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Abstract

Ferritins are a family of large (10-12 nm diameter), self-assembled, protein cages that reversibly
synthesize Fe,03°H,0 with up to 4500 iron atoms in a central cavity, 65 or 270 nm3; the protein
cages without mineral are sometimes called apoferritin. Fe,O3°H,0 synthesis depends on
controlled FeZ* entry though four or eight ion channels, directed transport to multiple Fe2*/O
oxidoreductase (“ferroxidase™) sites and, in the case of eukaryotic ferritins, guided nucleation and
extrusion through channels connecting the active sites to the mineral growth cavity; passage of the
diferric oxo catalytic products through the nucleation/extrusion channels allows the eukaryotic
ferritin protein cage to influence order in the bulk mineral. Ferritin Fe2*ion channels also control
reduction, dissolution, and exit of Fe2* from the mineral with gated pores on the cytoplasmic
surface of ferritin cages. Found in anaerobic and aerobic organisms, from archaea and bacteria to
higher plants and animals, ferritins are required for life. They provide metabolic iron concentrates
for protein cofactor synthesis, and antioxidant activity after stress. Current applications of ferritin
nanocages include clinical measurements of trace amounts released into serum, nutritional sources
of concentrated iron, nanomaterial templates, biological delivery of nanosensors, and
nanocatalysts. Future applications can exploit the nucleation/ extrusion channels and other metal-
protein sites in ferritins.

Introduction

Ferritins are finding increasing use in nanotechnology, but what are they? An ancient family,
found in contemporary archaea, bacteria, plants and animal, ferritins are large (8-12 nm
diameter), cage proteins (Figure 1) with an interior mineral, Fe,O3¢H>0. The caged minerals
contain different amount of phosphate, with ratios of Fe:P ~1:1 (plants, bacteria) and Fe:P
~1:8 (animals); caged ferritin minerals are oxidant traps (antioxidants).! Protein-based
catalysis, at multiple ferritin cage sites, use 1-2 Fe2* waters of coordination,2 3 and O, or
H,0, as substrates. The catalytic coupling reactions initiate ferritin synthesis of hydrated
iron oxide nanominerals that are metabolic iron concentrates. Ferritin mineral sizes are
heterodisperse in natural tissue ferritins, with average sizes varying from ~30-50% of the
4500 Fe maximum in eukaryotic ferritins. Apoferritin is a commonly used name for ferritin
protein cages without the mineral; apoferritin can be isolated from recombinant growth, or
after dissolving the mineral and chelating the iron under physiological conditions.

The biological story of ferritins likely began with the need to manage effectively

environmental variations in iron availability together with certain peculiarities of the
chemistry of Fe2* and O, from which the need to avoid the side effects of free radical
reactions and insoluble “rust” arises. The presence of ferritin in anaerobic organisms
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illustrates the importance of the reversible synthesis of caged iron minerals. Ferritins could
have been a key feature for the survival of organisms using dioxygen-evolving
photosynthesis and in others facing the increasing presence of atmospheric dioxygen from
life-based photosynthesis. In contemporary mammals, deletion of a ferritin gene is lethal. In
the battle for iron between humans and invading microbial pathogens, ferritin genes in each
of the combatants play key roles.

Ferritin protein in serum, a minor fraction of predominantly intracellular ferritin in the
animal body, is routinely measured, immunologically, to diagnose changes in body iron such
as iron deficiency anaemia or iron overload in transfusion-treated genetic haemoglobin
deficiency (thalassaemias and sickle cell disease), and in genetic abnormalities of intestinal
iron absorption (hereditary haemochromatosis, HH). In HH, excess iron is removed by
phlebotomy, but in the genetic anaemias, iron cannot be thus removed because of the defects
in haemoglobin synthesis. To prevent death from iron poisoning, since iron cannot be
excreted, iron chelation therapy is used. While the serum ferritin assay accurately reflects
body iron in iron deficiency and normal health, it is not accurate when body concentrations
of iron are abnormally high because the ratio of ferritin iron mineral to ferritin/protein cage
increases. Thus, during iron overload, complementary analyses are required,® such as serum
iron, serum transferrin receptor or NMR resonance or SQUID imaging, to assess the need
for iron chelation.

As the iron mineral in ferritin increases, during iron overload, the protein cage is damaged
and mineral surfaces are exposed to cellular reductants, causing damaging free radical chain
reactions. Such damaged ferritin is called haemosiderin. The resulting inflammation
increases ferritin gene transcription and protein synthesis® ° to reverse the ferritin protein
shortage. During normal health and development, Nature uses ferritin iron as a source in
animal and plant development; high ferritin concentration in legume seeds is a unique,
nutritional source of iron for animals and humans.’

