Chapter 3
The Ferritin Superfamily

Alejandro Yévenes

Abstract Iron is very important in many biological processes and the ferritin pro-
tein family has evolved to store iron and to maintain cellular iron homeostasis. The
deletion of the coding gene for the H subunit of ferritin leads to early embryonic
death in mice and mutations in the gene for the L subunits in humans has been
observed in neurodegenerative diseases, such as neuroferritinopathy. Thus, under-
standing how ferritin works is imperative and many studies have been conducted to
delineate the molecular mechanism of ferritins and bacterioferritins. In the ferritin
protein family, it is clear that a catalytic center for iron oxidation, the routes for iron
to reach this center and the ability to nucleate an iron core, are common require-
ments for all ferritins. However, there are differences in the structural and mechanis-
tic details of iron oxidation and mineralization. Although a common mechanism has
been proposed for all ferritins, this mechanism needs to be further explored. There
is a mechanistic diversity related to structural variation in the ferritin protein family.
It is clear that other factors appear to affect the mechanism of iron oxidation and
mineralization. This review focusses on the structural features of the ferritin protein
family and its role in the mechanism of iron mineralization.
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Abbreviations

AfFtn Archaeoglobus fulgidus ferritin
AvBFR Azotobacter vinelandii bacterioferritin
BFR Bacterioferritin

BfMF Bull frog M ferritin

CjFtn Campylobacter jejuni ferritin

CtFtn Chlorobium tepidum ferritin
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DdBFR Desulfovibrio desulfuricans bacterioferritin

DFP Diferric peroxo

Dps DNA binding protein from starved cells
EcBFR Escherichia coli bacterioferritin
EcFtnA Escherichia coli ferritin A

FC ferroxidase center

HpFtn Helicobacter pylori ferritin

HoSF Horse spleen ferritin

HuHF Human H ferritin

HuLF Human L ferritin

HMFt human mitochondrial ferritin

ITC Isothermal titration calorimetry

MRI Magnetic resonance imaging

MD Molecular dynamics

MtbBFrB  Mycobacterium tuberculosis bacterioferritin B
NMR Nuclear magnetic resonance

PaFtn Pseudomonas aeruginosa ferritin
PaBFR Pseudomonas aeruginosa bacteriferritin
PfFtn Pyrococcus furiosus ferritin

PmFtn Pseudo-nitzschia ferritin

TmFtn Thermotoga maritima ferritin

VcFtn Vibrio cholerae ferritin

3.1 Introduction

Ferritin has evolved to store iron as a ferric oxyhydroxide mineral. Particulate or
bound iron is encapsulated within members of the ferritin family of proteins. For
living organisms the maintenance of iron homeostasis is very important, if we con-
sider that Fe(II) is readily oxidized to Fe(III) by dioxygen and other reactive oxygen
species, such as superoxide, hydrogen peroxide and water. Besides, Fe(Il) reacts
with hydrogen peroxide to generate the hydroxyl radical through the Fenton reac-
tion (Boukhalfa and Crumbliss 2012), and Fe(III) is involved in the destructive cata-
lytic cycle of Haber-Weiss (Kehrer 2000). Furthermore, the propensity of Fe(II) to
react with dioxygen to generate the highly insoluble Fe(OH);(H20); (Ksp, of
~10-38) (Boukhalfa and Crumbliss 2012) limits the bio-availability of Fe(II).

The chemical properties of iron show the importance of ferritin in cellular iron
homeostasis. Besides, deletion of the coding gene for the H subunit of ferritin leads
to early embryonic death in mice (Ferreira et al. 2000) and mutations in the gene of
the L subunits in humans has been observed in neurodegenerative diseases such as
neuroferritinopathy (Curtis et al. 2001). Furthermore, in Parkinson’s or Alzheimer’s
disease (Jellinger et al. 1990) and in acquired immunodeficiency syndrome
(Drakesmith et al. 2005) an increase of the ferritin expression level and the concen-
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tration of Fe(IIl) has been reported. Also, other roles for ferritin have been sug-
gested (Watt 2011), including a role in immunity and autoimmunity (Recalcati et al.
2008) and in lipid metabolism (Bu et al. 2012). Thus, understanding how ferritin
works is imperative, and many studies have been conducted to delineate the molecu-
lar mechanism of ferritins and bacterioferritins.

3.2 Structural Overview of Ferritins

Ferritin is a member of the four a-helix bundle structure superfamily (Andrews
2010), which also includes soluble methane monooxygenase, ribonucleotide reduc-
tase, rubrerythrin, bacterioferritin (BFR), DNA binding protein from starved cells
(Dps), Dps-like proteins, and the recently identified archaeoferritin (Ebrahimi et al.
2012). Furthermore, ferritin is a member of the ferritin-superfamily, possessing
iron-storage capacity, this family also includes bacterial ferritin and bacterioferritin
(Carrondo 2003), Dps and Dps-like proteins (Haikarainen and Papageorgiou 2010;
Calhoun and Kwon 2011; Wiedenheft et al. 2005) and archaeoferritin.

The quaternary structure of ferritin consists of 24 subunits and each subunit is
characterized by four tightly packed a-helices (A-D), a loop sequence connecting
the B—C helices, and a short fifth a-helix (E) that adopts an acute angle with respect
to the bundle near the C-terminus tail (Le Brun et al. 2010) (see Fig. 3.1a). However,
helix E adopts a different orientation in C. tepidum ferritin (CtFtn) where it forms
an angle of almost 90° with respect to the four-helical bundle (Arenas-Salinas et al.
2014) (Fig. 3.1a). Despite significant differences in the primary sequences, the ter-
tiary structures of the different ferritins are remarkably similar, however, significant
differences in quaternary structure have been observed. Where Dps and Dps-like
proteins form 12-mer assemblies,where ferritin, bacterial ferritin and BFR are made
of 24 identical subunits (24-mer). Interestingly, BFR has a heme group between
pairs of subunits (Fig. 3.1b). The primary function of the Dps and Dps-like proteins
appears to be the protection of DNA against oxidative damage (Haikarainen and
Papageorgiou 2010; Grant et al. 1998). Archaeoferritin is a monomeric protein that
assembles upon aerobic addition of Fe(II) and its physiological function is unknown
(Ebrahimi et al. 2012). This review will focus on ferritins, bacterial ferritins and
bacterioferritin, as they share similar structures and properties.

