ferritin with H,0,) H135
EcBFR®: Escherichia coli 24 H-like subunits H,0, 4 E18, E51, H54, E94, E127, No Yes/no [29,61,76,93]
ferritin H130
EcFtnA: Escherichia coli 24 H-like subunits O, (no data available 3-4 E17, E50, H53, E94, E130 Weak Yes/no® [44,60,94]
ferritin with H,0;)

ND = not determined.

2 Depending on the conditions and the ratio of Fe/protein used.
b

c
d

€ This work and unpublished results.

Interestingly, ferritin-like proteins (i.e., Dps) selectively use H,0, over
0, to oxidize iron at their catalytic di-iron centers with, on average,
about 100-fold increase in the rate of iron oxidation compared to O,
(refer to the chapter by Chiancone et al. in this special issue for further
detail about Dps and its detoxification properties).

6. The mechanism of Fe(IlI) oxidation in recombinant human H
and L ferritins, HoSF and BfMF

6.1. Historical models of Fe(ll) deposition

Two models of Fe(II) oxidation in ferritin were originally proposed:
the protein catalysis model and the crystal growth model [65,66].
More recent experiments using spectroscopy and stoichiometries of
oxygen and proton uptake and release showed a wide range of Fe(Il)/
0, and Fe(ll)/H™ ratios depending on the experimental conditions
|8,40,67,68, and references therein], suggesting a multistep and more
complex iron oxidation mechanism. The two net oxidation reactions
that describe the two original models can be written as:

2F 0, + 4H,0—2Fe00H,,, + H,0, + 4H"  (ferroxidation reaction)

(1)

(mineralization reaction)  (2)

core

4F¢™" + 0, + 6H,0—4FeOOH,, + 8H"

A more recent study [53] identified a third reaction in which the
H,0, produced in reaction (1) is consumed in the following
detoxification reaction:

2Fe”" + H,0, + 2H,0—2Fe00H o) + 4H" 3)

(Fe2+ + H, 0, detoxification reaction)

It is still unclear whether Fe(Il) binding to the dinuclear sites in
ferritin occurs pairwise or in a stepwise fashion. Two alternative schemes
for Fe(Il) oxidation have been considered and involve either a 2-electron
oxidation scheme or a two successive 1-electron oxidation scheme [8,69].
Support for the 1-electron oxidation mechanism came from kinetics

The amino acid residues forming the ferroxidase center on the H-subunit are conserved and are the same as in HuHF.
These ferritins contain 12 hemes per 24 subunits that are covalently bound between 2-fold symmetry-related subunits.
Not direct coordinating ligands but are involved in iron shuttling from the FC to the cavity.

studies which indicated that the oxidation reaction was first order in
both Fe(Il) and O,. In the 2-electron oxidation mechanism, 2 Fe(Il) ions
are simultaneously bound to the ferroxidase center of the protein
followed by O, binding to one of the Fe(Il) ions to form a di-Fe(III)
species. In either scheme, the p-peroxo di-iron(Ill) complex dissociates
into a p-oxo di-iron(lll) intermediate and H,0, is released (Scheme II).

6.2. Sequence of Fe(Il) binding to the ferroxidase center A and B sites

In further search for the early stages of Fe(Il) binding to the
dinuclear centers in ferritin and formation of transient iron-protein
intermediates, an isothermal titration calorimetry (ITC) of Fe(lI)
binding to apoHuHF indicated that the ferroxidase center is the
principal locus for Fe(II) binding and that the His65 containing A-site
preferentially binds Fe(Il) in accord with previous spectroscopic
observations [32,40,55,70]. That only one site of the ferroxidase center
is occupied by Fe(Il) implies that Fe(Il) oxidation to form di-Fe(IIl)
species might occur in a stepwise fashion. Whether the binding of a
second Fe(II) at the weaker B-site is required prior to oxygen binding
and iron oxidation remains to be determined. Nevertheless, following
Fe(Il) binding at the ferroxidase center and at low flux of Fe(II) into
human H-chain apoferritin (HuHF) (<50 Fe(II)/protein), the iron is
primarily processed by the di-iron ferroxidase center.

