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Abstract

Living organisms have developed a chemical machinery based on the ferritin
protein for the storage, under a nontoxic form, of the iron that is not required for
immediate metabolic purposes. Whereas free iron causes extensive cell damage,
ferritin iron is not toxic, yet still available for cell requirements. However, iron
storage in ferritin is increasingly being recognized as a crucial process related with
some neurodegenerative disorders and therefore, an understanding of the
management of iron in the brain, especially the processes of iron uptake and
release in ferritin, is compulsory to clarify the role of this metalloprotein in these

neuropathologies.

Although knowledge of iron storage and iron release in ferritin is nowadays still
limited, even less information is currently available about the influence of free

metal ions and other brain metalloproteins in these processes.

In this sense, this review is an excellent opportunity to collect all the information
today available about the influence of metals and metalloproteins in ferritin
loading and unloading events, which until now are dispersed in the literature.
Furthermore, we will focus on the importance of all the above-mentioned
interactions in the brain, since the importance of the correct and safe balance of

metals in the brain after their well-known implication in neurodegenerative
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processes such as the Alzheimer’s (AD), Parkinson (PD) and prion protein (PPD)
diseases is obvious. In this work, we will not only recall the importance and role of
ferritin in the brain but also the putative influence of the interaction between
ferritin and some metals and/or metalloproteins and other biomolecules on these
neurological dysfunctions. The final part of the review will be devoted to draw
some guidelines to where the future prospects point to on the basis of the existing

information.

1. Introduction

Iron is essential for life since it is required for the active sites of many
metalloproteins that play a key role in crucial biological processes such as oxygen
transport, storage and use of oxygen in many oxidation-reduction reactions as
well as in electron transfer reactions within the cell [1]. Particularly in the brain,
iron is crucial for neuronal development, gene expression, enzyme function,
dopamine, heme and iron-sulfur cluster synthesis as well as electron transport [2].
However, excess iron is highly toxic. Iron(II) promotes the formation of highly
reactive oxygen species (ROS) via distinct pathways [3]. Among these, the most
common one is the Fenton reaction, in which hydroxyl radicals OHe are produced
by the reaction of iron(Il) and hydrogen peroxide. ROS are extremely powerful
oxidizing agents capable of causing irreversible cell damage, organ failure and
eventually death [4]. Furthermore, free iron is a key nutrient for pathogenic
microorganisms, which require iron to survive and replicate. Life is, in some way, a
battle for iron and therefore, hosts must deprive undesirable guests of iron in
order to combat the infections they cause. Therefore, both excess and deficiency of
iron are harmful, and organisms have been forced to develop mechanisms to
manage this situation. To do so, they store the iron that is not required for
immediate metabolic needs in a non-toxic form. This stored iron is neither
available for producing damaging radicals nor for allowing the viability of
pathogen microorganisms. Once required, iron can be recovered from the store to

participate in cell metabolism.

Ferritin is the primary iron storing protein in most living organisms throughout

the animal, plant and microbial kingdoms. The structure of many ferritins isolated
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from a wide range of organisms and biological tissues have been determined, and
it becomes evident that a common structure has been conserved throughout
evolution. The most extensively studied ferritin is that of horse spleen,
traditionally considered as the model of mammalian ferritin. It consists of a hollow
protein shell (Mr about 450 kDa) composed of 24 subunits arranged in cubic
symmetry, that surrounds an aqueous cavity of 8 nm in diameter, capable o
accommodating thousands of iron atoms as an iron(IlI) mineral, traditionally
described as ferrihydrite [FelllipO14(OH)2] [5]. Ferrihydrite is consistent with a
single hexagonal phase (P63 mc; a = ~5.95 A, ¢ = ~9.06 A ). In its ideal form, this
structure contains 20% tetrahedrally and 80% octahedrally coordinated iron(III)

[6].

However, it is important to note that the nature of the ferritin core is not
completely accepted. In fact, recent studies have pointed out that a polyphasic
model, including ferrihydrite and magnetite (or other iron(Il)-containing phases)
would describe in a more realistic manner the ferritin core, especially once the
protein has undergone some chemical disorder [7]. In any case, ferrihydrite is
certainly a labile mineral and it is therefore the ideal choice to allow an adequate

turn over of iron from the ferritin store to the cell.

Ferritin is remarkably stable to temperature and pH changes, as demonstrated by
its stability up to 70 °C and over extreme pH values of 3-10. At pH < 3 the 24
subunits dissociate but reversibly reassemble at pH > 3 [8]. The 24-polypeptide
chains of the apoferritin shell can be classified into two types: the H (or heavy)
subunits of 178 amino acids and 21 kDa, and the L (or light) subunits with 171
amino acids and 19 kDa, Fig. 1. The two types of ferritin subunits are closely
related both in terms of primary (~53% protein sequence identity) and tertiary
structure [9,10]. However they have different functionality. Thus, whereas the H
subunit plays a key role in the rapid detoxification of iron, since it contains a
catalytic ferroxidase center for rapid iron(II) oxidation, the L subunit is associated
with iron nucleation, mineralization and long-term iron storage in the ferritin
cavity [11]. In agreement with this, the H/L ratio in a ferritin shell varies widely in
different tissues. L-subunit-rich ferritins predominate in iron storage organs such
as the liver and spleen, while organs that require iron detoxification properties

such as the heart and brain contain H-rich ferritins [12]
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Fig. 1. Horse spleen ferritin structure: a 24-subunit oligomer with a combination of

heavy (H) and light (L) polypeptide subunits that form a spherical hollow molecule.

It is interesting to note that ferritins in bacteria, plants and invertebrates are
exclusively made by H-like subunits, i.e. they are pure H-like ferritins. Ferritins
with a combination of H and L subunits are found only in vertebrates, and they
have thoroughly been characterized in mammals. As an example, the traditionally
considered model of mammalian ferritin, horse spleen ferritin, usually contains
90% L- and 10% H- subunits.

The multimeric construction of the ferritin shell allows the generation of different
types of channels leading to the polymer cavity. Eight hydrophilic channels of ~4-5
A in diameter and with C3 symmetry (Fig. 1) allow the transfer of water, metal
cations and hydrophilic molecules of the appropriate size from the external

solution to the cavity or vice versa.

Synthesis of the ferritin H and L. monomers is mainly regulated at translation level
in response to labile iron concentrations by two mRNA-binding proteins: IRP1 and
IRP2 (iron-regulator protein). When cytoplasmic iron is high, IRP1 forms a Fe-S

protein that acts as the aconitase enzyme. When iron is low, IRP1 adopts an open
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conformation, devoid of the Fe-S cluster that binds to the 5’ iron responsive
elements (IRE) of the ferritin mRNA, this repressing its translation [13].
Conversely, IRP2 presence in the cell is regulated by degradation, quickly induced
by iron overload [14]. These systems function in close coordination with an
antithesis control of the transferrin receptor (TfR) synthesis, because the union of
IRP1 to the 3’ loops of TfR mRNA in low iron conditions stabilizes this messenger,
increasing the synthesis rate of TfR, and therefore provoking an enhanced
transferrin uptake. However, besides this smart control mechanism exerted by
iron levels, at least ferritin H synthesis is also transcriptionally regulated by
classical promoter elements and transcription factors that act in inflammatory
scenarios [15], which would account for the H-rich ferritin shells usually

associated with this kind of processes.