3.2.1 Mechanism of Ferritin Self-Assembly

Recent studies have provided evidence that dimers are the first intermediate in the
ferritin self-assembly pathway. Alanine scanning mutagenesis of E. coli bacteriofer-
ritin (EcBFR) shows that mutations at the threefold and twofold symmetry axis
abolished formation of the 24-mer protein shell completely and only dimers were
formed (Zhang et al. 2010). The self-assembly of human H ferritin (HuHF) was
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Fig 3.1 Structural alignment of ferritins subunits and cartoon representation of the macro-
molecular assembly of ferritins. (a) Structural alignment of the subunits of EcFtnA (1IEUM.pdb),
HuHF (2FHA.pdb), EcBFR (3E1M.pdb) and CtFtn (4CMY.pdb) where the helix E adopts a differ-
ent orientation with respect to the rest of ferritin protein family. Cartoon representation of the
macromolecular assembly of HuHF (b) (2FHA.pdb), EcBFR (¢) showing the HEM group in yel-
low (2EIM.pdb), EcFtnA (d) (IEUM.pdb) and CtFtn (e) (4CMY.pdb). The figure and the struc-
tural alignment was made with Chimera (Pettersen et al. 2004). The figure was prepared using the
crystal structures available in the Protein Data Bank

studied using a recent engineering strategy, which was termed reverse metal-
templated interface redesign (Huard et al. 2013; Salgado et al. 2007, 2008). The
formation of a 24-mer shell was only observed after the formation of a stable dimer.
Thus, this interesting study defined a path for self-assembly of the 24-mer shell
through the formation of dimers. The loop between helix B and helix C of one
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subunit interacts with this same loop of another subunit, generating a twofold sym-
metry. It has been shown that deletion of two residues in this loop in HuHF abol-
ished formation of the 24-mer complex (Levi et al. 1989b) and a Asp80Lys mutation
in this loop reduced the solubility and the stability of bull frog M ferritin (BfMF)
(Bernacchioni et al. 2014). Therefore, a dimer appears to be the first intermediate
during the self-assembly of the ferritin protein family and as soon as dimmers are
formed, the formation of the 24-mer protein shell spontaneously occurs. Furthermore,
a role of salt concentration in the mechanism of self-assembly has been described
for bacterial ferritin. For example, it has been described that for Archaeoglobus
Sfulgidus ferritin (AfFtn) self-assembly only occurs in the presence of a high salt
concentration (Johnson et al. 2005; Sana et al. 2013), and it has been shown that the
Apo Thermotoga maritia ferritin (TmFtn) exists largely as dimers at the cytoplas-
mic ionic strength of moderately halophilic bacteria (Ceci et al. 2011). In a similar
way, EcBFR dissociates into dimers to the same extent as TmFtn at pH values
around neutrality and 0.15 M NaCl (Andrews et al. 1995). Ceci et al. (2011) sug-
gesting that TmFtn assembly is stabilized by iron micelles, as was also described for
AfFtn after incorporation of 500 Fe/24-mer (Johnson et al. 2005), however, this
characteristic has not been described in general for members of the ferritin protein
family.

3.2.2 Structural Variety Amongst the Catalytic Ferroxidase
Centers of Ferritins

Animal ferritins consist of two related subunits, the heavy and the light chain (H and
L chain), that assemble in different proportions to form the 24-subunit protein cage
(Cho et al. 2009; Toussaint et al. 2007a, b; Ha et al. 1999; Trikha et al. 1995; Granier
etal. 1997). The HuHF, bacterial ferritins and BFR contain a highly conserved cata-
Iytic center called the ferroxidase center (FC), where iron is oxidized as the initial
step of iron mineralization. This center possesses two iron binding sites (A and B),
however, a third binding site (site C) has been found near the ferroxidase center in
some Archaeal and bacterial ferritins and in BFR, as well as in mammalian ferritin
(Le Brun et al. 2010; Toussaint et al. 2007a, b; Ha et al. 1999; Trikha et al. 1995;
Granier et al. 1997; Masuda et al. 2010a; Hamburger et al. 2005; Stillman et al.
2001; Tatur et al. 2007; Johnson et al. 2005; Cho et al. 2009; Ceci et al. 2011; Ilari
et al. 2000; Macedo et al. 2003; Ren et al. 2003; Khare et al. 2011; Pfaffen et al.
2013; Hitchings et al. 2014; Ebrahimi et al. 2012).

The 3-dimensional structure of representatives members from all three ferritin
subfamilies have been determined by X-ray crystallography, from a range of spe-
cies, including human (Toussaint et al. 2007a, b), frog (Ha et al. 1999; Trikha et al.
1995), horse (Granier et al. 1997), soybean (Masuda et al. 2010a), insect (Hamburger
et al. 2005), E. coli (Stillman et al. 2001), Campylobacter jejuni (PDB code: 1krq;
unpublished work), Pyrococcus furiosus (Tatur et al. 2007), A. fulgidus
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(Johnson et al. 2005), Helicobacter pylori (Cho et al. 2009), T. maritima (Ceci et al.
2011), Listeria innocua (Ilari et al. 2000), Desulfovibrio desulfuricans (Macedo
et al. 2003), Bacillus brevis (Ren et al. 2003), Mycobacterium tuberculosis (Khare
et al. 2011), Vibrio cholerae (PDB code:3QZ3; unpublished work), pinnate diatom
(Pfaffen et al. 2013), Streptomyces coelicolor (Hitchings et al. 2014) and others.
Fundamental to the available structures of the ferritin protein family, the FC has
been classified as belonging to one of three distinct types: H-chain-type, Ftn-type
and bacterioferritin type.

3.2.2.1 The H-Chain-Type Ferroxidase Centers

The BfMF was the first eukaryotic ferritin ferroxidase center observed in an Fe(III)
bound state (Bertini et al. 2012). The Fe(IIl) at site A is coordinated to Glu23,
Glu58, which bridges the two iron ions and His61. At site B, Fe(IIl) is coordinated
by the bridges Glu58 and Glul03 (Bertini et al. 2012)(see Fig. 3.2a). Close to the
FC, Tyr34/Tyr30 and GIn41/137 are strictly conserved amongst eukaryotic ferritins.
Tyrosine radical formation has been detected in the catalytic reaction of the FC,
however, the function of this tyrosine is unclear because it does not appear to be
essential in the oxidation reaction (Chen-Barrett et al. 1995) (see Sect. 3.3). A simi-
lar coordination environment is observed in the FC of HuHF, derived from its crys-
tal structure containing Zn(II) (Toussaint et al. 2007a, b). In BfMF the di-iron
distance between site A and B is 3.1 10\, consistent with a bridged diferric center
(Bertini et al. 2012). Recently, a third iron binding site in mammalian ferritins was
identified. The analysis of the crystal structure of HuHF in presence of Tb(IIl),
Zn(II) and Mg(Il) showed the presence of three metal ion binding sites (Lawson
etal. 1991; Toussaint et al. 2007a, b). Depending on the metal ion, the conformation
of site C in HuHF varied and the amino acid ligands of the metal ion in site C are
different: for Tb(III) Glu61 and Glu64 (Lawson et al. 1991); for Zn(II) His57 and
Glu61(Toussaint et al. 2007a, b); and for Mg(II) Glu140 (Masuda et al. 2010a).
Mutation of the coordinating residues of site C in HuHF decreased the rate of catal-
ysis of Fe(Il) oxidation in the FC (Masuda et al. 2010a, b). Therefore, site C also
appears to be important for the catalysis of Fe(II) oxidation (see Sect. 3.3). In human
L-chain ferritin (HuLF), which apparently oxidizes Fe(II) with a rate just above the
rate of background oxidation of free Fe(II) by molecular oxygen (Levi et al. 1988,
1989a, b), the coordination environment of sites A and B is absent (Lawson et al.
1991; Boyd et al. 1985). This observation suggests that sites A and B are essential
for fast catalysis of Fe(II) oxidation by HuHF.