6.3. Ferroxidase center intermediates

The net ferroxidation/mineralization reaction occurs with an Fe
(I1)/ O, stoichiometry of ~2:1, resulting in the production of hydrogen
peroxide according to the following reaction sequence:

2Fe™" + 0, + 4H,0 + P—{P — [Fe,0,]1¢ } — (4)
{P — [Fe,0(OH), ¢4 } =P + 2FeOOH pre) + H,0, + 4H"
This H-chain iron-catalyzed oxidation reaction is similar to Eq. (1).
However, it shows the two di-Fe(Ill) intermediates that are the

precursors to the iron core, the p-1,2-peroxodi-iron(lll) intermediate
designated P-[Fe,0,]%", where P represents a vacant ferroxidase site
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(FS) on the H-subunit and the p-1,2-oxodi-iron(lll) intermediate(s)
designated P-[Fe,0-(OH), %" the decay product of the peroxo complex.

In accordance with Eq. (4), stopped-flow kinetics, resonance
Raman spectroscopy, Mdéssbauer spectroscopy, and EXAFS have
established that a p-1,2-peroxodi-Fe(Ill) intermediate is formed
during the first 50 ms of Fe(Il) oxidation by O, at the ferroxidase
site [62, and references therein]. This first intermediate subsequently
decays within 150 ms to one or more p-oxo(hydroxo)-bridged di-iron
(II1) intermediate(s) and small clusters whereupon H,0, is produced
in a stoichiometric amount and released into solution (Scheme II). The
p-oxo(hydroxo)-bridged di-Fe(Ill) dimer(s) and clusters ultimately
lead to the formation of large polynuclear aggregates and the mineral
core itself.

In various stopped-flow experiments employing different
amounts of Fe(Il)/protein, unusually complex kinetics behavior has
been reported [53,62]. A catalytic model for the unusual features of

the oxidation/mineralization processes has been developed and
demonstrated that the ferroxidase site of the protein is involved in
iron oxidation at all levels of iron loading. A new transient species,
postulated to be a hydro-peroxodi-Fe(Ill) complex was suggested to
be the decay product of p-1,2-peroxodi-Fe(Ill) complex (Scheme II).

6.4. Mineral surface and detoxification reactions

When a larger flux of Fe into the protein is used, the iron oxidation
mechanism changes from essentially a ferroxidation reaction {2 Fe(Il)/
0, Egs. (1) and (4)} to a combination of ferroxidation, mineralization
and Fe?* + H,0, detoxification reactions {Egs. (1)-(3)}. Reaction (2) is
the dominant reaction at ~800 Fe(Il)/protein, whereas reaction (3)
occurs largely at intermediate iron loadings of 100-500 Fe(II)/protein
[53]. Under conditions of high Fe/protein ratios, the Fe(Il)/O,
stoichiometry approaches 4:1 (Table 1), and dioxygen is ultimately
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reduced to water according to Eq. (2). Since Eq. (2) is identical to that of
Fe(Il) autoxidation and hydrolysis, it has been assumed that core
mineralization at high Fe(II) fluxes likely occurs through iron deposition
directly on the surface of the mineral according to the crystal growth
model. An incipient core of 200 Fe(Il) per protein appears to be the
minimal size for reaction (2) to occur appreciably [53]. Human L-chain
ferritin (HuLF) and H-chain (HuHF) variants lacking functional
ferroxidase sites deposit their iron largely through the mineral surface
reaction (2) where H,0, is shown to be an intermediate product of
dioxygen reduction. HuLF and HuHF ferroxidase center variants display
sigmoidal kinetics representative of a mineral surface process whereby
the slow initial phase of the sigmoidal curve represents nucleation and
development of the incipient core upon which the autocatalytic mineral
surface reaction ensues [53]. It is conceivable that reaction (2) is a
combination of reactions (1) and (3), which lead to an overall reaction
stoichiometry of 4 Fe(Il)/0, and 2 H™ /Fe(Il) as determined by oximetry
and pH-stat measurements.

