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ABSTRACT

Ferritins are spherical, cage-like proteins with nanocavities formed
by multiple polypeptide subunits (four-helix bundles) that manage
iron/oxygen chemistry. Catalytic coupling yields diferric oxo/
hydroxo complexes at ferroxidase sites in maxi-ferritin subunits
(24 subunits, 480 kDa; plants, animals, microorganisms). Oxidation
occurs at the cavity surface of mini-ferritins/Dps proteins (12
subunits, 240 kDa; bacteria). Oxidation products are concentrated
as minerals in the nanocavity for iron—protein cofactor synthesis
(maxi-ferritins) or DNA protection (mini-ferritins). The protein cage
and nanocavity characterize all ferritins, although amino acid
sequences diverge, especially in bacteria. Catalytic oxidation/di-
iron coupling in the protein cage (maxi-ferritins, 480 kDa; plants,
bacteria and animal cell-specific isoforms) or on the cavity surface
(mini-ferritins/ Dps proteins, 280 kDa; bacteria) initiates mineraliza-
tion. Gated pores (eight or four), symmetrically arranged, control
iron flow. The multiple ferritin functions combine pore, channelm
and catalytic functions in compact protein structures required for
life and disease response.

Introduction

Exploiting the energy of iron and oxygen chemistry for
biology within the constraints of aqueous environments
at neutral pH and moderately low temperature and with
few free radicals illustrates the power of the partnership
between inorganic and biological chemistries. Central to
all iron- and oxygen-dependent cellular activities is a
family of spherical protein cages, the ferritins,! which
mainly use oxygen to concentrate cellular iron. The
oxidized ferric ion inside ferritin is a solid under physi-
ological pH, protected by ferritin protein at concentrations
~10™ higher than aqueous ferric ion concentration. Iron
concentrated in ferritin is used to synthesize iron cofactors
for respiration, photosynthesis, nitrogen fixation, and DNA
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synthesis. Ferritins are central to life, as exemplified by
increased oxidant sensitivity and the lethality of gene
deletion.?™® Ferritin mutations affect liver'® or the central
nervous system.!!"13 The control of ferritin synthesis is
unusually complex with regulatory steps involving both
DNA (transcription) and mRNA (translation).!*!> New
observations that are particularly emphasized relate to
flexibility of ferritin proteins.

Ferritins are large protein cages formed by arrays of
self-assembling o-helices (24 or 12 four-helix bundles or
subunits) with nanocavities (5—8 nm), that catalytically
couple iron and oxygen at protein sites for precursors of
the cavity mineral. The ferritins are ubiquitous in micro-
organisms, plants, and animals. DNA and protein se-
quences for ferritins vary, especially in bacteria, but
tertiary/quaternary structures are conserved indicating
that the amino acid sequences have the same or similar
folding information for the conserved protein cage and
nanocavity.

Thousands (up to 4500) of iron atoms can be accom-
modated in ferritin minerals inside the protein cage. The
maxi-ferritins of animals, plants, and bacteria (~480 kDa,
24 subunits) use oxygen to make the iron concentrates.'%1”
A catalytically inactive subunit form, called L subunit, that
is specific to animals, coassembles with catalytically active
(H) subunits. In hepatocytes, for example, the L/H ratio
is 2:1 compared to a ratio in cardiomycytes of 0.3:1, which
may reflect differences in sensitivity to the H,O, byprod-
ucts of ferritin catalysis. Mini-ferritins of bacteria and
archaea (~240 kDA, 12 subunits), in contrast to maxi-
ferritins where dioxygen is used to concentrate iron, use
iron to detoxify dioxygen or peroxide and protect DNA
from damage.®>*®7 Mini-ferritins were first discovered
during starvation and named Dps (DNA protection during
starvation) proteins.