Inaddition, three metal ion binding sites have been described in BEMF. Specifically,
three Co(II) ion binding sites were observed in the X-ray structure of BfMF (Tosha
et al. 2010), two sites in the middle of each subunit in the same place as the FC in
HuHF and a third site with two slightly different conformations (each conformation
<50% occupancy), in a position that corresponds to that of site C in HuHF. As was
described to HuHF, the site directed mutation of the residues of site A, B, or C in
BfMF reduced the rate of Fe(II) oxidation (Tosha et al. 2008; Behera and Theil
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Fig. 3.2 Structural variety amongst the catalytic Ferroxidase centers of Ferritins. In (a) is
shown the FC of BfEM (3RBC.pdb); the iron at site (a) is coordinated to Glu23 and Glu58, which
bridges the two iron ions and His61. In the site (b), iron is coordinated by the bridges Glu58 and
Glul03. In (b) is shown the FC of CtFtn (4CMY.pdb); the iron at site (a) is coordinated by Glul7
and His53, and bridging to Glu50. In site (b), iron is coordinated to the bridging Glu50 and termi-
nal Glu94 and Glu130. The additional Glu130 ligand is actually a bridging ligand to a third iron-
binding site (¢), which is also coordinated by three further glutamates (Glu49, Glu126 and Glu129).
In (c) is shown the FC of EcBFR (3E1M.pdb); iron at site (a and b) are coordinated by Glul8/
Glu94 and histidine (His54/130), respectively. Additionally, iron at site (a and b) is coordinated to
two bridging glutamate (Glu51 and Glu127). The figures were made with Chimera (Pettersen et al.
2004). The figure was prepared using the crystal structures available in the Protein Data Bank
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2014). The X-ray structure of BfMF loaded with two Fe(II) per subunit (Bertini
et al. 2012) shows that the two Fe(Il) are located in site A and B of the FC. In this
way, the amino acids that form sites A, B and C in BfMF align with those observed
in HuHF.

3.2.2.2 Bacterial Ferritin Ferroxidase Centers

The bacterial ferritin ferroxidase center closely resembles that found in H-chain fer-
ritin. In CtFtn, the amino acid residue side chain that coordinates the iron in site A
is the same as in vertebrate ferritins, involving terminal Glu17 and His53, and bridg-
ing Glu50. In site B, iron is coordinated to the bridging Glu50 and terminal Glu94
and Glu130 residues. The additional Glu130 ligand (compared to H-chain-type cen-
ters), is actually a bridging ligand to a third iron-binding site (site C), which is also
coordinated by three further glutamates (Glu49, Glul26 and Glul29) (Arenas-
Salinas et al. 2014) (see Fig. 3.2b). This coordination environment is similar to the
one that is found in Escherichia coli (EcFtnA) (Stillman et al. 2001). Sequence
comparisons have revealed that the FC ligands are highly conserved in other pro-
karyotic ferritins (Tatur et al. 2007). The same coordination environment that is
found in EcFtnA can also be found in two Archaeal ferritins, from A. fulgidus and
P. furiosus, which have been characterized in an iron loaded form (Tatur et al. 2007,
Johnson et al. 2005). The iron found in P. furiosus FC (Tatur et al. 2007) shows a
lower occupancy at site B compare to site A, and also shows a di-iron distance that
is shorter than the distance that is seen in other ferritin structures, but which is con-
sistent with a di-Fe(III) center. The crystal structure of AfFtn showed that the Fe-A
to Fe-B distance was 3.18 /OX, where an electron density was clearly observed
between the irons, which would be consistent with a oxo-bridge and occupancy of
Fe(I11). In this case, the iron at site C is 6 A away from Fe-B (Johnson et al. 2005),
and site C is a 6.3 A from this center. In eukaryotes, the ferritins of frog and pinnate
diatom Pseudo-nitzschia multiseries have been characterized in an iron-bound
form. The P. nitzschia ferritin (PmFtn) appears to be composed of a single subunit
type, with a sequence that is weakly related to prokaryotic ferritins (Marchetti et al.
2009). Its FC contains a Fe-A site that has a similar coordinating environment as
those of the other eukaryotic ferritins. However, its Fe-B is distinct, because it has
another glutamate (Glu130) besides the bridging Glu48 and Glu94. The iron-iron
distance after an overnight soak of its crystal with Fe(IT) solution was 3.6 A, longer
that in other ferritins, but consistent with a bridged diferric center (Pfaffen et al.
2013). The Glu30 in EcFtnA also acts as a bridging ligand to the third iron-binding
site. Therefore, PnFtn is an Ftn-type ferritin with coordination at site C, somewhat
similar to what is seen in prokaryotic ferritins (Pfaffen et al. 2013).

The role of the FC in bacterial ferritin has been studied by site-directed mutagen-
esis, where amino acid replacement in sites A, B and C reduced the rate of Fe(II)
oxidation in Pyrococcus furiosus ferritin (PfFtn) (Ebrahimi et al. 2012) and EcFtnA
(Treffry et al. 1998a, b). In the crystal structure of bacterial ferritin, site A has
always been found to be fully occupied with metal ions. However, in PmFtn, sites
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A, B or C are not occupied with metal ions (Ebrahimi et al. 2015). A full occupancy
of sites A and B of the FC has been observed for BIMF and Pseudomonas aerugi-
nosa ferritin (PaFtn) at neutral pH and for CtFtn at pH 9.0 (Arenas-Salinas et al.
2014). Taking in account the available data and the comparison of the metal ion
coordination sites of the FC of different ferritins, it is possible to consider that all
ferritins possess two iron binding sites in their FC (Site A and B) and a third iron
binding site in the vicinity of the FC (site C). Site C of the FC in some ferritins
shows a different conformation and in all structures, it is either partially occupied
with metal ions or it is vacant. This suggests that this site can act as a transient iron
binding site. More studies are needed to define the role of site C in the mechanism
of action of ferritin. It has however been suggested that site C acts as a gateway of
the FC, which is responsible for the translocation of Fe(II)/Fe(III) into or out of the
FC (Ebrahimi et al. 2012)(see Sect. 3.3).