6.5. Similar overall structure but different kinetics and
iron intermediates

Despite the similarities of the ferroxidase sites and the ability of
many ferritins including HuHF, BfMF, and HoSF to efficiently form an
iron core, there are marked differences in the detail of the oxidation
mechanism and the intermediate iron species generated. In all three
proteins, a blue peroxo di-iron(Ill) complex (Amax=650nm and
£=850-1000 M~! cm™! per dimer) is rapidly formed within the first
few milliseconds (25-100 ms) of mixing Fe(Il) and O, (formation
rates k; ~80 s~ ! for HuHF and BfMF and ~18 s~! for HoSF and decay

rates k, ~2.8 s~ ! for HuHF, ~4.2 s~ ! for BIMF, and ~1.5 s~ ! for HoSF)
[27,58,59,62,63,74]. Whereas no detailed kinetics data are available for
BfMF, at higher Fe loading of HuHF and HoSF (~20 Fe(Il)/H-subunit),
an absorbance plateau developed in HuHF but not in HoSF. The
appearance of the plateau in HuHF indicated equal rates of the peroxo
complex formation and decay as iron is turned over continuously at
the ferroxidase site. This observation provided direct evidence that the
catalytic activity of the ferroxidase site is maintained at all levels of Fe
(1) loading of the protein (Fig. 4). The lack of such plateau in HoSF
indicates a different mechanism of fast Fe(Il) oxidation and a lack of
the catalytic turnover of iron and instant regeneration of ferroxidase
activity. Nevertheless, the initial and rapid oxidation of Fe(II) in HoSF
appears to be an important first step that provides a small Fe(III)
nucleus upon which further oxidation and building of the mineral core
occurs via essentially an autocatalytic process. Moreover, unlike HuHF
and HoSF where only a single oxo(hydroxo) dimer is evident in the
first 10 s of the Fe(Il) oxidation reaction, the peroxo complex of
bullfrog ferritin decays to multiple oxo(hydroxo) dimers and small
clusters within the first few seconds. Multiple dimers and clusters do
not appear in HuHF and HoSF until minutes later [57,58,63]. In horse
spleen ferritin, the slower iron oxidation kinetics is consistent with the
fact that the L-subunits are responsible for long-term storage of iron
through the slow process of mineralization.

6.6. Natural heteropolymer ferritins

With the exception of serum ferritin and mitochondrial ferritin,
heteropolymer ferritins of various H to L ratios are widely distributed
in mammalian cells and seem to be biologically more favored where
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Fig. 4. Stopped-flow kinetics (black) and simulated curves (red) for different iron
loadings into human H-chain ferritin.
Adapted from Zhao et al. [53].

up to 25 possible isoferritins can exist, the two homopolymers (24 H-
or 24 L-subunits) and the 23 possible combinations in between [8].
The horse spleen ferritin (HoSF), a native heteropolymer composed of
about 85% L-chains and 15% H-chains, takes up Fe(II) a lot faster than
the recombinant homopolymer L-chain, which, despite the lack of a
functional ferroxidase center, can still oxidize Fe(II) albeit at a much
slower rate [58]. The fast iron oxidation activity of HoSF (compared to
homopolymer L-chain) is presumably due to the presence of a few H-
chains (~3 on average; Table 1). However, this ferroxidase activity on
a per H-chain basis is significantly different from that predicted
considering the H/L subunit ratio alone [71], suggesting a cooperative
interaction between the L- and H-subunits in forming the mineral
core. Indeed, the iron oxidation mechanism in HoSF is different from
that of the homopolymer analogues (more below).