Disorders in ferritin functions have been related with typical iron-related diseases,
such as hemochromatosis or anemia, but ferritin is also increasingly being
recognized as a crucial molecule in some neurological pathologies, as Parkinson
(PD) or Alzheimer’s (AD) diseases [16]. Therefore, knowing the ferritin iron
uptake, storage, and release mechanisms in detail becomes a challenge for the
scientific community in order to understand the etiology of these syndromes and
eventually to approach the design of new therapeutic agents based on iron

metabolism.

The ferritin core forms from iron(II), and not iron(III). As it will be discussed in the
next sections, iron(II) is oxidized and stored mainly as an iron(IIl) mineral.
Likewise, when the cell requires iron from ferritin this is removed as iron(II). If the
ferritin protein is purely viewed as an iron store, there are two processes that have
to operate properly: a fast and efficient iron storage, and a controlled release of
iron. In a biological scenario, when ferritin loses its iron storing ability, free
iron(Il) remains in the cytoplasm. Equally, when ferritin releases iron in an
uncontrolled manner, iron(Il) is produced and dumped into the cytoplasm. In
other words, a dysfunction of ferritin always gives rise to the existence of free
iron(II), with independence of the reason of its malfunction. As mentioned above,
free iron(II) promotes ROS that produces oxidative damage. Interestingly,
oxidative damage in neurons is a primary cause of degenerative diseases such as

AD [17]. Furthermore, as recently reviewed by Kozlowski et al. [18], Fernandez et
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al. [19], Hureau and Dorlet [20] and Viles [21], free iron(II) and other metals might
contribute to some neurological diseases by inducing aggregation of some
proteins, as it is the case of f3-amyloid, a-synuclein or the prion protein that

respectively accumulate in patients of AD, PD and prion protein disease (PPD).

The reasons for the malfunctioning of ferritin, either at iron uptake, storage or iron
release, are still not clear, but data are increasingly supporting two lines of
evidence. First, the existence of an excess of a chemical reductant interacting with
ferritin has been postulated [22]. Second, genetic mutations affecting either the
structure of the ferritin polypeptide [23], or the H [24] or L [25] ferritin mRNA IRE
regions this leading to undesirable H/L ratios in the ferritin shells have been
recently reported. Both mentioned pathways of ferritin dysfunctions have been

intensively studied, related to neurological disorders and reviewed [26].

Ferritin can bind or accommodate metal ions other than Fe in several types of
binding sites [27,28]. More importantly, the disruption of the ferritin function in
iron uptake or iron release is influenced by the presence of some metals [29], some
metalloproteins [30,31], and some other types of biomolecule. Zinc(Il), for
example, binds to specific ferritin sites and inhibits ferritin iron core formation
[32-39]. Copper(Il) also binds tightly to ferritin but has an opposite effect to
zinc(1II), since it has a positive catalytic effect on the uptake of iron by ferritin [40].
Otherwise, some metalloproteins such as ceruloplasmin [41] or metallothioneins
[42] are capable to respectively promote the uptake or the removal of iron from
ferritin, the latter giving rise not only to the existence to free toxic iron(II) but also
to putatively damaging free copper(I) or zinc(II) ions that were initially bound to
it. Other biomolecules such as glutathione (GSH), xanthine oxidase and superoxide
dismutase (SOD) have also been reported to interact with ferritin (cf. last

paragraph of Section 7).

However, the study and analysis of the interactions between ferritins and all these
biomolecules and metal ions, as well as their biological significance, has remained
until now dispersed in the literature. In this sense, this review aims at collecting all
the information now available about the influence of metals and biomolecules,
basically metalloproteins, in ferritin iron uptake and iron release. It is our belief
that this will provide a solid basis of knowledge from where to extract

comprehensive conclusions and to build future prospects. In fact the scenario we
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try to draw does not center exclusively in iron in ferritin but in the “ferritin + metal
or biomolecule” system, a landscape much more complex than the former, but
probably more realistic in terms of physiological significance. Finally, we will try to
focus on the importance and consequences of all the above-mentioned interactions
in the brain. The uncontrolled release of iron, but also of other metal ions such as
zinc or copper, all of them essential but of well established toxicity when in excess,
has been revealed to have important consequences in the brain, mainly in
neurodegenerative pathologies. Consequently, we are confident that the review
and synthesis of all the current available data on this subject will shed light on the
possible interpretation of the underlying mechanisms triggering these diseases as

well as provide clues to succeed in the design of strategies for their amelioration.

Fig. 2. The trip of iron(1l) through the hydrophilic channel to reach the ferroxidase

center (top). The two iron coordination sites at the ferroxidase center (bottom).
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2. Ferritin iron uptake

The process of iron uptake by ferritin has been extensively studied and reviewed
[43]. Our purpose here is to briefly describe the chemistry of iron during its travel
across the ferritin channels to the cavity, allowing the reader to envisage how the
different steps that comprise the global ferritin iron uptake process can be affected

by the presence of metals and metallobiomolecules.

The iron concentration in the cytosol is sensibly higher than that of any other
transition metal. The reductive ambient of cytosol clearly favors the presence of
iron(II) over iron(III), which leads to respective average values of 10-7 and 10-18 M
[44].

Iron(II)-citrate and iron(II)-thiol-containing biomolecules such as cysteine and
glutathione seem to be the major components of the cytosolic iron pool [45]. The
high concentration of glutathione in the cytosol (ranging between 2 and 8 mM)
enables iron(Ill) reduction at physiologic pH. Iron(Il) is then taken up by

apoferritin, which is mainly located in the cytoplasm.

Iron(Il) and other metal ions trafficking from the surrounding exterior to the
ferritin cavity has been proposed to occur through the 3-fold channels [46].
Calculations of the electrostatic surface potential of ferritin identified a funnel of
negative charge that would attract the iron(Il), and other metal cations, toward the
ferritin hollow [47]. In the most widely accepted model, iron(Il) moves through the
hydrophilic channels until observation a ferroxidase center of an H-subunit (Fig. 2)
where it is catalytically oxidized by reaction with cellular oxygen [48] to form a
diferric peroxo complex (DFC) [49,50], where iron atoms occupy two specific

coordination sites (A and B).

Most of the structural information about the ferroxidase center has been inferred
by a combination of Kkinetics and site-directed mutagenesis [51]. In the
recombinant human H-ferritin, the necessary amino acids include Glu27, Glu62
and His65 at site A, and Glu107, GIn141 and Ala144 at site B. The participation of
some of these amino acids has been confirmed in the X-ray structure of the zinc(II)

complex of the same recombinant ferritin (Fig. 2) [38].
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Fig. 3. Nucleation sites (top) and schematic representation of the formation of the
first iron clusters. Ferritin core growth (bottom): from the nucleation sites to the

final iron oxide nanoparticle

The structure of the ferroxidase center of ferritin from the hyper-thermophilic
archaeal anaerobe Pyrococcus furiosus under aerobic conditions reported by Hagen
et al. exhibits three iron atoms [52]: an iron site A appears to be the strongest
affinity site since it is found occupied in the isolated protein, while sites B and C are
found only occupied after soaking apobacterionferritin crystals in iron(Il)
solutions under aerobic conditions. The iron-iron distances between sites A and B

vary between 2.6 and 3.6 A in the different subunits.

In another X-ray absorption spectroscopy study on eukaryotic ferritin, Theil et al.
[53] described three different states that were trapped by rapid freeze quench of
iron(Il) ferritin reacting with Oz : an initial diiron(II) high-spin state, which is
described with iron being in an average six-coordinate environment with a Fe-Fe
distance of 3.44 A, and a peroxodiron(III) intermediate with the very short Fe-Fe
distance of 2.53 A, which finally evolves toward a p-oxo/hydroxo diiron(III)
species with a Fe-Fe distance of 3.00 A.