The first step in concentrating iron in maxi-ferritins is
oxidizing and coupling two ferrous ions via a diferric
peroxo (DFP) complex to form diferric oxo complex
precursors of the hydrated ferric oxide mineral. The
second product is H,0,.'%!7 The catalytic ferroxidase site
is in the center of the helix bundle of each maxi-ferritin
subunit (Figure 1). DFP decay products appear to leave
the catalytic site in different directions: diferric oxy-
mineral precursors go to the protein cavity and H,O, goes
into solution.!®

The overall and intermediate reactions are shown in
eqs 1—4.1 The catalytic or ferroxidase (F,y) reaction (eq 1
and 2) is fast (milliseconds), although days to months may
be required in vivo for the overall reaction (eq 4), since
the liquid/solid-phase transitions are slow. When iron
concentrations in cells are very high, ferritin also functions
as an iron “scavenger”?’ by sequestering “excess” cellular
iron. In mini-ferritins, the ferroxidase reaction and site
are less well characterized but appear to be able to use
either dioxygen or H,O, as substrates.?

* Corresponding author.
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FIGURE 1. Polypeptide helix tetrads and ferroxidase (Fo) sites in maxi-ferritins and mini-ferritins: (A) superposition of helix tetrads that form
the subunits of ferritins labeled A, B, C, and D starting from the N-terminus—vertebrate maxi-ferritin (frog M, 1MFR, dark green), E. coli
bacterioferritin (1BFR, black), and E. coli Dps protein (1DPS) where the superposition of four-helix bundles begmmng from the N-terminus is
reversed (helix A, light red (N-terminus); helix B, red; helix C, yellow; helix D, brown; the A—B (red) and B—C (yellow) loops of the mini-ferritin
do not superimpose on the corresponding loops in maxi-ferritins); (B) the Fo site within the four-helix bundles of a single subunit of a vertebrate
ferritin (frog M) (all identified amino acids are required to form the diferric peroxo intermediate; ferrous ions are shown as yellow/gold spheres);
(C) Fox sites in two subunits of a heme-containing bacterial maxi-ferritin (redrawn from crystal structure of E. coli Bfr complexed with Mn
(1BFRY); heme is in dark blue); (D) Fo sites between two subunits of a mini-ferritin (E. coli Dps protein), predicted from E. coli Dps protein

crystal structure (1DPS).
Maxi-ferritin:
2Fe*" + 0, — [Fe(Il)) —O—O0—Fe(III)] (1)

[Fe(II)-O—0O—Fe(III)] + H,0 — H,0, +
[Fe(II)—O—Fe(II)] (2)

[Fe(II) —O—Fe(IID] + (H,0),,, — Fe,0,(H,0), + 4}(13*)

2Fe’" 4+ 0, + (H,0) 5 — Fe,0,(H,0), + 4H" + H,0,
(4)
Mini-ferritin:

2Fe’" + H,0, + (H,0) ., — [?] — Fe,0,(H,0), + 41?;)

168 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 38, NO. 3, 2005

The ferroxidase site in maxi-ferritin is a modified di-
iron oxygenase site,?!"23 and ferritins are members of the
di-iron carboxylate protein family?* (see Figure 2), which
all form DFP intermediates.!#2225-31 In ferritins, iron is a
substrate with transient binding, contrasting with the di-
iron cofactor oxygenases, where iron is a cofactor with
stable binding. One of the bacterial maxi-ferritins, Bfr,
however, also has canonical di-iron cofactor site ligands
and apparently uses small amounts of iron as a cofactor
to initiate mineralization of iron without releasing H,0,*?
A common ancestor of ferritin ferroxidase sites and di-
iron oxygenases is suggested by the iron ligand similarities
and by the simple DNA codon relationships of divergent
ligands.?#% Ferritin iron is recovered from the ferritin
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FIGURE 2. Assembled ferritin structures: (A) reproduced with permission from ref 34 (issue cover); copyright 2003 National Academy of
Sciences, U.S.A,; (B) ferritin with pores “open” or unfolded; (C) cross-section of an assembled maxi-ferritin showing the nanocavity (reproduced

with permission from ref 85; copyright 1994 Wiley Interscience).