6.7. Synthetic heteropolymers

In an ongoing investigation using two recombinant heteropolymer
ferritins (ca. ~20 H/4 L and ~22 L/2 H), it was found that the L-chain
facilitates iron turnover at the ferroxidase center of the H-subunit in
the ~20 H/4 L protein (Bou-Abdallah et al., unpublished results). Iron
oxidation occurs mainly on the H-subunit with a stoichiometry of 2 Fe
(I):1 04, suggesting the formation of H,0,. However, unlike in HuHF
where most of the H,O, produced at the ferroxidase center
subsequently reacts with further Fe(Il) (Eq. (3)), most of the H,0,
produced in the recombinant heteropolymer H/L (~20 H/4 L)
remains in solution. In addition, the ~20 H/4 L heteropolymer (but
not the ~22 L/2 H heteropolymer) completely regenerates its
ferroxidase activity within a short period (less than an hour),
suggesting rapid movement of Fe(Ill) from the ferroxidase center to
the cavity to form the mineral core. In the L/H heteropolymer (~22 L/
2 H), Fe(Il) oxidation appears to occur by two simultaneous
pathways: (1) a ferroxidation pathway with a 2 Fe(Il)/1 O, ratio
and a mineralization pathway with a 4 Fe(II)/1 O, resulting in an
average net stoichiometry of ~3 Fe(Ill)/1 O,. Thus, in the L/H
heteropolymer, the H-subunit appears to be involved at all times in
iron oxidation and mineral core formation (Bou-Abdallah et al.,
unpublished results), although the overall rate of iron oxidation is
significantly slower than that observed in the H/L heteropolymer.
Nevertheless, it has been found that iron cores in recombinant L-
ferritins and native heteropolymers are slightly larger in size, more
crystalline, and better magnetically ordered than those in H-chain
ferritin as viewed by electron microscopy, suggesting that the L-
chains are better at ferrihydrite nucleation [72,73].

The behavior observed with the 22 L/2 H heteropolymer is similar to
that reported for HoSF, whereas that with the 20 H/4 L sample is similar

to that reported for HuHF, indicating that the synthetic heteropolymers
behave similarly to the natural proteins. It appears that the presence of a
few L-chains in heteropolymer ferritins has an important effect on the
rapid turnover of iron at the FC of the H-chains. In contrast, the presence
of too many L-chains appears to change the iron oxidation mechanism
to a two-step process involving ferroxidation (i.e., at 2 Fe(Il)/0,) and
mineralization (i.e., 4 Fe(Il)/0,) as suggested by the observed net
oxidation stoichiometry of ~3 Fe(I)/O,. The rate of iron oxidation at the
FC of the L/H heteropolymer (~22 L/2 H) ferritin is about 15- to 20-fold
slower than that of the H/L heteropolymer (~20 H/4 L). In the case of
the L/H heteropolymer, the effect of the L-chain on the iron turnover
cannot be easily discerned presumably because of the presence of very
few H-chains. In contrast, the homopolymer H-chain itself can slowly
turnover its iron at the FC, requiring many hours for complete iron
clearance compared to less than 1 hour for the heteropolymer ~20 H/4
L ferritin. However, additions of large amounts of iron to the
homopolymer H-chain at once (i.e., 500 Fe(Il)/shell) appears to
accelerate iron turnover as indicated by the kinetic data described
above [62].

7. The mechanism of Fe(II) oxidation in bacterial (EcBFR, EcFtnA)
and archaeal (PfFtn) ferritins

The E. coli bacterium produces at least two true ferritins (and one
ferritin-like protein called Dps (DNA binding proteins from starved cell)
with fast iron ferroxidation reactions: a heme (EcBFR) and a nonheme
ferritin (EcFtnA). A third nonheme ferritin type (EcFtnB) lacks the fast
iron oxidizing property, and it is not known whether it has an iron
storage function [75,76]. EcFtnA is similar to human H-chain ferritin
(HuHF) (i.e., 24 identical H-type subunits constitute the protein shell)
but has an additional third iron-binding site (C-site) that is unique to
this protein and is ~7 A away from the B-site and ~ 11 A from the A-site
[44,77] (Scheme I). Similarly, the ferritins of the hyperthermophilic
archaeal anaerobes, P. furiosus (PfFtn) and A. fulgidus (AfFtn) have 24
identical H-type subunits with 24 di-iron ferroxidase centers and one
additional third iron C-site on each subunit [47,48].