An X-ray structure was reported for Escherichia coli bacterioferritin by Le Brun et
al. [54]. The diiron species obtained by soaking under aerobic conditions, followed

by flash freezing, was proposed to be in the reduced state. The iron coordination
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environment is contributed by one His and one Glu residue per iron and two
bridging Glu residues. The iron-iron distance was 3.7 A. Longer soaking times
provided an iron center proposed to be a p-oxo/hydroxo diiron(III) species, with

an intact coordination sphere and an iron-iron distance of 3.6 A.

Recently, Bertini et al. reported the first X-ray picture of iron(IIl) products at the
ferroxidase site in higher eukaryote ferritins [55] by flash freezing crystals of frog
ferritin soaked during two different times in iron(II) solutions under aerobic
conditions. The structure for long soaking times resulted in the observation of
invariant diiron(IIl) sites with a Fe-Fe distance of about 3.1 A, suggesting the
presence of a p-oxo/hydroxo bridge between iron atoms. The electronic
absorption spectra is typical of iron(III) ferritin in solution. The structure for short
soaking times was investigated by using copper(Il) instead of iron(II) to avoid
oxidation. Two different copper(ll) ions were found at sites A and B of the
ferroxidase center with a Cu-Cu distance of about 4.3 A. While the coordination
environment of copper at site A was similar to that of iron(III) in the structure for
long soaking times, copper at site B also contains a bridging carboxylate but differs
from that of site A because of the absence of bridging water/hydroxo and the
additional coordination to the protein residue His54. Interestingly, His54 binding
to metal ion had been observed in the cobalt(Il) ferritin structure [46]. The authors
hypothesized that the coordination of iron(II) at the ferroxidase center is similar to
that of copper(ll) and concluded that oxidation at the ferroxidase center requires
changes in the coordination environment of iron(Il) at site B and a parallel

reduction in the metal-metal distance.

The path from the ferroxidase center to the cavity has been analyzed on the basis
of a paramagnetic-NMR study [56]. Theil, Bertini et al. have proposed that the DFCs
continue their travel to the cavity through the channels. In this journey, the DFC
species interact between them to form multimeric iron(Ill) entities, which
ultimately are fixed at the nucleation sites of the cavity and that initiate the growth

of the iron core (Fig. 3).

In contrast to this model, Hagen et al. assume that core formation starts directly
after formation of the ferroxidase center without occurrence of small clusters en
route to core formation. Studies of this group on the P. furiosus ferritin suggest that

the ferroxidase center, i.e. the invariant metallic motive constituted by iron atoms
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bridged by a peroxo group, which are permanently bound to specific amino acids
of the protein, is a stable prosthetic group and that after formation of a stable
diiron center, iron(Il) is oxidized on its way to the core by the iron(IIl) in the
ferroxidase center, and electrons are transferred to Oz [57]. EPR [58] and kinetic

studies [59] support this assumption.

On the other hand, studies by Le Brun et al. on the mechanism of iron deposition in
mammalian ferritins suggest an additional pathway based on a reaction on the
mineral surface that would allow simultaneously the iron oxidation and nucleation
steps [60,61]. Thus iron(II) could migrate through the 3-fold channels and be

directly oxidized to iron(III) on the surface of the mineral core.

Likewise, it has been traditionally considered that some oxo anions, in particular
phosphate, increase the rate of iron core formation [62]. Ferritins from different
origins contain phosphate that is associated with the iron core. In bacterial ferritin,
the phosphate/iron ratio can be as high as close to unity [63], whereas a ratio of
approximately 0.1 has been found in mammalian ferritins [64]. Recently, Watt et
al. showed that phosphate inhibited iron loading into L ferritin, due to the lack of
the ferroxidase center, whereas iron loading into H ferritin showed identical iron

loading pattern in the presence or absence of phosphate [65].

In any case, analyzing all the literature data, it appears that although the ferritin
uptake process has been extensively addressed, there is a limited knowledge of the
mechanism of growth of the iron core at the ferritin cavity, and still much needs to
be learned about how the iron core grows at the nucleation sites to yield the final

nanoparticle.
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Fig. 4. (a) Structure of human heart, horse spleen and recombinant L ferritin. L
subunits are in red and H in cream. (b) Modeled morphology of the iron core and its
projection taking into account only L nucleating subunits. (c) Experimental
transmission electron microscopy HAADF-STEM images every ferritin, exhibiting

expected morphologies after the 24-n model.

In this context, and after a transmission electron microscopy study of horse spleen,
heart and recombinant H and L ferritins, we have recently proposed a new model
for the ferritin iron core growth based on 24-n nucleation sites (where n is the
number of H subunits) [66]. This implies that only L subunits participate in the
mineral growth with a nucleation center per subunit. The iron atoms nucleate at
these 24-n sites, grow and connect to produce the final iron particle. The
subtraction of some nucleation sites to the initial 24 subunits breaks the original
cubic morphology and leads to the capability of reproducing other complex
morphologies found in ferritins containing distinct combinations of H and L

subunits (Fig. 4).
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From these studies, it is evident that the iron storing ability of a ferritin is mainly
related to the number of its L subunits. This is in line with previous evidence that
L-chain rich ferritins form iron particles of greater average size, crystallinity and

magnetic order.

Bearing in mind the different stages that iron atoms wander from the entry into
the ferritin capsid until reaching its cavity, it is reasonable to consider that the
presence of some other metal cations than those of iron or some biomolecules
could affect and/or alter the global process of ferritin iron uptake. In particular,
three mechanisms could be envisaged: (i) some metal cations blocking the
ferroxidase center, this avoiding the required iron(Il) oxidation, (ii) some metal
cations blocking the nucleation centers, this inhibiting the necessary nucleation of
the multimeric iron(IIl) species to start the growth of the mineral core, and (iii)
some biomolecules promoting the iron(Il) oxidation, this facilitating the ferritin
iron reconstitution. Specific literature examples of each of these three possible
mechanisms of ferritin iron uptake alteration will be discussed in detail in the
following sections. What is necessary to emphasize here is that the process of iron
storage can be, and indeed is, affected by parallel metal metabolisms, either
increasing or decreasing the iron uptake of ferritin. Therefore, the iron storage
process must definitively be analyzed in a broader and more realistic scenario
where metal trafficking - not only iron - should be analyzed as a whole. As an
example of this approach, we have recently found out that an excessive proportion
of H subunits in the ferritin capsid results in a significant decrease of the amount of
stored iron with the consequent existence of free iron(III), which is not fixed in the
nucleation sites and that in turn is capable to oxidize some metalloproteins,
ultimately leading to the liberation of other metals such as copper(I) or zinc(II)
[67]. This kind of processes, where different free metal ions are generated and
released by a cascade process starting in a non-appropriate iron storage of ferritin
are especially significant in the brain, where improper iron uptake by ferritin has
been suggested to result in the progression of neurological diseases. Hence,
Dobson and co-workers proposed that AD patients could have a dysfunction in the
brain iron storage that occurs as a consequence of disrupted ferritin H and L chain

synthesis [68].
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3. Ferritin iron release

A detailed knowledge of the iron release process from ferritin is also crucial to
understand how iron can be made available when it is required by the cell and
because of the possible role of free iron(Il) in oxidative stress and in the

progression of neurodegenerative diseases.