FIGURE 3. Electrostatic potentials of maxi- and mini-ferritins—global view from the outside pores at the junction of subunit triples: (A)
vertebrate maxi-ferritin (human H protein, pdb 1FHA); (B) bacterial heme-containing maxi-ferritin (E. coli Bfr, pdb 1BFR); (C) Dps mini-ferritin
(E. coli, pdb 1DPS). Electrostatic potentials (MolMol®) at protein dielectric constant of 4.0, solvent dielectric constant of 80, temperature of
300 K, and ionic strength of 0.1 M are included. Surface potentials are indicated as follows:10 (red); +4 (blue). Note the acidic patches (red)
at the pores.

mineral in vitro by adding a reductant and chelator; the
mechanisms in vivo are not known but two current
models are discussed below (see Iron OUT).

The multiple functions of ferritin related to, and
possibly derived from, both di-iron catalytic and pore
proteins are fitted into a unique, self-assembling, spherical
ferritin structure. Nature appears to have been “tweaking”
the ferritin structure using functional sites in other
proteins as information sources to reach a single solution
to the problem of concentrating iron to physiological
levels. The iron concentrating property of the ferritins
applied to trapping oxidants and protecting DNA may be
a convergent biological strategy. Recent thinking about
the ferritins is a shift from the older view of a rigid,
relatively inactive protein-coated iron core to the con-
temporary view of an active, flexible, complex protein
catalyst and ion translocator. Still to be solved for the
ferritins are problems of protein folding, supramolecular
assembly, biomineralization, redox biochemistry, and
gene regulation, which have general significance for
chemistry, biology, medicine, and nutrition.

Structure

Subunits. Ferritin protein cages self-assemble from 24
subunits that are four-helix bundles (polypeptide tetrads

of a-helices) and are designated A, B, C, and D (Figure 1).
In maxi-ferritins, a short fifth helix is turned at 60° to the
helix-bundle axis and is the most phylogenetically variable
part of the sequence. Ferritin subunits are catalytically
(Fox) active (H-type) except in animals where a second
ferritin encodes a catalytically inactive subunit (L-type)
that co-assembles with H-types.®®* H and L designations
were once thought to reflect mass differences, H (heavy)
and L (light), rather than the more general property of
ferroxidase activity.

Assembled Structure. Extensive helix—helix interac-
tions occur in assembled ferritin between subunit dimers
and trimers and, in maxi-ferritins, tetramers. Similar
interactions also occur within the subunit helix bundles
and with connecting loops of single subunits (Figures
2—4). The result is global protein stability to heat (up to
80 °C)3* and to 6 M guanidine at neutral pH.3> Moreover,
intersubunit and intrasubunit interactions are so similar3®
that subunit dissociation and subunit unfolding usually
coincide. Much more is known about the 432 packing
interactions in maxi-ferritins, for example,?*~4! than the
more recently discovered 32 packing interactions in mini-
ferritins, where crystal structures are now known for
Escherichia coli,*? Listeria innocua,* Helicobacter pylorii,®
Bacillus anthracis,®® Agrobacterium tumifaciens,® and Strep-
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FIGURE 4. Differences in electrostatic potential (EP) distribution around nucleation sites and ferroxidase in catalytically active, inactive and
chimeric maxi-ferritins. Electrostatic analyses of the charge distribution in the ferritin subunit dimer, facing the mineralization cavity (left
panel) and around the intrasubunit ferroxidase (di-iron coupling/oxidation) sites in maxi-ferritins shown from a side view of the subunit interior
(right panel) are presented. Frog ferritins were used as the model since data are available for both catalytically inactive (L) and active (H/M)
types of subunits. (Electrostatic potential maps obtained with horse L (pdb 1DAT), mouse L (pdb 1H96), and human H (pdb 1FHA) showed the
same subunit-dependent, conserved patterns of EP distribution as frog subunits). The EP analysis was performed using MolMol,® with the
following settings: protein dielectric constant = 4.0, solvent dielectric constant = 80, T = 300 K, ionic strength = 0.2 M. All residues are
included in the calculation to illustrate different paths the iron atoms take either to ferroxidase site in H-type ferritins or directly to the mineral
surface in ferroxidase inactive L ferritins that are located around subunit dimer interface facing inner cavity. The surface electrostatic potential
distribution was plotted on a scale from —8 to +4 for the dimer inner surface (left) and —4 to +3 for the ferroxidase site (right). In the left
panel, the following are shown: (A,B) catalytically active; (C,D) catalytically inactive; (A) bullfrog M ferritin (pdb 1MFR); (B) bullfrog H ferritin
(pdb 1BG7); (C) bullfrog L ferritin (pdb 1RCD); (D) nucleation site mutant of bullfrog L ferritin (E57A/E58A/ES9A/E61A; pdb 1RCE). In the right
panel, the following are shown: (A—C) catalytically active; (D) catalytically inactive; (A) M (H’) ferritin (pdb TMFR); (B) H ferritin (pdb 1BG7);
(C) chimeric L (K23E/Q103E/S137Q/T140D) ferritin;? (D) L ferritin (pdb TRCD); green ribbon = subunit helices. (In the subunit representation of
Fox sites (right panel), the pores are on the right and the cavity is at the top; the yellow arrow indicates the ferroxidase site). Parts A—D in
each panel correspond to decreasing rates of mineralization (left) or ferroxidation (right).