7.1. Fe(Il) binding and oxidation stoichiometries in ECBFR

The iron oxidation mechanisms in the ferritins from E. coli (EcFtnA
and EcBFR) and the ferritin from the hyperthermophilic archaeon P.
furiosus (PfFtn) do not seem to follow the iron oxidation mechanism
discussed above for animal and amphibian ferritins. In PfFtn, a stable
dinuclear complex resulting from the oxidation of the first 48 Fe(Il)/
protein at the ferroxidase center of the protein is formed. Unlike in
animal ferritins where an active ferroxidase center that is involved in
nearly all stages of iron oxidation and core formation (and thus a
regeneration of the ferroxidase activity over time), the di-Fe(IIl)
complex in PfFtn [54] and EcFtnA (Bou-Abdallah et al., unpublished
results) serves as a stable group where indirect catalysis of further
incoming Fe(Il) occurs. In PfFtn, the oxidized Fe(lI) is transferred to
the iron core which itself is not involved in the oxidation of Fe(II).
However, in EcBFR, a di-Fe(Ill) ferroxidase complex acting as a stable
catalytic cofactor acquires electrons from a core via a Fe(Il) binding
site that has been recently identified on the inside of the protein
[78,79]. This novel iron site is on the inner surface of the protein and
~9-10A below the dinuclear ferroxidase center where iron is
coordinated by only two residues, His46 and Aps50 [79]. More recent
fluorescence quenching and Zn inhibition studies offered support to
this proposal and suggested that iron core formation in EcBFR occurs
through the ferroxidase center which acts as a true catalytic center
whereby the di-iron ferroxidase complex is a stable entity that
constantly cycles iron between the diferrous and the diferric forms
[80]. Consistent with these observations, a mechanism has been
proposed in which the initial binding and oxidation of two ferrous
ions at the ferroxidase center of ECBFR is followed by the binding and
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oxidation of more ferrous ions at acidic site residues and/or the
surface of the growing mineral core and subsequent electrons transfer
to the di-Fe(Ill) ferroxidase complex. The resulting diferrous ferrox-
idase center species of EcBFR is then oxidized by either O, or H,0,
according to the following stoichiometric reactions:

4Fe” + P, +4Fe’" +4e”  (core reaction) ()
4R 8H,0—4[FeOOH],,,, + 12H™  (core reaction) (6)
2[(Fe’™),0 — P+ 4e” + 4H —2[(Fe™"), — P| + 2H,0 (7)

(core — FC ¢ transfer reaction)

(F&"), =P+ 0, + H,0—(Fe’"),0 — P+ H,0, (FC reaction) (8)
(FeH)2 —-P+ H202—>(F63+)20 —P+H,0 (FC reaction) 9)
and the overall net stoichiometry is given by:

4Fe™" 4P, + 0, + 6H,0—4[FeOOH],, + 8H" (10)

Here, P represents the acidic site residues and/or mineral core
surface sites, (Fe?™),-P and (Fe>"),0-P represents the diferrous and
diferric iron complexes at the ferroxidase centers, and [FeOOH]ore
represents the iron mineral core. This mechanism is in agreement with
earlier studies [29,61] where the stoichiometric equations
corresponding to Fe(Il) binding, oxidation, and hydrolysis in EcBFR
have been determined using electrode oximetry/pH-stat and UV-
visible absorbance measurements (Table 1). In these studies, the initial
and rapid pairwise binding of 2 Fe(Il) ions at a dinuclear ferroxidase site
led to the release of 4 protons according to the following reaction:

2Fe™ 4+ P (Fe™"), — P+ 4H" (11)

The oxidation of the diferrous ferroxidase complex (Fe?™),-P by O,
or by H,0,, corresponds to Eqgs. (8) and (9), respectively [29,61]. While
the overall mineralization reaction involving O, and H,0; is given by
Eq. (10), another mineral core formation reaction involving direct
oxidation of Fe(Il) by H,0, at acidic site residues or directly on the
surface of the growing mineral core can be written as:

2Fe”" + Py, + H,0, + 2H,0—2[FeOOH]_ + 4H" (12)

Reactions (9) and (12) suggest that EcBFR is able to nullify the
toxic combination of Fe(Il) and H,0, and thus minimize the
production of hydroxyl radical, a result supported by EPR spin
trapping experiments [61]. In addition, oximetry and pH-stat
measurements [29,61] suggested that Eq. (10) can be simply written
as a combination of two simultaneous reactions:

2Fe’" +P” + 0, + 4H,0—2[FeOOH — P|” + 4H" + H,0, (13)

2Fe™" + P* 4 H,0, + 2H,0—2[FeOOH — P|* + 4H" (14)

leading to an overall reaction stoichiometry of 4 Fe(Il)/0, and 2 H*/
Fe(II).