At physiological conditions, iron is released by ferritin when the iron concentration
in the cytosol decreases, either because it has been taken for cell metabolism or
because the overexpression of ferroportin, which acts as an iron export pump. The
in vivo mechanism of iron release from ferritin is still undetermined. However it
has already been made patently clear that the ferroxidase centers of the H-
subunits, which are central to the mechanism of ferritin iron uptake as stated in
the previous section, are not involved in iron release. Therefore, the ferritin iron

uptake and the ferritin iron release processes utilize distinct pathways [69].

Four global models have been proposed to account for the ferritin iron release: (i)
the existence of an equilibrium between the iron stored in ferritin and the iron in
cytoplasm, (ii) the ferritin capsid degradation, (iii) the participation of a chaperone
that would dock with ferritin and directly remove iron(III), and (iv) the existence
on an electron donor biomolecule that would dock with ferritin to reduce the
iron(II) of the ferrihydrite mineral and facilitate iron(II) mobilization, which

would be chelated by a chaperone molecule outside the ferritin molecule (Fig. 5).

Although there is a lack of definitive evidence to support the reduction-chelation
model (option iv above), this mechanism is thought to be the one that operates in
vivo since some data seem to support this hypothesis more strongly than others.
On the one hand, the well-known reducing nature of the intracellular environment
provides molecules such as flavins, glutathione and ascorbic acid, which are
capable of reducing the iron from the ferritin core [70]. Furthermore, in vitro
studies show that the most efficient method to remove iron from ferritin is by
reduction-chelation (Fig. 5) [71]. In fact, this is the strategy commonly used in the
laboratory to produce apoferritin from ferritin, emptying the ferritin capsid of iron,
frequently by using thioglycolic acid (TGA) as reducing agent and 2,2’-bipyridyl

(bipy) or ferrozine (fz) as iron(II) chelators.

Direct chelation and mobilization of iron(IIl) from ferritin by iron biochelators
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(option iii above), as transferrin is, has been described to be too slow to take place
in a physiologically relevant time scale [72]. Furthermore, ferritin is essentially an
intracellular protein and does not seem reasonable to envisage a mechanism of
iron release from ferritin by a plasmatic protein. Likewise, a genuine large
hexadentate iron chelator such as desferrioxamine, a well known siderophore and
a drug for iron chelatotherapy, extracts iron from ferritin albeit at a slow rate [73],
probably because of the difficulties that this large molecule finds to pass through
the narrow 3-fold ferritin channels. Only by using smaller and, in fact non-
biologically available iron(IlI) chelators, such as the aceto- and benzo-
hydroxamate molecules, and in the presence of physiological concentrations of
urea (reported as an agent able to open the ferritin pores [74]), complete removal

of iron from ferritin can be achieved in 1 h at pH 7.4 [75].

b
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Fig. 5. Schematic representation of the two main mechanisms proposed for ferritin
iron release. Top: direct chelation (model iii). A molecule (L) directly chelates
iron(lll) at the hydrophilic channels. Bottom: reduction-chelation (model iv). A
reductant reduces iron(Ill) to iron(Il), which leaves the ferritin and it is taken up by a

chaperone.
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A route recently proposed by Bou-Abdallah et al., involving the release of iron from
ferritin iron by triazine chelates, which are capable of rapidly mobilizing iron from
ferritin, must be also considered. This way of iron release is catalyzed by oxygen
and involves reduction of the iron core by the superoxide anion. The reduced iron
diffuses out of the ferritin shell and forms iron(IlI) complexes with the

concomitant production of superoxide anions [76].

Going deeper into the reduction-chelation mechanism, two general scenarios have
been conceived depending on the size of the reductant. For biomolecules small
enough to traverse the ferritin channels, the reaction would take place in the
ferritin cavity, giving rise to iron(II) and the oxidized biomolecule. This route has
been shown to occur when catechol and 6-hydroxydopamine (6-OHDA) react with
ferritin [77,78]. Interestingly, the interaction of 6-OHDA and ferritin triggers a
cycle of reactions that could sustain PD [79]. In this disease, the neuromelanin in
the substantia nigra contains high iron levels, part of which could produce OHe
radicals via Fenton reaction. These can readily oxidize the neurotransmitter
dopamine to the neurotoxic 6-OHDA, which is a strong reducing agent, and
therefore is, in turn, able to release iron(Il) from ferritin [79]. This cycle of events

could well explain the development of PD due to continuous neuron damage.

For biomolecules significantly larger than the ferritin channels, it has been
considered that the reduction of iron(Ill) to iron(Il) could occur by electron
tunneling, without direct physical interaction between the biomolecule and the
ferritin iron core. In this sense, it must be noted that electron transfer proteins are
capable of reducing the iron core of some ferritins, suggesting the existence of both
a docking site and an electron transfer pathway through the protein shell of
ferritin [80]. In some cases, this docking site has been discovered, as it occurs
when ferredoxin specifically binds to the heme group of bacterial ferritin and
opens electron transfer through the protein shell [81]. Likewise, a combination of
computational modeling methods allowed showing how flavin molecules bind to
the ferritin protein surface and transfer electrons across the protein shell reaching
the iron core [82]. We also recently demonstrated that some metallothioneins can
promote iron release from ferritin by pumping electrons through the shell that

reduce iron(III) to iron(II), which diffuses into the intracellular milieu [42].

In any case, either if the reductant biomolecule traverses and contacts the ferritin
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core or if an electron tunneling process takes place, both options lead to the
mobilization of iron(II), which finally diffuses through the ferritin channels into the
cell cytoplasm, where it is able to participate in free radical-producing processes.
Therefore, when cells require iron from ferritin, more than a reductive
biomolecule is needed because, in order to prevent the formation of ROS from free
iron(II), a metallochaperone or an iron(II) chelator is also necessary to rapidly

bind and sequester the liberated iron(II) [83].

If we do accept that the ferritin iron release takes place in the cell through a
controlled reduction-chelation mechanism, it is also reasonable to consider that it
could be affected and/or altered by the excess, or default, of some biomolecules. In
particular, two possibilities could be envisaged: (i) the excess of the reductant,
which would give rise to an uncontrolled reduction of iron(IIl), and consequently
to an uncontrolled iron(II) delivery, and (ii) the absence or default of the
chaperone, necessary to capture the released iron(II), and prevent ROS formation.
The implications and consequences of these two possibilities of ferritin iron

release alterations will be extensively discussed in the following sections.

4. Iron and ferritin in the brain

As it has been previously stated, iron is essential for life, and in the brain is
important for neuronal development, gene expression, enzyme function,
dopamine, heme and iron-sulfur cluster synthesis as well as in electron transport
[84-86].