3.2.2.3 Bacterioferritin Ferroxidase Centers

The analysis of the ferroxidase center of BFR has been possible due to several iron
loaded crystal structures that have been obtained; these include those from
Desulfovibrio desulfuricans, E. coli, Azotobacter vinelandii and P. aeruginosa
(Macedo et al. 2003; Crow et al. 2009; Swartz et al. 2006; Weeratunga et al. 2010).
BFR contains an intra-subunit di-iron site and it is different from the H-chain type
and bacterial ferritin centers (see Fig. 3.2c). In EcBFR, the iron at sites A and B are
coordinated by Glul8/Glu94 and His54/130, respectively. Besides, the iron at sites
A and B is coordinated by two bridging glutamates (Glu51 and Glu127) (Crow et al.
2009). This symmetrical FC is similar to the dinuclear iron centers that are seen in
ribonucleotide reductase and methane monooxygenase (Nordlund et al. 1990;
Rosenzweig et al. 1993). Due to this characteristic, BFR belongs to class II of the
dinuclear iron centers. The inter Fe(III)/Fe(III) distance is 3.6 A in the EcBFR struc-
ture (Crow et al. 2009), longer than other prokaryotic ferritins, but similar to inter
Fe(III)/Fe(Il) distance of D. desulfuricans and A. vinelandii BFR (3.7 and 3.5 A,
respectively) (Macedo et al. 2003; Swartz et al. 2006). This distance increases to 4
A in the Fe(I)/Fe(Il) forms (Macedo et al. 2003; Crow et al. 2009; Swartz et al.
2006). The His130 shows flexibility and it is not always coordinated to Fe(II) at site
B (Swartz et al. 2006). There is no site C in the BFR FC, which is similar to the
bacterial ferritin FC center, but an additional iron binding site has been character-
ized in EcBFR, facing the inner cavity. In this site, the Fe(Il) is coordinated by
Asp50, His 46 and three water molecules (Crow et al. 2009)(Fig. 3.2¢). Despite the
fact that this site could be similar to site C found in bacterial ferritin, in BFR this site
is located at 9.2 A from the FC. However, the Asp50 in BFR is equivalent but not
structurally identical to the site C residue Glu49 in EcFtnA. This inner iron binding
site is important in the mechanism of iron mineralization in BFR (see Sect. 3.3).
Another important structural feature of BFR is that it can contain up to 12 hemes per
24-mer protein, the heme group participates in iron release, as is also described in
Sect. 3.3 (Andrews et al. 1995; Frolow et al. 1994).



84 A. Yévenes

Table 3.1 Amino acids composition of the threefold channels in ferritins and bacterial ferritins

PDB

code Organisms | Outer entrance Middle Inner entrance
2JD6 PfFtn Alal06 ‘ Glul09 | Tyrl14 | Argll7 |Glul2l

4CMY CtFtn Leul09 Argl10 | Phell7 |GInlI8

1SQ3 AfFtn Glul108 ‘Metlll Phell6 | Tyr119 | Asnl20

3EGM HpFtn Lys110 1le109 Phell7 |Asnll8

IEUM EcFnA  |Hisl06 |Metl09 |Tyrll4 |Phell7 |Asnll8 |Gnl21
3Q73 VcFtn Thrl16 Phell5 Phel23 Asnl24

1VLG TmFtn Serl11 Vall19 Ser120 ‘Ly5123
3QD8 MtFtn Argll4 Glul22 GInl123

1KRQ CjFtn Thr110 Leul09 | Phell7 Asnll18

3R2K PaFtn Glu108 Argl16 Aspl17 ‘LyleO
3E6R PmFtn Ser109 Thr110 | Metl17 Asnl21

2FG8 HuLF Ser122 Cy130 Aspl31 | Glul34 | Thrl35

3AJO HuHF Thr122 | Cys130 | Aspl31 | Glul34 |Thrl35

Table 3.2 Amino acids composition of the fourfold channels in ferritins and bacterial ferritins

PDB code | Organisms | Outer entrance Middle Inner entrance
2JD6 PtFtn GIn149 Met153 Lys156 | Glul57
4CMY CtFtn Asnl45 | Metl47 Argl50 | Argl54 | Aspl56 | Gluls7
1SQ3 AfFtn Open pore

3EGM HpFtn His149 Leul53 Glnl56

1EUM EcFtnA Glu149 Phel53 Lys156 | Glul57
3Q7Z3 VcFtn Lys155 Phel59 Lys162

1VLG TmFtn GIn149 Ser151 GInl55

3QD8 MtFtn Glul55 Asnl58 Argl62

1KRQ CjFtn Gly148 Asnl49 Leul53

3R2K PaFtn Glu147 Asnl148 GInl151

3E6R PmFtn Leul50 Ser153 Thr157

2FG8 HuLF Leul65 Leul69 Leul73

3AJO HuHF Leul65 Leul69 His173

3.2.3 Structural Variety in the Three and Fourfold Channel
Amongst Ferritins (Possible Role of the B-Channel)

In the ferritin protein family, the formation of the 4-3-2 symmetrical structure of the
protein shell creates channels that allow the communication of their inner cavity
with the outside world. However, the analysis of the amino acid residues that form
the three and fourfold channels in ferritins and bacterial ferritins show that these
amino acid are not conserved among the ferritin protein family (see Tables 3.1 and
3.2). Early studies in horse spleen ferritin (HoSF) shows that Cd(I) binds to its
threefold channel (Stefanini et al. 1987) and the chemical modification of Cys126
present in its threefold channel decreases the Fe(Il) oxidation rate (Douglas and
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Ripoll 1998). Using a theoretical approach, it has been determined that the residues
forming the HuHF threefold channel possess an electrostatic gradient, which allows
iron to enter into its inner cavity (Douglas and Ripoll 1998; Laghaei et al. 2013). It
has been shown that Zn(II) binds to the threefold channel, inhibiting the ferroxidase
activity of HuHF (Bou-Abdallah et al. 2003; Toussaint et al. 2007a, b). Studies in
BfMF show that Co(II) or Mg(II) are present in the threefold channel (Tosha et al.
2010). Furthermore, the flash frozen crystal of BfMF, which was aerobically soaked
with Fe(II), shows the presence of this cation in the threefold channel (Bertini et al.
2012). However, similar studies show that iron was not found in the threefold or
fourfold channel of PmFtn (Pfaffen et al. 2013). It has been proposed that Fe(II)
reaches the FC by a diffusion controlled rate after entry into the inner cavity by the
threefold channel (Bou-Abdallah et al. 2008). When residues belonging to site C are
changed, a decrease Fe(II) oxidation is observed in Soybean ferritin and HuHF
(Masuda et al. 2010a, b; Ensign et al. 2004). These results are in agreement with
molecular dynamics (MD) simulation studies that predict that site C is present in an
Fe(Il) pathway to the FC on HuHF (Laghaei et al. 2013) and by the presence of
Zn(Il) in the crystal structure of human mitochondrial ferritin (HMFt) (Langlois
et al. 2004).