Ferritin structure

Protein cage assembly occurs spontaneously from 12 or 24 polypeptides (mass ~20 kDa)
called subunits. After biosynthesis and before cage assembly, ferritin subunits fold into a
common protein motif called a 4-a-helix bundle; in the assembled cage, the boundaries of
each subunit are obscured (Figure 1). In addition to full cages, in solution studies the next
most common species is a complex of two subunits; although it does not appear to be a
crucial intermediate. Dissociation of cages by amino acid substitution appears to be more
facile in ferritin from bacteria than from higher organisms.8: @ N- and C-terminal terminal
peptide extensions from the ferritin subunit polypeptide bundles vary in length and sequence
and, in the assembled cages, have distinctive functions such as gating of Fe2* exit
(eukaryotic maxiferritins)1% or DNA binding and protection (microbial miniferritins).11
Ferritin cages are hollow, with central mineral growth cavities of ~65 nm3 in miniferritins
and ~270 nm?3 in maxiferritins, or ~24-30% of the protein volume. The protein helices from
each polypeptide are arrayed with extraordinary symmetry in ferritin cages, 432 in 24-
subunit maxiferritins or 32 in 12-subunit miniferritins. Interfaces between the 4-helix bundle
subunits are sufficiently similar to helix—helix interactions within the subunit bundles that
from a structural viewpoint the cage appears to be a gigantic array of polypeptide helices
(Figure 1).

The cage structure of ferritins is unusually stable, with the cages of eukaryotic ferritins
surviving temperatures up to 80 °C in neutral aqueous solutions and high concentrations of
chaotropes such as 6 M urea or guanidine. Nevertheless, localized regions of the ferritin
cages are less stable than the cage and can be selectively unfolded by lower temperatures,
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low (mM) concentrations of chaotropes,12 and selected peptides.13 Structural studies show
that residues distributed from one end of the subunit, from the 3-fold axes to the 4-fold axes,
have long range functional effects,14 suggesting that the minimum functional ferritin
structure is the nanocage itself.

Ferritin protein cages vary in more than size and amino acid sequence.! The cage location of
ferritin Fe2*/O catalytic sites and transit sites to the catalytic sites differ among most
miniand maxiferritins, and between some bacterial and eukaryotic maxiferritins; the
postoxidation paths taken by mineral precursors within the cages will, thus, also differ. Iron
binding amino acids at the active sites also vary, even in very similar eukaryotic ferritins,
causing differences in the catalytic reaction rates and mineralization rates and possibly in
mineral crystallinity. Other factors that change ferritin mineral crystallinity include the local
concentration of phosphate during mineral formation (plant vsanimal ferritins) and the
number of catalytically inactive (animal L-type) subunits, which depends on the specific
tissue (such as liver or heart).1- 15

Any or all of the natural ferritin variations: such as cavity size, surface amino acid
composition, ion channel gates and catalytic mechanism can be tailored to
nanotechnological goals using other metals with accessible redox potentials for coupling and
nucleation. The entry and extrusion channel sizes could also be selectively modified to
create nanoparticles with different compositions and crystallinities, in order to expand the
applications of ferritins in nanotechnology.

Functional ferritin metal-protein sites

Most applications to date of ferritin protein cages in nanotechnology have exploited the
natural cage as a nanomaterial template or have modified amino acids to bind specific
metals, such as introducing sulfur (cysteine) or aromatic nitrogen-containing (histidine)
amino acid side chains to bind palladium-containing complexes, to create monodisperse
polymers.16-20

The overall ferritin reaction is:

2 Fe?* + O, (H20,) + 2 Hy0 + 2 OH™ - [Fe3*-0-0-Fe**] — Fey(OH)g (caged solid) + 2
H+

The ferritin reaction is reversible when reductants are added to reduce the hydrated ferric
oxide, wherupon the oxo/hydroxo bridges between iron atoms of the mineral are rehydrated
and cleaved. While the surface-limited, mineral dissolution reaction can be initiated by a
biological reductant such as NADH/FMNH5, or a chemical reductant such dithionite, it is
clear that the protein cage controls the rates, based on effects of amino acid substitutions that
alter cage structure.10- 21. 22 Djthjonite, while chemically simpler than NADH/FMNH,, has
the disadvantage of modifying the iron binding ligands at the active sites (T. Tosha, J.
Schwartzz?’, E.l. Solomon and E.C. Theil, unpublished observations); sulfite is retained in the
protein.