7.2. Fe(Il) binding and oxidation stoichiometries in EcFtnA and PfFtn

Recentisothermal titration calorimetry (ITC) measurements of Fe(II)
binding to EcFtnA [81] under anaerobic conditions indicated the
presence of essentially two classes of binding sites with a stoichiometry
of ~24 Fe(ll) per class of sites at pH 7.0 (2 Fe(Il) at each of the 24
dinuclear ferroxidase centers of the protein). The ITC data revealed that
the C-site of EcFtnA is not involved in strong Fe(Il) binding but appears
to modulate Fe(Il) binding at the adjacent dinuclear A and B iron sites. In
addition, the data suggested a highly interactive ferroxidase center and
the presence of inter- and intrasubunit negative cooperativity between
Fe(Il) binding at the various sites [81]. More recent experiments (Bou-
Abdallah et al., unpublished data) employing oximetry/pH-stat and UV-
visible and fluorescence spectroscopy indicated a binding stoichiometry
of 48 Fe(IlI) per EcFtnA in accord with the ITC data. The presence of the
C-site in EcFtnA causes the iron oxidation stoichiometry of the first 48 Fe
(I)/shell added to increase from ~2 to ~3 Fe(Il)/0,, suggesting
incomplete reduction of oxygen to water (Table 1). While the C-site is
not required for fast oxidation of the first 48 Fe(Il)/shell at the di-iron
ferroxidase center of EcFtnA, three EcFtnA C-site variants (E49A, E126A,
and E130A) exhibited a Fe(II)/O, stoichiometry of ~2:1 like that of
human recombinant H-chain ferritin (HuHF), which lacks a C-site,
indicating the involvement of C-site in oxygen redox chemistry.

Electron paramagnetic resonance (EPR) measurements indicate
the formation of protein radical (likely involving Tyr34) following
the oxidation of Fe(Il) by O, (Bou-Abdallah et al,, unpublished data).
Because variant Y34F shows similar iron oxidation kinetics to wild
type EcFtnA, this radical does not seem to be important for the protein-
catalyzed oxidation of iron and probably is a by-product of oxygen
radical chemistry. A mechanism for iron oxidation and mineral core
formation in EcFtnA is proposed (see below) in which the C-site is
suggested to play a role in hydrogen peroxide detoxification and in
building of the mineral core through electron transfer from an Fe(II) at
the C-site to the di-Fe(Ill)-protein complex at the ferroxidase center
(Bou-Abdallah et al.,, unpublished data). A similar mechanism has been
proposed for the hyperthermophilic archaeal anaerobe, P. furiosus
(PfFtn), noted earlier in which a stable iron-containing ferroxidase
center acts as a stable catalytic center whereby the dinuclear Fe(lII)-
center accepts two subsequent electrons from nearby Fe(Il) ions at
the C-site resulting in their oxidation. The oxidized iron leaves the C-
site to the cavity and contributes to the building of the core while
molecular oxygen is reduced to hydrogen peroxide to complete the
cycle of the electron transfer chain. Note that the C-site in PfFtn [47]
and in AfFtn [48] is similar to that found in EcFtnA [44] (Table 1 and
Scheme I). Accordingly, we write the following mechanism of iron
binding and oxidation in EcFtnA as follows:

Z+4

4Fe’" 4 2P" >2[(Fe’"), — P]*"* (Fe’* binding to the FC of EcFmA)  (15)

Z+2

2[(Fe™), — P 4 20, + 6H,0—2[Fe, — O(OH), — P]
+2H,0,

+4H"  (16)
(FC reaction)

2F¢”" + P 4 H,0, + H,0—[Fe, — O(OH), — P|*"> + 2H"  (FC reaction)