tococcus suis” and a predicted structure from an archaea,
Halobacterium salinarium, is available.**

Bacteria with four ferritin genes,? such as E. coli (three
maxi- and one mini-ferritin), appear to need different
ferritins than humans, which have three known ferritin
genes.*~47 Since E. coli, for example, survives in a much
broader range of iron and oxygen environments than
humans, more ferritins may be required. On the other
hand, in humans there are ~37 ferritin sequences so far,
of which ~20 are partial or “pseudogenes”,*>46 but the
possibility of more human ferritin genes to be discovered
is real.
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Protein Pores. The unusually high global stability of
assembled ferritin masked the local unfolding/folding of
ferritin pores until recently.?** Studies of protein dynam-
ics reveal that folding/unfolding usually undergoes a
funnel-shaped energy landscape with multiple conforma-
tional/structural transitions that enable proteins/enzymes
to function at minimal energy expense. External perturba-
tions, such as changes in temperature, solvent (chaotropes
such as urea), redox, proton gradients, or modification
(phosphorylation, dephosphorylation, methylation/dem-
ethylation, ligand binding, etc.), induce metastable con-
formations exemplified by protein catalysis, translocation,
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ion channel/pore gating, endocytosis, and virus entry. In
the case of ferritin, the pores, which account for 10—15%
of the subunit helix content, bracketing the C/D helix turn,
unfold in response to heat (40—50°C) or to chaotropes
such as 1 mM urea, measured by circular dichroism,
crystallography, or both, and increased rates of iron
chelation (triggered by the addition of reductant)343948
(Figures 2,3). Each ferritin pore is constructed from three
ferritin subunits, tripling the effect of subunit helix
changes (Figure 2).

Different sets of conserved residues control ferritin pore
structure for iron flow into the catalytic ferroxidase site
or out of the mineral, based on the selective effects of
mutagenesis in maxi-ferritins. Much needs to be learned
about how Fe moves to the ferroxidase sites after entering
the ferritin pores and, in the case of certain anerobe
ferritins, whether the Fe entry pores are in a different
location in the protein cage.*®~>! However, all types of
regulated flow of ions or neutral solutes through protein
channels and pores remain subjects of active research.>>%

Six carboxyl side chains (Asp127 and Glul30, L se-
quence numbering) contributed by three pore subunits
create a constriction (3.3 A) between the pore surface and
the cavity that suggests a vestibule for Fe?" awaiting F
site turnover. In contrast, residues deeper in the pores,
such as leucine 131 and 134, influence iron movement
from the iron mineral in the ferritin cavity by controlling
access of reductant to the mineral. Pores at the junctions
of four ferritin subunits formed by the maxi-ferritin E helix
may reflect eukaryotic-specific cytoplasmic requirements
absent in mini-ferritins.