Although bacterial ferritins present similar channels to those present in eukary-
otic ferritin, there is no experimental evidence regarding the involvement of these
channels as the iron entry route. There is only the crystal structure of HpFtn, which
shows iron in its fourfold channel, which was suggest as the iron entry route to the
FC and from there to the inner cavity (Cho et al. 2009). From multiple sequence
alignment, it was concluded that, unlike the threefold channels in eukaryotic ferri-
tin, the threefold channels in bacterial ferritin are hydrophobic, while the fourfold
channels in some microorganism are hydrophilic. Tables 3.1 and 3.2 show that there
is more variety in the amino acid composition of the threefold channel in bacterial
ferritins than there is in the eukaryotic ferritins. The fourfold channel of BfMF,
HuLf and HuHF, HMFt and plant ferritin are hydrophobic and all of them present a
hydrophilic and negatively charged threefold channel. In contrast, prokaryotic fer-
ritins have both hydrophilic and hydrophobic three and fourfold channel (see Tables
3.1 and 3.2). PfFtn has a hydrophilic threefold channel with a mix of positive and
negative residues and a hydrophobic fourfold channel. The threefold channel of
bacterioferritin B (MtBfrB) of Mycobacterium tuberculosis is similar to the PfFtn
threefold channel, but MtBfrB has a hydrophobic fourfold channel. On another
hand, the CtFtn has hydrophilic threefold and fourfold channels with a mix of posi-
tively and negatively charged residues. PaFtn has a hydrophilic positively charged
threefold channel, but a hydrophobic fourfold channel. TmFtn and Helicobacter
pylori ferritin (HpFtn) have a hydrophobic threefold channel, but a hydrophilic
fourfold channel. EcFtnA, Vibrio cholerae ferritin (VcFtn) and Campylobacter
Jjejuni ferritin (CjFtn) have hydrophobic three- and fourfold channels. An excep-
tional case is AfFtn, which has a hydrophobic threefold channel that forms an open
pore (Johnson et al. 2005).

In general term, the quaternary structure of bacterioferritin is similar to that of
ferritin and similar channels, as have been described for ferritin, are observed in
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bacterioferritin. However, in bacterioferritin, the threefold channels are mainly
hydrophilic and the amino acids that form the fourfold channel are mainly hydro-
phobic. In general, three channels have been proposed as a possible pathway of
Fe(ID) to the ferroxidase center of bacterioferritin: the fourfold channels, B-channel
and the ferroxidase channel. The ferroxidase channel was proposed based on the
conformational changes of a histidine of the ferroxidase center that were observed
in the crystal structures of Azotobacter vinelandii bacterioferritin (AvBFR),
Pseudomonas aeruginosa bacteriferritin (PaBFR) and Desulfovibrio desulfuricans
bacterioferritin (DdBFR) (Swartz et al. 2006; Weeratunga et al. 2010; Macedo et al.
2003). In this pathway, the iron enters directly to the FC, where it is oxidized and
then transferred to the inner cavity. The observation of Ba(Il) or Fe(III) ions at the
fourfold channel in the crystal structure of AVBFR (Liu et al. 2004; Swartz et al.
2006); and K(I) in the crystal structure of PaABFR (Weeratunga et al. 2010) has been
used to support the fourfold channel as the iron entry route. However, Wong et al.
(2015) proposed that the B-channel is a major route for iron entry into both the fer-
roxidase center and the iron storage cavity of bacterioferritin. The site-directed
mutagenesis of the residues belonging to the B-channel of ECBFR produced a sig-
nificant decrease in the rates of initial oxidation of Fe(II) at the FC. In fact, the
crystal structure of the Aspl132Phe variant showed that this substitution caused a
steric blockage of the B-channel (Wong et al. 2015). Studies by MD simulation
predict a route where iron can reach the FC from the B-channel through site C of the
FC (Weeratunga et al. 2010). However, the exact role of this site in bactrioferritin is
not known. Also, Wong et al. (2015) reported that the examination of ferritins from
E. coli, C. jejuni (PDB ID 1KRQ), M. tuberculosis (Nordlund et al. 1990), Vibrio
cholera (PBD ID 3QZ3), T. maritime (PDB ID 1Z4A) (Salgado et al. 2008), and P.
furiosus (Salgado et al. 2007) revealed that B-type channels in these structures are
larger than those observed in the structure of ECBFR and should readily permit iron
passage. Considering the difference in the composition of the residues belonging to
the three and fourfold channels in bacterial ferritins, site C of the FC acquires an
important role as the probable iron entry route to the FC from the B channels. In a
similar way to what is found in eukaryotic ferritin, the mutation of site C in PfFtn
decreases the Fe(II) oxidation rate (Tatur et al. 2007). In addition, the rearrangement
of the side chains of two of the residues of site C (Glu51 and Glul31) observed in
AfFtn is in agreement with a role for site C in the iron entry to the FC (Johnson et al.
2005). Similar conclusions were obtained when the crystal structure of BEMF in
presence of Co(II), Cu(II) or Fe(II) were analyzed (Behera and Theil 2014).

3.3 Mechanistic Variations in Mineralization
Amongst Ferritins

Initial studies show that in anaerobic conditions and at an iron concentration below
or equal to that which is required to fill the FC of HuHF, two Fe(II) bind at sites A
and B of the FC (Tosha et al. 2010). The two Fe(II) are subsequently oxidized by O,,
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Fig. 3.3 Mechanism for H-chain-type ferritins. Two Fe(II) bind at the site A and B of the FC
(1). Then, the two Fe(Il) are oxidized by O, and this is reduced to hydrogen peroxide by a two-
electron process where each Fe(II) contributes one electron, resulting in an iron/O, ratio of 2:1 (2).
After the initial oxidation of the Fe(Il), the p-1,2-oxodiferric species is not stable at the FC and
undergoes a hydrolysis reaction, giving [2FeOOH] which forms part of the nascent inner mineral
core (3)

which is reduced to hydrogen peroxide by a two-electron process where each Fe(II)
contributes one electron, resulting in an iron/O, ratio of 2:1 (Jameson et al. 2002;
Zhao et al. 2003; Bou-Abdallah et al. 2002a, b) (see Fig. 3.3):

[P : FC(Fe(Il),)""* +0, +H,0 — [P : FC(Fe(Ill),)OT** +H,0,  (3.1)

In Eq. 3.1, P represents the iron bound to ferritin, FC represents the iron at the
ferroxidase center, and z is the net charge on the protein. This reaction proceeds
through a blue diferric peroxo (DFP) intermediate (Bou-Abdallah et al. 2002a, b,
2005a, b; Pereira et al. 1998; Moenne-Loccoz et al. 1999; Zhao et al. 2005).
Although this has not been detected in all H-chain ferritins, a DFP species has been
proposed as a general feature of the H-chain FC. During the FC reaction, a tyrosil
radical close to the FC has also been detected (Chen-Barrett et al. 1995), however,
the role of this radical is unclear as several H-chain variants exhibit wild-type fer-
roxidase activity without the detectable formation of this radical. After the initial
oxidation of the Fe(Il), the p-1,2-oxodiferric species is not stable at the FC and
undergoes a hydrolysis reaction, leading to proton release (Yang et al. 1998) and
giving [2FeOOH] which forms part of the nascent inner mineral core (see Eq. 3.2,
Fig. 3.3):