More rigorous and definitive data are still needed to know the exact map of the
distribution of iron and ferritin within the brain. The huge amount of data that can
be found in the literature are often contradictory [87]. However, it is now accepted
that the iron amounts in substantia nigra, a small nervous structure of about 500
mg located bilaterally in mesencephalon, which produces the dopamine
neurotransmitter, and hippocampus would be close to 200 ng/mg and 50 ng/mg,
respectively. It is accepted that PD is caused by a progressive degeneration of
nervous cells located in substantia nigra, whereas AD is provoked by the death of
nervous cells in hippocampus. The reason for the degeneration of neurons in

substantia nigra in PD remains unknown at present, although it is noteworthy that

67



large concentrations of iron, comparable to those in the liver, are found in this
brain compartment of PD patients. In fact, Youdim et al. formulated the hypothesis
that PD is a progressive siderosis of substantia nigra, which enhances the oxidative
stress [88]. Controversy of about one order of magnitude in the iron levels
measured in neurological disorders and controls have been excellently reviewed
by Galazka-Friedman and Friedman [87]. However, as stated by the authors, it is
still possible that iron is involved in the pathogenesis of neurological disorders, as
even minor changes in the amount and form of iron may initiate the processes
leading to cell death. In any case, it is striking that the iron level in human brain
increases linearly with age, reaching a plateau in substantia nigra at forty, because
it is precisely at this age when neurological episodes begin. Furthermore, the local
excess of iron occurs at the site where neurodegeneration develops and where
specific protein aggregation occurs. This evidence suggests that an increased
concentration of iron, even subtle, in the tissues contributes to generate oxidative

stress.
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Fig. 6. Predominant ferritin type (H- or L-rich) in neuron and glia

Nevertheless, it is also true that the question whether iron accumulation might be

an initiating factor of these diseases or whether it occurs as a consequence of



impaired metabolic processes has not found an answer yet. Similarly, the question
where the excess of iron comes from is also unsolved. However, whatever the
origin would be, high levels of free iron are toxic owing to the formation of ROS
that finally lead to neuronal death [89]. Also, the pathologic aggregation of proteins
seems to be modulated by iron [90-92].

Both total brain and substantia nigra iron is stored in ferritin [93-95]. Ferritin is
also highly synthesized within the glial compartment, predominantly in
oligodendrocytes, microglia and astrocytes [96] (Fig. 6). Under normal conditions,
most of the iron in the brain is safely stored, and there is no need for a substantial
increase of the total amount of iron(II) to provoke an increase of the amount of
free radicals. Therefore, a minimal ferritin disorder could justify a degeneration of

the nervous cells.

As it occurs in the distribution of H- and L- ferritin content throughout the body,
the H/L ferritin ratio varies in the different regions of brain in agreement with the
requirements of every cell type to detoxify or store iron [97]. H-rich ferritin is
found mainly in neurons whereas L-rich ferritin is more abundant in microglia
[98]. Both, H- and L- ferritin subunits are synthesized in oligodendrocytes and
astrocytes [99] (Fig. 6). Furthermore, the concentrations of H- and L-ferritins in
the substantia nigra increase during life, probably a protective response to the
increase of iron with age. The distribution of types of ferritin within substantia
nigra, especially the presence of H-rich ferritin in neurons and L-rich ferritin in glia
agree with the protection role of H-ferritin against the cytotoxic effect of iron(II)

and the storage capability of L-ferritin.

Hippocampus is a part of the temporal lobe cortex, which plays a crucial role in
memory. Its atrophy with the decline in the number of nervous cells is the starting
point of AD. The cause of this neurodegenerative disorder also remains

unidentified, although it seems that iron mediated oxidative stress may play a role.

Galazka-Friedman [100] reported that the Mdssbauer spectroscopic pattern of
hippocampus samples and that of ferritin were highly coincident, as it happened
with that of substantia nigra. The only difference in these spectra was the intensity
of signals, which reflects different iron concentrations in the two brain areas. The

average size of iron cores of ferritin in the hippocampus measured by electron
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microscopy was about 3.1 nm. In agreement with previous studies reported by our
group [66], which correlate size and morphology of the ferritin core with shell
composition, this small size should correspond to a high content of H subunits, in
agreement with ELISA studies that revealed a higher average concentration of H
ferritin (150 * 30 ng/mg) than L ferritin (20 # 10 ng/mg) on the same type of
samples [100].

The complex distribution of ferritin in the brain and the subtle balance in the
appropriate composition of H and L chains show that ferritin can be a key

component in brain function.

5. Copper, zinc and related biomolecules in the brain

Since iron uptake and release by ferritin shells is likely to be influenced, when non
disrupted, by excess of other significant metal ions in brain cells or their
subcellular compartments, it is worth catching a glimpse into the incidence of
Zn(II) and Cu(I)/(II) in mammalian organisms, and precisely, in mammalian brain
cells. Zn(II) is present in the brain at large amounts (10 pg/g) [101]. Most of this
zinc accumulates inside cells, where it can reach cytosolic concentrations up to 150
uM, as in neurons [102,103] (Fig. 7), in contrast with the 0.15 uM Zn(II) typical of
central nervous system (CNS) extracellular fluid and serum [102]. Despite these
impressive amounts, free Zn(Il) is a minimal percentage of total Zn(II), hardly
reaching levels above 1 nM [104,105]. This implies that, in physiological
conditions, most of the brain Zn(II) is coordinated to some biomolecule, mainly
proteins and other smaller compounds [106-108]. Most of the pool brain Zn is
highly role-specific, being related to neuronal intracellular signaling and
neurotransmission [109]. Noteworthy, the so-called zinc-enriched neurons (ZEN)
accumulate 10-15% of the total brain Zn(II) confined in their presynaptic vesicles
(Fig. 7) [110]. Pathologies that lead to abnormally increased synapsis rate
(ischemia, epilepsy) supposes an excessive postsynaptic uptake of Zn(II) followed
by a massive accumulation of intracellular free Zn(II) that, at the end, directly

provokes neuronal death or takes part in other undesirable

processes by interacting with biomolecules such as ferritin. When Zn(II) reaches

levels that would compromise cell functionality and viability [111,112], it is
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translocated into specific cell compartments (mitochondria in neurons), or
sequestered by buffering peptides in the cytosol, mainly metallothioneins (MT)
[113]. MTs are small (6-10 kDa), cysteine rich (33%) metalloproteins that bind a
wide spectrum of heavy metal ions. They are major players in the homeostasis of
physiological Zn(II) and/or Cu(I), as well as in metal detoxification processes. The
mammalian MT system includes four highly similar MT isoforms (MT1-MT4, the
latter not present in the brain), which are 60- to 68-amino acid peptides with fully
conserved Cys motif distribution. The tissular expression pattern of the four MTs
shows substantial differentiation. Hence, MT1 and MT2 are ubiquitous, highly
inducible isoforms that respond to a considerable number of factors mainly metal
overload and oxidative stress. In CNS, MT1/2 are predominantly synthesized in
astrocytes and microglia, both in gray and white matter [114], and have been
widely associated with the prevention and healing of CNS inflammation and
injuries, being greatly induced under these conditions. MT3, the brain-specific
isoform, first identified as a growth inhibitory factor (GIF) [115], is constitutive in
neurons (prominently hippocampal neurons), some glial cells and in the
extracellular brain space [116], and it appears mainly involved in neuronal growth
and survival regulation, and, significantly, in processes localized in axon and
dendrite interfaces, as the same synaptic transmission. A recent review of protein
interactions in which MT is involved highlights the role of the different MT
isoforms in the brain Zn(II) secretion and recirculation events [117]. Although
Zn(1II) is a redox-inactive ion, the zinc- thionein/thionein cycle, besides preventing
deleterious free Zn(II) concentrations, provides an indirect pathway of redox
buffering mechanism through the thiol/disulfide equilibrium of their abundant
cysteine residues [118]. Finally, it is worth noting that the tripeptide glutathione
(GSH) has also been shown to thwart the toxicity caused by excess zinc, most
probably by direct chelation, so that in emergency situations, a considerable

amount of Zn-GSH complexes is likely to be present in brain cells [119].

71



Fig. 7. Zinc- and copper-containing biomolecules in neurons. In the absence of 3D
structures of the distinct metal-MT3 species, the drawings included in this figure just
represent the presence of these complexes in neurons and do not have any structural

value.