Mineralization Surface and Possible Cofactors. Min-
eralization of iron, calcium, and silicon uses an acidic
formation surface. In ferritin, the mineralization sites are
formed from conserved carboxylate residues on the inner
surface clustered at the dimer interfaces (Figure 4).436:41.53,54
Knowledge of mechanisms of biomineralization is lim-
ited.> For calcium and silicon, complex interactions
among cells or organelles and biopolymeric matrixes are
required.>*~5¢ For iron in ferritin biominerals, only the
ferritin protein nanocage is required, at least in vitro; the
ferritin mineral formed in vitro is structurally similar to
natural biominerals by a variety of spectroscopic and
microscopic techniques.’”* However, in vivo the flow of
iron to and from ferritin likely includes macromolecules
to carry electrons, iron ions, and possibly protons. (Note
that for each iron ion entering the mineral, ~2 protons
are released,® which, when a large amount of ferrous ions/
ferritin protein form mineral, challenge the buffering
capacity of solutions, if not the cytoplasm.)

Function—Iron IN

The first detectable reaction in iron mineralization, forma-
tion of a diferric peroxo (DFP) intermediate, requires two
Fe?* to traverse the outer half of the ferritin protein cage
(Figure 2) to reach one of the multiple Fy sites, within
milliseconds. DFP has been characterized using rapid
freeze trapping under single turnover conditions by Mdss-

bauer, resonance Raman, UV—vis, and extended X-ray
absorption fine structure (EXAFS) spectroscopies, which
show the presence of a strained 1,2-u peroxo bridge
derived from molecular oxygen and an unusually short
Fe—Fe distance of 2.54 A. The geometry of the DFP
complex may explain decay to H,O, with retention or re-
formation of the O—O bridge in H,0,, and diferric oxo/
hydroxo mineral precursors.!6:22326,60

Mechanisms of DFP decay to diferric mineral precur-
sors and H,0, remain to be learned. Detection of multiple
diferric oxo species by Mossbauer spectroscopy and their
slow decay to mineral?® suggest the existence of multiple
stages in the pathway between DFP and the diferric
hydroxyl and H,0, products. The multiple stages in DFP
decay observed complement observations of a multiphasic
turnover of the catalytic sites.!6:6°

Decay of DFP to H,0, and the diferric oxy mineral
precursors released from the Fo sites!®22262961 contrasts
with di-iron oxygenases, where iron is retained as an active
site cofactor.?>?8 The potential for reactions between DFP
products, such as H,0,, and substrates, such as Fe?", is
high in ferritin, unless they are separated by the protein
during turnover. Low and nonstoichiometric radical pro-
duction during ferroxidase activity indicates successful
separation of substrate and products.®? Moreover, active
site regeneration rates appear to be cooperative,'65° likely
reflecting the substrate/product channeling required to
minimize reactions of substrate and product.

The two iron binding/oxidation sites in maxi-ferritins,
sites A and B, were recently directly identified using
protein chimeras with catalytically inactive L ferritin as
the host.? Previous studies relied on cocrystals with
ferrous analogues (Ca or Mg)?!38 where the metal—metal
distances were much longer than iron—iron distances for
DFP in solution EXAFS.?2 Site A for DFP formation is the
canonical E, ExxH motif common to di-iron cofactor
proteins,?* while site B is E, QxxD and ferritin-specific. (A
study of Fe and Zn cocrystals of E. coli FTNa reported
diferric sites that also bound Zn(Il) in a similar configu-
ration,*® suggesting that the sites diverge structurally from
the diferric peroxo eukaryotic maxi-ferritin site.) In the
chimeric ferritin, proteins with site A alone had no
ferroxidase activity. Site A and site B with either E, QxxD,
or Q, QxxD formed DFP, but only with E, QxxD, was the
K.pp and Hill coefficient equivalent to catalytically active
wild-type ferritin.?® Natural variations occur among maxi-
ferritins at site B, D (RCOOH), S (RCH,OH), or A (RCH3),*"83
each with different di-iron oxidation kinetics.2364