[P : FC(Fe(Il),)]""* +0, +4H,0 — 2[(Fe(Il1)OOH (core)|* +H,0, +4H*

(3.2)
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Studies with transferrin suggest that Fe(IIl) remains stable at the FC after its
oxidation (Ebrahimi et al. 2012). However, this is in disagreement with other studies
in which migration of Fe(IIl) out the FC and formation of small iron clusters have
been demonstrated directly by time-resolved Mdssbauer spectroscopy in HuHF and
frog ferritin (Bou-Abdallah et al. 2002a, b; Bauminger et al. 1993; Pereira et al.
1997). The rate of Fe(IlT) migration from the FC into the inner cavity is enhanced
by the addition of Fe(Il), implying a displacement mechanism (Ebrahimi et al.
2012; Bou-Abdallah et al. 2005a, b). The latter suggests that the FC is a gated iron
site, facilitating transfer of iron into the cavity (Bou-Abdallah et al. 2005a, b; Yang
et al. 1998; Waldo and Theil 1993). NMR experiments indicate that Fe(III) takes a
route along the long axis of the subunit, emerging at the fourfold axis, where it
enters the cavity. Once a mineral core has formed, oxidation of Fe(Il) is catalyzed
by the growing core surface (Theil 2011; Yang et al. 1998; Xu and Chasteen 1991)
(see Eq. 3.3).

4[Cavity : Fe(IN]"*> +0, +6H,0 — 4[Fe(IIOOH (core)I" +8H*  (3.3)

Cavity indicates that the iron is located in the protein cavity but that it is not yet
part of the iron mineral. In Eq. 3.3, the iron to oxygen ratio is 4:1, suggesting that
the two reaction pathways (Eqs. 3.1 and 3.3) can be distinguished. Besides, the
H,0, at the FC can also act as an oxidant of Fe(II) at the core surface (Zhao et al.
2003) suggestion that the Fe(I):O, ratio will tend toward 4:1. Therefore, once a
significant core has formed, further mineralization in H-chain-type ferritin occurs
via a complex of parallel oxidation pathways. However, recently Ebrahami et al.
(2012) analyzed the properties of HuHF with the PfFtn, and these results were used
to suggest a new mechanism of iron mineralization in ferritin. The main result of
this study was the identification of a third iron binding site in HuHF, in this way
both ferritins present three iron sites. In fact, these sites share similar properties, one
site of high affinity and two sites of low affinity. The high affinity site was assigned
to site A, and the low affinity to site B and C. The authors also proposed that the
Fe(III) formed remains at the FC, because it is accessible to transferrin and through
Mossbauer spectroscopy the stepwise movement of the iron was determined through
the FC to the nucleation site and from there to the inner cavity. When Fe(III) reaches
the site C it is less accessible and essentially unavailable in the nucleation center.
Electron paramagnetic resonance experiments showed that a mixed-valent Fe(II)-
Fe(III) it is produced in the FC, where addition of excess Fe(II) decreases the forma-
tion of this intermediate, suggesting that there is electron transfer from the external
Fe(Il) to the Fe(Ill) at the nucleation center. In summary, Ebrahimi et al. (2012)
proposed a common mechanism for the HuHF and PfFtn. The mechanism proposed
that both system possess a third Fe(II) binding site and that at least some of the
oxidized Fe(IIl) remains at the FC upon oxidation of iron. Then, additional Fe(II)
forces the Fe(III) to move from the FC to the inner cavity of ferritin. Furthermore,
it was proposed as a common mechanism for all ferritins, based on their study of
PfFtn and HuHF (Ebrahimi et al. 2012, 2013, 2015). In this mechanism, iron can be
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Fig. 3.4 Mechanism of Fe(Il) oxidation by ferritin. In this mechanism iron can distribute
among of three sites, if iron bind to site A and B, the mechanism of iron oxidation follow the
Fig. 3.3. If three iron bind to site A, B and C (1), two Fe(Il) in the ferroxidase center are simultane-
ously oxidized to form a blue intermediate. The third Fe(II) either reacts with this intermediate or
it is oxidized by the peroxide that is released as the blue intermediate decays. The fourth electron
for complete reduction of molecular oxygen to water is proposed to be provided by the conserved
tyrosine in the vicinity of the ferroxidase center (2)

oxidized by two pathways (see Fig. 3.4). The first pathway is generally accepted in
the literature for HuHF (Chasteen and Harrison 1999; Bou-Abdallah et al. 2002a, b,
2005a, b; Zhao et al. 2001, 2003; Yang et al. 1998) and proposes that iron is oxi-
dized at the A and B sites of the FC and hydrogen peroxide is the product of the
dioxygen reduction, giving an Fe(I)/O, stoichiometry of 2:1, as was described
above in Fig. 3.3 and Eq. 3.1. In the second pathway, iron is simultaneously oxi-
dized at the A, B and C site of the FC, this mechanism suggests an important role
for Tyr24, which form a Tyr cation radical that is neutralized by oxidation of addi-
tional Fe(I) at an unspecified site to give a Fe(II)/O, stoichiometry of 4:1 (Fig. 3.4).

The third iron site has also been proposed to function as a transit site from the FC
in a number of ferritins, including EcFtnA, soybean and frog H-chain ferritin
(Masuda et al. 2010a, b; Ebrahimi et al. 2012). In general, EcFtnA displays similar
properties to those seen in the HuHF, both have a similar Fe(IT) oxidation stoichi-
ometry of 48 Fe(II)/shell (Zhao et al. 2001, 2003; Yang et al. 1998;Treffry et al.
1997). Iron oxidation is dependent of the functionality of sites A and B (Chasteen
and Harrison 1999; Chasteen 1998; Harrison and Arosio, 1996), producing two
related colored reaction intermediates (Bou-Abdallah et al. 2005a, b) and generat-
ing a tyrosil radical (Chen-Barrett et al. 1995). However, when 48 Fe(II) per EcFtnA
and HuHF 24-mer are added, both proteins differ in the stoichiometry of Fe(II)/O2
oxidation, 3 and 2, respectively (Bou-Abdallah et al. 2014). Site C is highly con-
served in bacterial ferritins (Stillman et al. 2003; Tatur et al. 2007; Cho et al. 2009;
Ebrahimi et al. 2009; Johnson et al. 2005; Le Brun et al. 2010; Treffry et al. 1998a, b;
Pereira et al. 2012). In particular, site C of EcFtnA is very important and modulates
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the stoichimetry and kinetics of iron oxidation. The elimination of Site C in EcFtnA
produces a decrease in the Fe(I1)/O, stoichiometry from 3 to 2 for the first 48 Fe(II)
added to the protein (Treffry et al. 1998b), which is similar to HuFtn. Also, the site
in Eco FtnA controls the rate of regeneration of its FC, elimination of site C allows
for the regeneration of their ferroxidase activity within a few hours, instead of a day
that it is needed in WT E.coli FtnA (Bauminger et al. 1999).