In contrast with zinc, and despite the fact that copper is also a catalytic cofactor in
crucial enzymes, its content per adult body is less than 110 mg (cf. 3 g for Zn(II)),
and in the brain it does not exceed 9-10 mg approximately [120]. Free Cu, being
redox active, is extremely dangerous for cells, and therefore cells avoid deleterious
effects by maintaining the levels of free Cu?* lower tan 10-18 mM [121]. Cu is far
from being equally distributed in the brain, and e.g. substantia nigra accumulates
twice as much Cu as the surrounding brain regions (Fig. 7) [122]. Copper in the
brain is mainly associated with holoenzymes, transporters and chaperones, and
homeostatic proteins [123]. Cu-containing enzymes are mainly involved in cell
respiration, iron metabolism, ROS defense mechanisms, and significantly, the

synthesis of neurotransmitters (dopamine [124]) and neuron myelinization [122].
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Copper is mainly transported in blood bound to ceruloplasmin (CP), although
minor amounts are also coordinated to albumin. In the frame of this review
attention has to be drawn to the membrane anchored CP reported in astrocytes
[125], due to its ferroxidase activity. Brain cells, and especially neurons, avoid
excessive intracellular copper by pumping it out to the cell membranes or
supposedly by sequestering it into MT complexes, although the knowledge on
brain Cu-MT and their behavior is far more limited than that of Zn-MT. It is obvious
that direct deleterious effects of Cu in the brain by ROS generation (Fenton
reaction) derived from its redox nature are effectively avoided by MT coordination.
But the most fascinating aspect of Cu ions in the brain concerns the increased
evidence about their involvement in the onset and progression of
neurodegenerative disorders as AD, PD, amyotrophic lateral sclerosis (ALS), and
transmissible spongiform encephalopathies (TSEs) (for excellent recent reviews,
see [18,21]). All these disorders are triggered by the aggregation of misfolded
monomers and subsequent formation of insoluble deposits that accumulate in the
brain, of the respectively associated proteins: the Af3-peptide, a-synuclein, SOD and
the prion proteins. In all these cases, interaction of Zn(I[)-MT3 with the
aggregation-prone Cu-loaded peptides seems to preclude their harmful effects.
Precisely, it has been shown that the interaction of Zn7 -MT3 and Cu(II)-Af3-
peptides or Cu(ll)-a-synuclein triggers a metal swap reaction which eliminates
Cu(I) from the brain peptides and generates Zn,Cu-MT3 species with four Cu(I)
ions bound to a partially oxidized MT3 domain, and the four Zn(II) ions remaining
in the domain [126,127]. Therefore MT3 in brain metal homeostasis appears far
from acting just as a mere reservoir of metal ions, becoming instead a key
controller of redox reactions and, indirectly, of metal-induced protein damage,

misfolding and aggregation.

6. Interaction of ferritin with metal ions

Iron-, zinc- and copper-handling proteins, as well as the metabolism and
homeostasis of these physiological metal ions, are intimately related in all
organisms. As an example, mutations in the genes controlling the multi-copper
ceruloplasmin protein have been associated with iron overload diseases in humans

[128]. People with low levels of ceruloplasmin have been shown to have increased
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iron deposits in various tissues [129]. Therefore, it seems reasonable to assume
that in the framework of the interaction between iron, copper and zinc

metabolisms, the ferritin protein could play a central role.

Fig. 8. Structure of the cadmium(Il) apoferritin (Protein Data Bank file: 1AEW) [10].

Cadmium(Il) concentrates preferentially around the entry of the C3 channels.

This statement could have sense when taking into consideration the higher iron
levels, in most tissues, with respect to those of copper and zinc, but also because of
the huge number of iron atoms confined inside ferritin, a situation that does not
occur in the case of copper or zinc, this multiplying the consequences of any
dysfunction taking place in ferritin owing to the amount of free and toxic iron that

can be released.

The interaction of ferritin with metal ions has been extensively studied in order to
gain a better understanding of the interactions and/or interferences that the later
can cause in ferritin function, either in the iron uptake or iron release processes.
Different studies provide evidence that metal cations are bound by ferritin [28]
usually in two separate types of sites of very different binding constants. These
two classes of binding sites are localized either within the cavity or at the external

shell [28]. Interestingly, the largest number of binding sites is for divalent metal
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cations, although some of them are functional and others are nonspecific and do

not play any decisive role in the genuine properties of ferritin.

Among the metals studied in the literature, we have considered here those that
have a well-described role on the ferritin function as well as a biological relevance,
especially at brain level, i.e. cadmium(II), zinc(Il) and copper(Il). Zinc(Il) and
cadmium(II) cause inhibition of iron uptake by ferritin [130]. Before any iron fills a
ferritin capsid, all metals compete for the iron binding sites during iron
reconstitution. Once the iron core starts formation, metal ions alter the ferritin
function by a different mechanism, some of them inhibiting, other promoting the

iron core growth.

Cadmium(Il) binding is diminished by the presence of a ferritin core, clearly
pointing out that cadmium(II) compete with iron(II) for the same sites inside the
ferritin shell. In fact, when the ferritin cavity is empty, up to 24 Cd(II) can be bound
to its inner surface, one per subunit [28]. However, the mechanism by which
cadmium(II) affects the ferritin iron reconstitution is not only based on the
competition for iron binding at the cavity level, but also lies in the fact that
cadmium(II) strongly binds other nonspecific sites, especially at the external shell
surface. There, cadmium(II) has probably the greatest affinity for these sites, and is
able to exclude almost all other metals from binding. It should be noted that
cadmium binds sites localized around the entry of the hydrophilic channels (Fig.
8), and that it may even hinder the entry of other metals, including iron, and
therefore block the ferritin iron reconstitution. Based on the interaction with the
ferritin shell and on the effect that this interaction provokes in the solubility of the
ferritin protein, cadmium(Il) is commonly used as a precipitant agent of ferritin
[131] and in fact, most commercial ferritins contain significant amounts of

cadmium coming from the preparation process.
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Fig. 9. Modeled dizinc ferroxidase complex based on crystallographic data [132].

As stated throughout the review, iron uptake by ferritin involves the oxidation of
two iron(II) located at the highly conserved ferroxidase centers of the individual H-
subunits. The role of these centers therefore appears to be essential for the iron(II)
oxidation catalysis and the subsequent ferritin core formation by nucleation at the
L-subunits. Studies on iron oxidation by mammalian, bacterial, and archaeal
ferritins have indicated that different mechanisms can be operative in the zinc(II)
inhibition of the iron core formation, taking into account that H-ferritin ferroxidase

activity is inhibited by zinc(II) [128].

In human H-chain ferritin, two main types of Zn(Il) binding sites have been
described: at the entrance of the eight C3 channels and at the ferroxidase site of the
protein. The kinetics and binding data indicate that the binding of zinc(II) in the
three-fold channels, which is the main pathway of iron(II) entry in ferritin, blocks
the access of most of the iron to the internal ferroxidase sites, which accounts for

the inhibition by these metal ions of the oxidative deposition of iron in ferritin.

Zinc(II) has been assumed to be the best iron(Il) substitute for structural
determination purposes because it is redox stable, and because both ions are

similar in size and are moderate Lewis acids. Hence, the structure of recombinant
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human H dizinc(II) ferroxidase complex has been solved by X-ray crystallography
(Protein Data Bank file 2CEI) [38]. A perspective view of this is displayed in Fig. 9.
The zinc at site A is coordinated to a nitrogen atom from His65 and three oxygen
atoms, two from Glu27, Glu62 and the third one presumed to be from a water
molecule. The zinc at site B is coordinated by both carboxylate oxygen atoms of
Glu107 and Glu62, which bridge the two metal sites. Furthermore, a computational
study identified a hydroxide bridge between sites A and B, and another water
molecule at site B and showed that no other ligand or peripheral molecules are
present in the experimental dizinc ferroxidase center [132]. Finally, and according
to these authors, the modeled structures of the diiron and dizinc complexes are
close, suggesting that the dizinc ferroxidase is an accurate model of the native

diiron complex.