(17)

with a net reaction of:
6F¢’" 4 3P” + 20, + 7TH,0—3[Fe, — O(OH), — P> + H,0, + 6H"
(18)

where [(Fe?™),-PJ? represents a di-Fe(Il)-protein complex at the A and
B sites of the ferroxidase center as observed by ITC anaerobic titration of
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EcFtnA with Fe(II) [81]. Egs. (16) and (17) are two concurrent oxidation
reactions occurring at the ferroxidase centers A and B of EcFtnA where
[Fe,-O(OH),-PJ* ™2 represents a Fe(Ill)-p-oxo-bridged di-iron(lll) spe-
cies. The above mechanism indicates that twice as much iron must be
oxidized through Eq. (16) and only one-half of the H,0, produced in
Eq. (16) is utilized to oxidize additional iron through Eq. (17). Eq. (18)
accounts for the observed Fe(I)/0, and H™ /Fe(Il) stoichiometries of 3.0
and 1.0 obtained by oximetry and pH-stat, respectively. We suggest that
reaction (17) takes place mostly at the ferroxidase center of the protein
and to a lesser extent at the third C-site leading to the formation of small
amounts of mononuclear iron species as demonstrated by EPR
spectroscopy (Bou-Abdallah et al., unpublished results).

The mechanism discussed above for ECBFR probably applies to A.
vinelandii bacterioferritin (AvBF) as well. A stoichiometry of 4 Fe(II)/
0, is observed in AvBF (Table 1) indicating the complete reduction of
oxygen to water [46,82]. It is conceivable that in AvBF, H,0, is a
transient intermediate and does not accumulate in solution to
detectable levels as shown in Eqs. (10), (13), and (14). Other
mechanisms of iron oxidation and deposition in ferritins, which do
not involve O, or the ferroxidase centers, have been proposed [83].
These alternative mechanisms employed large oxidants and long-
range electron transfer reactions and have been suggested to help
avoid unwanted secondary reactions that might otherwise involve
damaging reactive oxygen species.

8. Oxygen versus hydrogen peroxide selectivity in ferritins and
ferritin-like proteins

Many microbes regulate iron homeostasis in the absence of oxygen
and thus might be a reminiscent example of early organisms that lived
billions of years ago before oxygen was present [84]. Ferritin-like
proteins (i.e., Dps) and some bacterial ferritins (i.e., ECBFR) preferably
use H,0, to oxidize ferrous iron and store the oxide as a mineral core
inside the protein cage while animal ferritins use mainly O, as the iron
oxidant. The preferential use of O, versus H,0, in some ferritins might
be an indication of an evolutionary pathway that required primordial
life to accommodate to deal with iron and oxygen toxicity [85]. An
excellent review article on the evolutionary pathway of ferritins and
their diversion to distinct subfamilies is presented in a separate
chapter of this special issue by S.C. Andrews.

While the exact structural basis of oxidant selectivity (O vs. H,0;)
remains unknown, the difference in iron ligands environment,
second-shell or distant residues, and structure of the protein
ferroxidase centers are structural reasons that might explain why
certain ferritins prefer O, or H,0, as the iron oxidant at the catalytic
sites (Table 1). In all Dps proteins characterized thus far, a unique and
conserved di-iron binding motif, located between two subunits rather
than in the middle of the subunit as found in ferritins, serves to
efficiently oxidize Fe(Il) to Fe(Ill) using H,0, and avoids the
production of toxic hydroxyl radicals through the Fenton reaction
(reviewed in this special issue by Chiancone and Ceci). The iron
ligands at the ferroxidase center of EcBFR are homologous to those of
the di-iron enzymes (i.e., two EXXH sequences) where the oxidized
iron is retained at the di-iron centers of both proteins. In contrast, the
ferroxidase centers of H-chain ferritins are more flexible allowing the
movement of iron from the catalytic center to the protein's cavity. In
EcBFR, each iron is coordinated by a histidine and a glutamate residue
and bridged by two carboxylate groups (Scheme I), whereas in H-type
ferritins, only one metal has a histidine ligand (Fig. 1). It has been
suggested that the differences in the ferroxidase site ligands between
ferritin and the dinuclear nonheme iron enzymes such as methane
monooxygenase (MMO) and ribonucleotide reductase (R2) is one
structural reason that could account for the differences in reaction
pathways and reaction products of these proteins [86]. Particularly,
the second Fe site in ferritin is weaker and different from that of
nonheme iron enzymes in that only a single glutamate bridge exists at

the dinuclear center in ferritin compared to two glutamate bridges in
the nonheme iron enzymes [86]. In addition, other non-conserved
residues (i.e., aspartate, serine, and alanine in ferritins vs. a conserved
histidine in iron enzymes), the presence of two coordinating water
molecules at the dinuclear center in ferritin and weaker ligand field
have also been suggested as important factors in determining reaction
pathways and intermediates and the formation of either a stable
cofactor as in MMO and R2 or a labile intermediate leading to mineral
core formation as in ferritin [84,86].