Significantly, the iron coordination in site C in HuFH and EcFtnA are different.
The C site residues Glul129 and Glu139 in EcFtnA are replaced by Lys and Ala in
HuFH. However, both proteins maintain a Glu residue in site C (Glul40 and
Glul06 in HuFH and EcFtnA, respectively). Another important difference is that
mutations Glul40Ala and Glul40GIn in HuHF reduce the oxidation rate just to
50% (Masuda et al. 2010b; Bauminger et al. 1999), similar result can be found when
the same mutations are introduced in soybean ferritin (Masuda et al. 2010a;
Bauminger et al. 2000; Bou-Abdallah et al. 2014). However, the Glul29Arg,
Glu129Cys and Glu129QIn mutations in PfFtn significantly reduce the oxidation
rate (Ebrahimi et al. 2012; Bauminger et al. 1999; Bou-Abdallah et al. 2014).
Therefore, site C can achieve different functions in these two ferritins.

In the unified mechanism described above, site C and the tyrosine radical per-
form essential roles (Masuda et al. 2010b; Ebrahimi et al. 2012, 2013), which are
not required for rapid iron oxidation in EcFtnA (Pereira et al. 1998; Bou-Abdallah
et al. 2005a, b; Treffry et al. 1998b; Bauminger et al. 1999, 2000; Stillman et al.
2003). Also, from X-ray crystallography and Mossbauer spectroscopy it has been
shown that site C is not a transit site, iron does not appreciably turnover at the fer-
roxidase center (Bauminger et al. 1999, 2000). Bou-Abdalla and colleagues ana-
lyzed the binding of iron to the apo EcFtnA by ITC and reported that the binding of
iron produced two strong, slightly endergonic binding sites and one undefined weak
binding per subunit (Bou-Abdallah et al. 2014). In contrast, PfFtn shows one strong
highly exergonic and two weak highly endergonic binding sites per subunit
(Ebrahimi et al. 2012). Bou-Abdallah et al. (2014) proposed that, in the case of
EcFtnA, once the ferroxidase center is saturated with iron, iron at site C inhibits the
turnover of Fe(III) at sites A and B, they therefore serve as a redox cofactors, as was
proposed for ECBFR (Baaghil et al. 2003; Crow et al. 2009) (see below).

In EcBFR, two Fe(Il) ions bind to each FC, most likely via a pore through the
subunit that connects the center with the surrounding solution (Macedo et al. 2003;
Crow et al. 2009; Weeratunga et al. 2010). The oxidation of iron in the FC occurs
rapidly in the presence of O, to generate a p-oxo/hydroxo bridged di-Fe(III) form,
with the reduction of O, to H,0O, (Yang et al. 2000; Bou-Abdallah et al. 2002a, b).
As was described for bacterial ferritin, H,O, is a better oxidant than O, (Yang et al.
2000; Bou-Abdallah et al. 2002a, b). In this way, the H,O, generated at one FC is
subsequently use to oxidize Fe(II) at another FC. This means that the ratio of
Fe(I1):0, is 4:1, with an overall reduction of O, to H,O. A DPS intermediate has not
been detected in BFRs to date, possibly due to rapid decay. In BFRs, the bridged
di-Fe(III) center is stable, and several data support a mechanism in which the FC
center functions as a true enzyme cofactor site, where it is continually cycling its
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Fig. 3.5 Mechanism of Fe(II) oxidation by bacterioferritin. Iron binds to site A and B (/) and
is oxidize by with O, or H,O, (2). Once the FC is saturated, the excess of iron enters into the central
cavity and binds on the inner face of the protein shell at internal nucleation sites, where oxidation
occur (3). Then, the resulting electrons are channelled to the FC, which iron is reduced back to its
Fe(II) state, and the resulting di-Fe(II) FC reacts again with O, or H,0, in continuous cycles until
all the iron has been incorporated to the inner mineral core

redox state, see Fig. 3.5 (Le Brun et al. 1993; Crow et al. 2009; Yang et al. 2000;
Baaghil et al. 2003; Lawson et al. 2009).

This is completely different to the role of FC in ferritin and bacterial ferritin. The
properties of the BFRs FC are consistent with the close similarity between these
center and the di-iron sites of other well characterized di-iron enzymes, such as
methane monooxygenase (Le Brun et al. 1995). The proposed mechanism for BFR,
once the FC is saturated, is that the excess of iron enters into the central cavity and
binds on the inner face of the protein shell at internal nucleation sites where oxida-
tion occurs (Crow et al. 2009). Then, the resulting electrons are channeled to the FC,
which is reduced back to its Fe(Il) state, and the resulting di-Fe(II) FC reacts again
with O, or H,0, in continuous cycles, until all the iron has been incorporated into
the inner mineral core (Watt et al. 1992). The substitution of the surface site residue
does not affect the FC activity, but does produce an 80% decrease in the rate of
mineralization (Crow et al. 2009), demonstrating the importance of these surface
sites in the mineralization mechanism. It has also been determined that Asp126 is
important for core formation, but not for the FC reaction (Wong et al. 2009). This
mechanism agrees with the observation showing that the BFR FC is essential for
mineralization and that the rate of FC catalyzed Fe(II) oxidation is dependent on the
mineral core (Baaghil et al. 2003). However, this mechanism cannot be common to
all BFRs, as it has been determined that iron in the PaBFR FC is not stable
(Weeratunga et al. 2010), suggesting that in some BFRs, FC appears to function as
a gated iron site.
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E. coli Bacterioferritin

Fig. 3.6 Mechanism of Fe(IIl) release from bacterioferritin. Ferredoxin binds at the twofold
symmetry axis of EcBFR, the Fe(Il) is release after that the [2Fe-2S] cluster of ferrodoxin allow
the reduction of the iron inner mineral core via an electron transfer that involves the hem group of
EcBFR. The Fig. was prepared using the crystal structure of ECBFR (PDB 3E1M)

3.3.1 Mechanism of Iron Release in Ferritin

A mechanism for iron release in BFR has been described in which ferrodoxin can
be the electron donor that reaches the mineral inner core through the heme group of
EcBFR (Quail et al., 1996) (see Fig. 3.6). One the mechanisms described for iron
release from ferritin includes a role for transferrin, a Fe(Ill) binding protein.
Transferrin can scavenge iron from the FC or from the mineral core, but the rate
varies between minutes and days (Ebrahimi et al. 2012). However, if this mecha-
nism has a physiological role, it still requires further investigation. It has been sug-
gested that this mechanism may have an important role for scavenging the Fe(III)
from serum ferritin in humans (Kell and Pretorius 2014). The iron can be released
from ferritin by reduction of Fe(IIl). In vitro, iron can be released from ferritin after
chemical reduction, followed by the formation of a complex with a chelating agent
for Fe(Il), such as bipyridil (Funk et al. 1985; Sirivech et al. 1974) or flavorproteins
(Watt et al. 1988). An interesting electrochemical study suggested a role of the
PfFtn FC Fe(IIl) as a mediator to pass electrons from an external reducing agent to
Fe(III) in the mineral core (Tatur et al. 2009). The only biologically reductants that
have been found to mediate the reduction of Fe(IIl) under physiological conditions
are the dihydroflavins (Jones et al. 1978) or flavoproteins (Watt et al. 1988). Also, it
is has been proposed that mild denaturing conditions (1-10 mM Urea or 0.1 mM
guanidine hydrochloride) can promote the iron release from ferritin (Liu et al.
2003). Mutations in the threefold channel amino acid residues can also increase the
rate of the iron dissolution after the addition of a reducing agent (Tosha et al. 2012).
However, is required further investigation to determine their physiological role.
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3.4 Application of the 24-mer Ferritin