Few of the ferritin metal sites involved in the reversible synthesis of caged, ferritin iron
oxide mineral are currently used in nanotechnology design, partly because structural
information on some of the sites (e.g., the Fe2* ion channel cytoplasmic gates or the
eukaryote-specific Fe3*O nucleation and extrusion channels) is incomplete and still being
extended.10. 14. 21, 22 However, nature has been “tweaking” the metal—protein interactions in
ferritins for thousands of millions of evolutionary years, providing a vast, underutilized
nanodesign resource. The ferritin metal sites and structures, which can be manipulated for
novel nanotechnologies, are: (1) Fe2* ion entry and exit channels; (2) the catalytic
oxidoreductase (ferroxidase) sites; and (3) the Fe3*O mineral nucleation/extrusion channels.
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1. Metal sites in ion entry/exit channels (all ferritins): Analogous to membrane ion channels,
but part of the water-soluble ferritin cage, ferritin ion channels connect the external surface
of the protein cage to the interior. Constructed from helical sections of three ferritin subunits
(Figure 1), the channels are at the threefold symmetry axes of the water-soluble, protein
cages. Both hydrophobic and ionic interactions stabilize the ferritin ion channel structure. In
maxiferritins the 24-subunit cages have as many as 24 active sites and 8 entry channels,
while in miniferritins there are 12 active sites and 4 ion channels.

FeZ* is directed into the ion channels, which are 15 A long with a constriction in the centre,
and into ferritin protein cages by highly conserved carboxylate groups in both large and
small ferritins! (Figure 1). At the internal channel exits, on the interior surface of the ferritin
cages, there is a cluster of conserved carboxylate groups, which appear to direct Fe2* to each
of three active sites; additional carboxylate side chains guide the ions away from channel
exits and toward the catalytic sites, which couple 2 Fe2* with O, to synthesize di-Fe3*O
mineral precursors. The selection mechanism that matches an Fe2* leaving the channel with
a particular catalytic site is unidentified. However, protein—protein interactions involved in
FeZ* binding at the active site have a Hill coefficient (cooperativity value) of 3.2 In addition,
crosslinks between protein subunits slow iron oxidation.2* The ion channels and Fe2*
distribution sites in ferritin cages have the potential for influencing nanoparticles of other
elements synthesized in modified ferritin cages.

Iron exit from ferritins is a slow process for at least two reasons: limits imposed by the
caged mineral surface and by the flexible protein pores at the ion channel surfaces; they are
mostly closed, likely to prevent cellular reductants from dissolving the ferritin mineral until
iron is needed. Ferritin cage pores and channels are the selectively flexible parts of the
cages, which undergo localized unfolding after amino acid substitution, or in the presence of
very low chaotrope concentrations such as 1 mM urea, or in response to highly selected
peptides. 10:13.25 Recently the N-terminal extensions of animal ferritin subunits were
revealed as cytoplasmic gates on the ion channels, stabilized through a network of
interactions among conserved amino acids that link the N-terminal peptides to the channel
entrances.19 The N-terminal sequences are likely a target for natural cytoplasmic molecules
that regulate ferritin iron mineral dissolution and Fe2* exit as well as for manipulated
targeting of ferritin-coated nanoprobes and for changing access to the large, central cavity
for other nanotechnological applications.

2. Metal binding at or near ferritin oxidoreductase (“ferroxidase”) sites. In ferritins, catalysis
couples 2 Fe with O to form the diferric oxo/hydroxo mineral precursors. The sites can be in
the middle of each 4-helix bundle subunit in maxiferritins and a few miniferritins? or, as in
most miniferritins, at between two subunits on the inner surface of the protein cage.!!

The internal active sites of ferritin in eukaryotes and bacteria resemble those of cofactor
sites in diiron oxygenases such as iron ribonucleotide reductase, methane monooxygenase,
fatty acid desaturase and myoinositol oxygenase.l However, in ferritins the iron ligands in
one of the two iron-binding sites are weaker than in the dioxygenases, facilitating release of
the diferric oxo product. Histidine, present at both iron sites in the diiron oxygenases, is
absent at the weaker of the two diiron sites in ferritin, and when introduced by protein
engineering, blocks catalytic activity.22 Except for the diferric peroxo intermediate observed
in eukaryotic ferritins, details of the catalytic mechanism remain unknown and may differ
depending on the number of turnovers, since at least four turnovers/site are required for the
catalytic products to traverse the protein cage and enter the mineral growth cavity.1° In
contrast are the bacterioferritin (BFR) active sites, where the iron-binding amino acids are
very similar to those in diiron oxygenases with histidine in each site. A third, nonhaem iron
site appears to restore the cofactor site iron atoms to the appropriate oxidation state in BFR,
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but where the substrate Fe2* and O, bind and what is the reaction pathway remain
unknown.® BFR proteins also contain haem, one per two subunits, but the haem appears to
participate in mineral dissolution and Fe2* exit.26 Still other variations in the oxidoreductase
site structure and mechanism occur in other ferritins such as the one from the thermophilic
archaeon, P. furiosis.2’