9. Conclusions and perspectives

The ferritin-catalyzed ferroxidation reaction requires the copre-
sence of Fe(Il) and an oxidizing agent for the rapid and efficient
initiation of the iron core within the protein shell. While the in vivo
mechanism remains largely unknown, numerous studies have
examined the mechanism of Fe(Il) entry, oxidation, and deposition
in ferritin in vitro (Table 1). In contrast, relatively fewer studies have
been directed at elucidating the iron mobilization mechanism. In
either case, the ferritin channels are shown to be flexible structures
that allow the entry and exit of different molecules of varying sizes.
Iron oxidation and core formation begin at di-iron sites within each of
the 24 protein subunits with Fe(Il)/ O, ratios varying between 2 and 4.
The ferroxidation reaction of most ferritins produces H,0, as a by-
product of O, reduction. The latter either accumulates in solution to
measurable levels or is rapidly used by the protein to oxidize
additional Fe(Il) with minimal production of hydroxyl radicals.
Interestingly, some ferritins (EcBFR) or ferritin-like proteins (Dps)
preferentially use H,O, over O, as the iron oxidant to form the iron
core (Table 1). The ferroxidase site ligands in ferritins are similar to
those found in the di-iron cofactor sites of methane monooxygenases,
fatty acid acyl desaturases, and ribonucleotide reductases. However,
iron is a substrate in ferritin but a cofactor in the di-iron cofactor
proteins. In addition, the product of iron oxidation at the ferroxidase
centers of ferritin is labile and is retained in the protein cavity in the
form of a mineral core, whereas the iron complex in the di-iron
cofactor proteins is stable and remains at the catalytic site. It appears
that those proteins that prefer H,0, over O, as the iron oxidant do not
turn over the oxidized iron as is the case with H-chain like ferritins
(Table 1). It was suggested that the difference in the identity of the
ferroxidase center ligands and the iron binding affinity particularly of
the B sites might influence the distinct reaction pathways between
ferritin and the di-iron cofactor enzymes [87]. Nevertheless, the rapid
reaction of Fe(II) with dioxygen produces initially a peroxo di-iron(III)
intermediate in both ferritin and the di-iron cofactor proteins. While a
stable high-valence reaction intermediate is formed at the di-iron
cofactor sites of ribonucleotide reductase and oxygenases, the
unstable peroxo di-iron(IIl) complex formed in ferritin rapidly decays
to an oxo di-iron(Ill) species with the concomitant release of
hydrogen peroxide. The di-iron(Ill) oxo complex ultimately leaves
the ferroxidase center of ferritins to form the iron core. Recent studies
with the hyperthermophilic archaeon P. furiosus (PfFtn) and two
ferritins from the E. coli bacterium (EcFtnA and EcBFR) suggested that
the FC of these proteins behave similarly to the di-iron cofactor
enzymes in that the di-iron complex at the FC acts as a stable cofactor
during the course of iron oxidative deposition rather than a catalytic
center for iron oxidation and removal [47,54,79,80] (Bou-Abdallah
et al.,, unpublished results). These results combined with the
similarities of the di-iron site ligands and the DNA codons suggest
that ferritin and the di-iron cofactor enzymes may have originated
from a common ancestor. It would be of interest to examine whether a
stable di-iron ferroxidase complex might also form at the FC of other
ferritins and is not just a characteristic of PfFtn, ECBFR, and EcFtnA.
Future experiments will need to be devised to help answer this
question and better define and understand the reason(s) for the
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different reaction pathways and iron-protein intermediates during
iron oxidation and deposition in ferritins and other di-iron proteins.
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