Protein assemblies represent a class of highly self-organized molecules, which have
the potential to be used as novel templates for nanotechnology. In this context, the
ferritin proteins offer great future potential, because they form natural nanocages,
where inorganic-organic hybrid materials can be synthesized (Theil and Behera
2013) (see Fig. 3.7). Ferritins present several interesting properties, as the different
size of their inner cavity, the sequence variations between the ferritins protein cages
from different organisms, and their different thermal and chemical stabilities. All
are important when considering the use ferritin as a nanoreactor for biotechnologi-
cal applications (Campan et al. 2011; Yamashita et al. 2010; Uchida et al. 2010;
Maham et al. 2009). Another useful property relating to the synthesis of nano-parti-
cles is that ferritins are stable up to 80 °C, 6 M urea or guanidine hydrochloride or
1% w/v SDS (Liu and Theil 2005). Further, ferritin stability in organic solvents can
be improved by derivatizing carboxylates on the external surface of the protein with
long chain hydrocarbons (Liu et al. 2006; Li et al. 2007; Meldrum et al. 1992; Wade
etal. 1991, 1993; Wong et al. 1999).

Another useful property of ferritin is its ability to disassemble at low pH and
reassemble at high pH, allowing production of different sized nanoparticles inside

+ Nanoparticle

% (<8 nm)
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¥

Fig. 3.7 General methods fot the synthesis and incorporation of nanoparticles inside the fer-
ritin inner cavity. (/) A positive charged metal diffuse into the ferritin and the nanoparticles is
synthesized inside its inner cavity. (2) Intact ferritin can disassembly by incubation a pH < 2 and
incubated with previously synthesized nanoparticles, then (3) the nanoparticles is stored inside
ferritin inner cavity when the pH increase to 7, allowing the reassembling of the ferritin protein
shell
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the protein cages (Lambet et al. 2010)(see Fig. 3.7). These properties have been
used in the synthesis and delivery of magnetic resonance imaging (MRI) contrast
agents (Sana et al. 2012; Li et al. 2012; Wood 201 1; Terashima et al. 2011; Ziv et al.
2010) and for drug delivery and catalysis (Maham et al. 2009; Zheng et al. 2010;
Xing et al. 2009; Mann 2009; Abe et al. 2009). In vitro, purified ferritin cages can
incorporate a variety of metal ions (Fe, Au, Pd, Rh, Pt, Ni, Cr, Cd, Ti, Tb, Co, Cu
and Zn) (Tosha et al. 2010; Uchida et al. 2010; Iwahori and Yamashita 2008). Also,
it has been possible to synthesize nano-particles of gold, silver, lead, copper and
nickel after incubation of apo-ferritins with ions, followed by a reducing agent
(Uchida et al. 2010). Usefully, the engineering of additional metal binding sites has
allowed the synthesis of silver and gold nanoparticles (Butts et al. 2008). Taking
advantage of the thermal resistance of PfFtn, it has been possible to synthesize mag-
netite (Uchida et al. 2010). The apo-form of ferritin has an inner cavity that could be
used to entrap not just metallic nanoparticle derivatives, but also organic molecules.
Thus, ferritin has been reported while containing hydrophilic drugs, imaging agents
(MRI and fluorophores) (Terashima et al. 2011; Kitagawa et al. 2012; Flenniken
et al. 2009), radionuclides or nuclear medicines (Maham et al. 2009), anti-tumor
drugs (Xing et al. 2009; Yang et al. 2007a, b) and DNA probes (Maham et al. 2009).
Furthermore, genetic or chemical modification of the surface of ferritin could help
to target these complexes to specific cell types, thereby improving their future use
in nano-medicine. An example of the use of ferritin in nano-medicine is the devel-
opment of ferritin with the peptide RGD-4 attached to its surface. This allows the
specific binding of this complex to integrins v3 and v5 (Terashima et al. 2011;
Kitagawa et al. 2012), which can be used for the imaging of vascular inflammation
and angiogenesis and for affecting the metabolism of C32 human melanoma cells.

In an indirect method, the superparamagnetism of the inner core of ferritin can
be used as an endogenous enhancer of the transverse nuclear magnetic relaxation of
water. Thus it has been used to determine iron levels associated with hypertransfu-
sion treatments of sickle cell anemia, thalassemia, and in hemochromatosis and
Alzheimer disease (Wood 2011). On another hand, a similar approach, which was
described earlier, has been used to check transgene expression (Ono et al. 2009). It
has been reported that improvement of the MRI contrasting ability of ferritin com-
plexes occurs upon an increase of the iron biomineral or by entrapment of synthetic
magnetite or other nanoparticles (Li et al. 2012; Terashima et al. 2011; Uchida et al.
2008). Another application of ferritin as nano-reactor is in nano-catalysis and nano-
electronics. Thus, ferritins have been used as sites for organometallic catalysis, to
produce polymers of defined molecular weight and with a narrow size distribution
(Wang et al. 2011; Takezawa et al. 2011; Abe et al. 2009). In this way, ferritin cages
have been used as templates for metal oxide nanoparticles and metal oxide semicon-
ductors and also to produce building blocks for the fabrication of electronic devices,
such as the floating nanodot memory device or thin film transistor flash memory
(Yamashita et al. 2010; Uchida et al. 2010).
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3.5 Concluding Remarks

In the ferritin protein family, it is clear that a catalytic center for iron oxidation, the
routes for iron to reach this center and the ability to nucleate an iron core are com-
mon requirements for all ferritins. However, there are differences in the structural
and mechanistic details of iron oxidation and mineralization. Therefore, ferritins
have been classified in three distinct types, H-chain-type, Ftn-type and BFR-type.
Although a common mechanism has been proposed for all ferritins, this mechanism
needs to be further explored. There is a mechanistic diversity that is related to struc-
tural variation in the ferritin protein family. For example, the highly related BFR
from E. coli and P. aeruginosa have different mechanisms of mineralization, sug-
gesting that just the first coordination sphere ligands do not allow the prediction of
a mechanism. It is clear that other factors appear to affect the mechanism of iron
oxidation and mineralization. A significant challenge for the future is to correlate
the high quality structural data on ferritins with the biochemical diversity observed
in the ferritin protein family. Further studies should contribute to our understanding
of the role of this protein family in iron homeostasis and be used to develop treat-
ments for iron metabolism disorders and new biotechnological applications.
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