Oxidoreductase sites in most of the 12-subunit miniferritins of bacteria and archaea (Dps
proteins) differ from those in the 24-subunit ferritins, not only in location on the inner
surface of the cage, but also in the oxidation mechanism. Hydrogen peroxide rather than
dioxygen is the preferred oxidant in many, but not all, miniferritin proteins, The binding
affinities of Fe2* to each of the two diiron sites are so large that in a number of miniferritins
only one Fe2* binds in the absence of oxidant,1! leading to the idea that oxidant binding
preceeds binding of the second Fe2*. Since the catalytic metal-oxo coupling sites in
miniferritins are on the mineral growth cavity surface, except for size mineral growth in
miniferritins will be protein-independent. Thus miniferritin (Dps) ferritin protein cages
would useful for nanotechnology if rapid, less ordered growth of the bulk particle is desired.

3. Metal-protein interactions in mineral nucleation/extrusion channels. protein-guided
mineralization (eukaryotic ferritins only) Diferric oxo catalytic products in eukaryotic
ferritins are destined for the mineral growth cavity. Until catalytic intermediates such as
diferric peroxo were studied in the 1990s, the reaction of Fe2* with O, and iron oxide
mineral growth were considered to be largely protein-independent. The crystallinity of
ferritin minerals from animals in general is higher than from plants or bacteria. While the
high phosphate content of plant and bacterial ferritin minerals is sufficient to explain the
more amorphous structure,28-30 it does not explain differences in iron mineral crystal order
among animal ferritins isolated from normal human tissues such as liver and spleen or from
diseased tissue.3! The protein cage in animal ferritins plays a significant role in guiding bulk
mineral growth and extruding mineral precursors.1> Whether an analogous phenomenon
occurs in other ferritin cages is not yet known. The subunit structures of plant32 and animal
ferritin cages, contrasting with bacterial ferritins, are specific combinatorial mixtures of
slightly different subunits with a range of catalytic activities but the effects on mineral
crystallinity are just beginning to be considered.

An explanation of the range of crystallinity observed in normal animal ferritins isolated from
different tissues lies in the postoxidation events recently observed!® (Figure 2). In animal
ferritins, the diferric oxo complex products of protein-based Fe2*-0, catalytic reactions are
propelled into channels between the active sites and the mineral growth cavity; there,
mineral nucleation among the diferric oxo complexes occurs.

Four catalytic cycles at the active sites in each ferritin subunit are required before ferric oxo
mineral nuclei emerge at the nucleation channel exits. The exits are at the fourfold axes of
the protein cage created by four subunits, and thus four channel exits can be in close
proximity (Figures 1 and 2). The nucleation/extrusion channels in eukaryotic ferritin protein
cages were first observed using solution NMR to identify residues near Fe3* and magnetic
susceptibility to identify ferric oxo tetramers in the channnels, from the reaction between
two diferric oxo catalytic products.1® Conserved amino acids along the channel have
selective effects on Fe2*/O, oxidant and diferric peroxo (DFP) decay to the diferric oxo
reaction products.1* A key residue in the process is A2614 between the active sites and the
channel entrances. It is part of a group of amino acids always present in catalytically active
(H) ferritin subunits that can be identified by covariation analyses33 in comparison with
catalytically inactive (L) ferritin.
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The proximity of several nucleation/extrusion channel exits to each other (Figure 2) explains
why H-rich and L-rich ferritins form iron minerals with more or less order, respectively.3!
The physiological significance of the variations in ferritin mineral crystallinity is currently
obscure. When a mineral nucleus of 4-8 Fe3*-0 is extruded from a ferritin cage channel, in
a ferritin with a preponderance of H-subunits, it will be surrounded by a number of nuclei
emerging from nearby channels. Since the Fe3*O mineral nucleus will have 4-8 Fe(lll)
atoms/cluster, when it emerges into the mineral growth cavity near three other channels each
with emerging mineral nuclei of the same size, formation of a cluster of 16-32 Fe3*O is
facilitated, providing an organized surface for subsequent bulk mineral growth. However, if
the protein cage has a preponderance of L subunits, the mineral nucleus from one channel
will move randomly through the mineral growth cavity before encountering another mineral
nucleus. Mineral growth in L-rich ferritin subunits will, therefore, be more disordered
(Figure 2), as is observed in the L-rich ferritin of the liver.31