Although the empty ferroxidase site accommodates two zinc(II) ions, the binding
of just one zinc(Il) is enough to abolish the iron(Il) oxidation capability of the
ferroxidase center [57]. It is interesting to note here that zinc(II) binds relatively
tightly to horse spleen apoferritin, displacing iron(II) under anaerobic conditions
but however, once the ferroxidase center is filled with two iron(III), zinc(II) is no
longer able to bind there, nor does it inhibit the iron core formation. A similar
situation has been described for cadmium(Il). Therefore, the existence of a
competition between metals for different apoferritin binding sites takes place but
once the ferritin biomineralization process is triggered neither cadmium or zinc

are able to affect the ferritin machinery.

Interestingly, in the case of the recombinant human H-ferritin, the structure of the
distinct complexes with zinc(II) reveal a surprising similarity between them,
indicating that the dinuclear site in this recombinant ferritin is quite a rigid site for
this metal ion. Surprisingly, this is not the case when iron occupies these same
binding sites. As previously described, coordination of iron at the ferroxidase
center undergoes changes during oxidation with the subsequent iron-iron distance

shortening [55].

The rigidity of the zinc(II) coordination at the ferroxidase site with respect to the
flexibility found for iron is probably a consequence of the non-redox chemistry of
zinc(II), which has a definitive importance in how zinc(II) affects the ferritin iron

uptake. This is more evident when the coordination of copper to the ferroxidase
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center and its effect to the ferritin function is analyzed (see below).

The lack of ferroxidase activity in ferritin due to the presence of zinc(Il) is
extremely relevant in neurons, where the concentration of zinc(II) becomes very
significant (Section 5) and the ferritin is predominantly H-rich (Section 4). A
minimum amount of free zinc(Il) could inhibit the appropriate iron(Il) oxidation
by ferritin, giving rise to a cascade radical process that would conclude with

neuronal death.

Furthermore, the interaction of zinc(II) with ferritin can be extrapolated to other
neurological scenarios. For instance, AD is complicated by prooxidant
intraneuronal free iron(Il) and, interestingly, by zinc(Ill) overloading within
amyloid plaque. Interestingly, the AD [-amyloid protein precursor has been
described to exhibit ferroxidase activity due to the existence of what Bush et al.
denominate a H-ferritin-like active site, which is captivatingly also inhibited by
zinc(II) [133]. However, it must be taken into account that the ferroxidase activity
of the AD [3-amyloid protein precursor has been recently called into question and

asked for its revaluation [134].

The interaction of copper with ferritin has also been investigated. Copper(1l), as in
the case of zinc(Il), was shown to bind relatively tightly to horse spleen ferritin.
Once bound, copper(Il) has a catalytic effect on the aerobic oxidative uptake of
iron(II) by ferritin, which means that it induces an opposite effect to that of
zinc(Il). The difference between the effect of zinc(II) and copper(Il) has been
explained by Moore et al. in terms of the capability of copper(Il) to take part in
redox reactions [40]. In the absence of any other metal ions, two iron(II) bind at
this site, are oxidized by Oz and form the DFC. Now, returning to the opposite
effects of zinc(II) and copper(Il) in horse spleen ferritin, it is plausible to consider
that if these two ions are bound in a way that they occupy just one end of the site,
an incoming iron(Il) occupying the other end might be oxidized by copper(1l) but
not by zinc(II). The iron(III) produced could then migrate from the site to allow
another iron(II) to take its place alongside the produced copper(I). At this point a
two-electron reduction of Oz would generate copper(Il) and iron(III) and, with the
migration of iron(Ill) away from the site, the cycle could be reinitiated [40].
Unfortunately, only crystal data of ferritin-copper(II) and not copper(I) complex

are yet available to confirm this hypothesis, but it should be highlighted that, as
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stated before, both the distances and bond angles found for the zinc(II) complexes
of ferritin point out to an extreme rigidity of the site that would justify a zinc

inhibitory role of the ferroxidase activity, but a promoting role for copper.

The loss of the ferroxidase activity of ferritin in the brain becomes a transcendent
problem when pathological iron(Il) accumulates and neurodegenerative processes
are triggered. It is quite intriguing to realize that the presence of free, and toxic
iron(II), can be generated either by an excess of zinc that inhibits the ferroxidase
activity of ferritin, or by a deficiency of copper. In fact, when copper lacks, there is
also a malfunction of the multicopper ferroxidase ceruloplasmin protein and a
development of the aceruloplasminemia disease, which leads to glial iron

accumulation and dementia.

7. Interaction of ferritin with metalloproteins and other biomolecules

Two metalloproteins, specifically Cu- or Zn-containing proteins, have been
reported in literature to somehow interact with ferritin: ceruloplasmin, a blue
multicopper oxidase with ferroxidase activity [135], and metallothioneins (see

Section 5).

The oldest studies, carried out before the 2000 decade, called into question the
mechanism of ferritin iron uptake described before in this review, and which is
nowadays universally accepted. Aust and coworkers defended, at the end of the
90s, the docking between ceruloplasmin and ferritin [41]. This research group was
defending that the ferroxidase activity of the H-subunits was leading to iron loaded
ferritins with properties notably differing from those of native ferritins. In parallel,
they reported that the enzymatic load of apoferritin with iron by using intact
human ceruloplasmin rendered iron loaded ferritins with nearly identical
properties to those of native ferritins [136]. Therefore, to accomplish the iron(II)
to iron(IIl) oxidation by ceruloplasmin, a protein-protein complex formation was
hypothesized, and the existence of a specific recognition site for the interaction of
both proteins and the stimulation of its ferroxidase activity was suggested. In fact,
the symptoms of iron overload as well as of excessive deposition of insoluble iron
found in patients diagnosed with aceruloplasminemia (low concentrations of

active ceruloplasmin) or Menkes disease (a disorder that affects copper levels in
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the body, leading to copper deficiency) supported the proposed interaction.
Unfortunately, this research line was stopped and no further data giving continuity

to this hypothesis have ever been reported.

Much more recently, our groups reported an intriguing interaction between
metallothionein and ferritin. Two proteins apparently designed by nature to
protect cells, and organisms, from free transition metal ions, and to respectively
maintain the homeostatic levels of Zn and Cu, and Fe generated deleterious effects
when observation each other. This serendipitous discovery occurred during the
search for a biomolecule able to capture the released iron(II) from ferritin and thus
capable to prevent ROS formation (Section 3 of this work). For this study, the Zn-
complexes of the mammalian metallothionein isoforms found in the brain, MT1,
MT2 and MT3 (Section 5), and the model horse spleen ferritin where chosen. The
obtained results were astonishing (respectively 55.6, 23.9, and 59.5% of iron
release) and they correlated well with the Zn/Cu-thionein character of the assayed
MTs [137]. Further experiments carried out either with Cu-loaded or Zn,Cu-
heteronuclear complexes of these MTs confirmed parallel behaviors and suggested
that not only iron(II) and zinc(II), but also copper(I) can be liberated to the media
if ferritins and metallothioneins meet in the cell [authors’ unpublished results].
Interestingly, neither binding between the two participant proteins nor a
disruption of the ferritin structure was detected during the interaction. However,
iron and zinc liberation from their respective metalloproteins was reported to be
the consequence of the oxidation of the cysteinic residues of the MTs. Therefore, a
proposal of a tentative redox reaction between the two biomolecules by electron
transfer through the ferritin shell was proposed owing to the size of the Zn-MT
complexes, which impairs them reaching the mineral by traversing the protein
shell through the ferritin channels (Fig. 10). Recent theoretical studies [82] and
experimental observations [138] commented above give nowadays further

support to this proposal.
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‘ Fe release

Fig. 10. Iron removal from horse spleen ferritin by mammalian Zn-MTx (x =1, 2 or 3)

takes place with simultaneous liberation of iron(Il) and zinc(1I).