The spatial relationships among the nucleation/extrusion channel exits, related to the ordered
growth of caged ferritin nanoparticles minerals, establishes the functional role for the
fourfold symmetry axes in ferritin. Until now the fourfold symmetry axes of maxiferritin
cages have been most influential through their strong visual and artistic impact on the
viewers of the cage structure. Using eukaryotic ferritin nucleation/extrusion channels for
nanoparticle design is a tempting future experimental direction.

Summary and perspective

Ferritin protein nanocages, a complex, ancient family found in all kingdoms of life, have
multiple metal—protein interactions, in addition to the large (24-30% of total volume )
central cavity. To date, nanotechnology has mainly exploited the large cavity for
nanomaterial and nanodevice templating, with some use of the cage for polymerization
catalysis.

Over thousands of millions of years, nature has produced ferritin cages with different
surface amino acid compositions (varying 80%), different oxido-reduction mechanisms for
FeZ*/ O reactions, different cage sizes and, in higher organisms, ferritins with gated Fe2*
entry/exit channels and nucleation/extrusion channels that appear to guide mineral growth
and order. In biology, ferritins are at the centre of Fe/O chemistry, providing metabolic iron
concentrates for plant, animal and cell development, and antioxidant protection by
scavenging reactive products released (Fe2* and O) during stress. In some cases specialized
ferritins (Dps proteins) protect DNA by direct protein cage binding to the DNA. In
medicine, specific features of both host and pathogen ferritins contribute to the battles over
iron. In agriculture ferritins concentrate iron for nitrogen fixation and legume seed growth.
New uses of ferritin protein cages in nanotechnology only require novel couplings or
modifications of nature’s specific ferritin features (ion channels, catalytic coupling sites, and
nucleation and extrusion channels) and nanochemistry.
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Figure 1.

A ferritin protein cage (eukaryote). Drawn from the eukaryotic model, ferritin frog M,
crystallized from 1 M MgCl,, 50 mM Bicine buffer, pH 9.0 (PDB file 3KA4) using
Discovery Studio Visualizer 2.0. Left: The exterior surface helices of one of the eight Fe2*
ion channels is shown in dark blue; each of the three subunits contributes helix segments to
the channel; green dot, top of a line of four MgZ* ions in the channel. Middle: a cutaway
view of the interior of a ferritin protein nanocage showing the internal mineral growth cavity
viewed toward the 4-fold axes; four Fe3*O nucleation/ extrusion channels, ~20 A long, end
around the fourfold symmetry axis in the centre; charge densities: red, negative; blue,
positive; dots: green, Mg2*; red, water. Right: Drawing of one of the eight Fe2* ion entry
and exit channels, ~15 A long, from XRD data??; the three arrows at the cell interior end of
the pore represent the distribution of entering Fe2* to the active sites in each of the three
subunits that contribute to the channel structure; the three black striped ellipsoids represent
the cytoplasmic gates, a network of H and ionic bonds within each subunit that include the
conserved residues of the flexible N-terminal peptide.10

Nanotechnol Percept. Author manuscript; available in PMC 2013 November 04.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Theil Page 10

Ferritin nucleation/extrusion channels influence
nanomineral order

H subunits- High crystallinity: active sites & nucleation channels

L subunits- Low crystallinity: no active site, absence of some
nucleation channel residues

3+ i
8888 Fe3*'O mineral

nucleus N
High % H 7 High%L
120 ferritin
ferritin N Y
4 proximal channels (4 H subunits) Isolated channel (H:L subunits= 1:4)

High % L ferritins - disordered mineral (example: human liver)
High % H ferritins - ordered mineral (example: human heart)

Figure 2.

Influence of eukaryatic ferritin cage structure on ordered nanomineral growth. The model of
how ferritin cage structure influences nanomineral order is based on the identification of
retained oxidation products within the cage over four catalytic (oxidoreductase or
“ferroxidase”) cycles,1® formation of dimeric multimers in ferritin with subsaturating
amounts of iron3* and tissue-specific variations in natural ferritin minerals.3!
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