The interaction of ferritin with multiple biomolecules, not strictly metalloproteins,
has also been reported in the literature. Two groups can be differentiated
depending on the result of these interactions: those that are thought to retrieve
ferritin form circulation, and those that are proposed to serve the upload or
release process of iron into or from ferritin. Here we will concentrate only in
biomolecules that are present in the brain. The first group includes a variety of
ferritin-binding proteins identified in mammals: H-kininogen, alpha-2-
macroglobulin, fibrinogen, and apolipoprotein B (ApoB) [139,140]. All these
proteins are present in the brain and have been proposed to form complexes with
ferritin to most likely remove it from circulation. High-molecular-weight kininogen
(KNG) is a central constituent of the contact-kinin system, which represents an
interface between thrombotic and inflammatory circuits and is critically involved
in stroke development [141]. Alpha2-macroglobulin (alpha(2)M) is an abundant
plasma protein similar in structure and function to the so called alpha2-
macroglobulin, which is also produced in the brain where it binds multiple
extracellular ligands, being then internalized by neurons and astrocytes. In the
brain of AD patients, alpha(2)M has been localized to diffuse amyloid plaques
[142]. The blood protein fibrinogen, which leaks into the CNS immediately after

blood-brain barrier disruption or vascular damage, serves as an early signal for the
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induction of glial scar formation via the TGF- /Smad signaling pathway [143]. At
least two mechanisms of interaction between these proteins and ferritin have been
proposed [140]: one is direct binding, such as that proposed for H-kininogen, and
fibrinogen; the other is an indirect binding through heme on the surface of the
ferritin molecule, such as that described for the heme-binding protein, ApoB. In
this case, some distinctions should be made: those biomolecules supposed to
contribute to the uptake process and those involved in the release of iron from
ferritin. Some fatty acids appear to achieve the first goal, while, SOD and xanthine
oxidase and cytochrome P-450 seem to fulfill the second purpose. Arachidonic acid
(ARA) is one of the most abundant fatty acids in the brain and its disturbed
metabolism may be associated with neurological disorders such as AD and bipolar
disorder [144]. Interestingly, Bu et al. [145] recently reported a 60 puM affinity
specific binding site of ferritin for ARA. Also, they described that its binding
enhances iron mineralization and decreases iron release at the same time that
protects the fatty acid from oxidation. This binding site was proposed to be located
in the 2-fold intersubunit pocket, allowing the ARA tail to project well into the
ferrihydrite mineralization site on the L-ferritin subunit, while shorter saturated
fatty acids as caprylate were described not to have significant effects on

mineralization.

As stated in previous sections, iron(II) can be released from ferritin by reductants
small enough to reach the mineral core by using the ferritin channels, and this is
the case of O:°~. Interestingly, two distinct research groups reported diverging
results with respect to the capability of 02*-to affect the release of iron(II) from
ferritin and this implied the participation of two other biomolecules: SOD and
xanthine oxidase. Both, the research groups of Biemond et al. [146] and of Thomas
et al. [147] found that iron was mobilized from ferritin by xanthine oxidase.
However, after observation that iron release could be completely inhibited by SOD,
Thomas et al. concluded that 02~ was the active iron-mobilizing species. Similar
conclusions can be drawn from the studies between the interaction of ferritin with
cytochrome P-450 [148] or with the intracellularly ocurring Cu(I)-glutathione
complex Cu(GSH)z [149]. Oppositely, the observation that SOD had no blocking
effect on the release of iron from ferritin by xanthine oxidase, led to Biemond et al.

to suggest that probably electrons were transferred from the enzyme-substrate
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complex to ferritin via an unknown mechanism. Finally, Bolann and Ulvik reported
that in hypoxic tissues xanthine oxidase can release iron from ferritin by an 02*-

independent process [150].

8. Concluding remarks

Over millions of years, living organisms have produced ferritin for a crucial
function: iron storage. Ferritin is at the center of iron metabolism, providing
protection by scavenging free iron and storing iron when needed. Dysfunction in
ferritin, either at iron uptake or iron release leads to the existence of free iron(II),

which can be the beginning of a range of neurological pathologies.

The enormous progress made in understanding the mechanism of action of
ferritin, nevertheless, revealed a number of transcendent issues that still remain to
be solved such as: (i) the influence of the H- or L-nature of its subunits in the
formation of the iron core, (ii) the identification of the putative ferritin-binding
biomolecules that can promote iron release or (iii) the role and interference of
metals and metalloproteins in ferritin iron uptake and iron release. This review
has been mainly focused in the last issue. However, much more data collecting
information from realistic scenarios where other free metal ions different than
iron, and other metalloproteins interact with ferritin are still needed. It is our
belief that this review will provide a basis of knowledge from where to extract

comprehensive conclusions and to build future prospects.

We have reviewed different situations in which the interaction of ferritin with a
metal ion or a metalloprotein gives rise to the existence of free toxic metals, iron or
iron plus other metals. For example, it is true that zinc(II) can be found at high
concentrations in neurons but fortunately it is mainly complexed or
compartimentalized. However, any anomalous zinc(II) metabolism provoking the
appearance of free zinc(II) in neuron would cause an inhibition of the ferroxidase
activity of ferritin and the subsequent existence of not stored free iron(Il). Then,
the free zinc(II) and iron(II) would result in causing neuron death. Interestingly,
the presence of the multicopper ceruloplasmine could overcome this problem as
this protein promotes iron(II) oxidation and also ferritin reconstitution. This is a

genuine example to show how the metabolism of these three metals is interrelated
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and how its study in depth requires a full approach where interactions between

free and protein-containing metals must be considered.

In another scenario, an excessive proportion of H-subunits in ferritin can result in
an increase of iron(II) oxidation level but a in significant decrease of the amount of
iron stored in the mineral core of ferritin, with the consequent existence of free
iron(Ill), which 1is capable to oxidize some metalloproteins, such as
metallothioneins, ultimately leading to the liberation of metal ions like copper(I) or
zinc(II). Likewise, the iron(III) stored in the mineral core of ferritin can also
oxidize the metal-MT complexes causing the liberation of iron(Il) and of the metal

ions bound to metallothioneins.

Although we are aware of the evident difficulties associated with the study of more
integrative systems, it is our conviction that the future goals for the elucidation of
the iron uptake and release processes in ferritin should aim at considering not only
the presence of distinct metals but also that of other metalloproteins, which coexist
with ferritin in the different tissues and cell compartments. It is our belief that only
with this approach, a realistic view of the chemical implications of their
interactions can be achieved. This is especially important in the brain when trying
to shed light into the neuropathologies associated with the dysfunction of
metalloproteins that give rise to an uncontrolled release of metals, a fact that
probably underlines the origin of some of the most dramatic neurological diseases

affecting nowadays the worldwide population.
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