The paths taken by ferrous ions to the catalytic sites
and by the catalytic products (diferric oxy mineral precur-
sors) to the mineralization cavity are not well understood
in maxi-ferritins and even less understood in mini-
ferritins.>*74365 Negative charges from the outer surface
to the cavity (see the surface potential analyses of maxi-
and mini-ferritins in Figure 3), likely outline boundaries
of the iron paths (Figures 3 and 4, left). Differences in the
average electropotential distribution around the active site
suggest that iron entering the pores would be directed to
the active site in catalytically active ferritins and away from
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the subunit interior toward the cavity in catalytically
inactive ferritins (Figure 4, right). Changing the charge at
the dimer interface had a major effect on mineralization
in ferritins without a catalytic site (see Figure 4C,D, left,
and ref 66) but not in a ferritin with a catalytic site.5”

Iron OUT

Pores at the Junction of Three Subunits. Two models,
not mutually exclusive, are proposed for recovering ferritin
iron in vivo. In model 1, derived from experiments in cells
with massive iron concentrations, cytoplasmic ferritin is
incorporated into the lysosome, followed by protein
degradation, iron mineral dissolution, and iron export to
the cytoplasm.® Questions to be answered for model 1
are as follows: How does ferritin, which lacks a lysosomal
transport signal, enter lysosomes? Is the ferritin mineral
soluble at lysosomal pH? How does iron cross the lyso-
some membrane? Since, at the high iron concentrations
studied, ferritin stabilizes lysosomes and protects lysos-
omes from oxidative damage,®® how would lysosome
ferritin degradation be beneficial? Model 2 is based on
the conservation of ferritin pores that reversibly unfold/
fold with small changes in temperature or millimolar urea
and have the sole detectable function of increasing rates
of mineral reduction/chelation and removal in vitro.343948
Ferritin pores have been characterized by X-ray crystal-
lography, site-directed mutagenesis, and CD-spectroscopy.
Questions to be answered for Model 2 are as follows:
What is the pore unfolding partner in cells? How is the
ferritin mineral reduced and the iron transported in cells?

The gated pores in ferritin are formed from six helices,
two each contributed by three subunits (Figure 2), and
are analogous to protein pores that form from polypeptide
helices in cell membranes that share with ferritin pores
the function of controlling ion flow.”~77 While some pores
are integral to a supramolecular structure, some result
from the fusion of two supramolecular assemblies il-
lustrated by viruses and bacterial toxins, which recruit
membrane protein and create new pores. The relationship
between pore structure and iron removal rates in ferritin
was revealed in a mutant with selective unfolding of the
pores (crystallography) and 30-fold rate increase in iron
removal.® A set of conserved residues, identified by high
conservation, proximity to the pore in three-dimensional
space, no assigned function, and increasing mineral
chelation rates when modified by amino acid substitution,
define the pore gates as an interhelix (C—D) leucine—
leucine pair, an interloop (C/D—B/C) aspartate—aspar-
agine ion pair, and a short C—D loop.* Rate changes were
greater for nonconservative than for conservative substi-
tutions. The pore structure is remarkably sensitive to small
changes such as shortening an amino acid side chain by
a single ethylene group.

Selective destabilization of the ferritin pore structure,
observed by crystallography and by rate changes in Fe
removal by mutation or millimolar urea or guanidine,3*3948
was confirmed with CD spectroscopy where pore melting
at 56 °C was lowered to physiological ranges by millimolar
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urea or mutation;* global melting is at >80 °C. Cooling,
based on decreased rates of iron removal, closed pores
in both wild-type ferritins and pore mutants. Ferritin iron
reduction/chelation rates were linear over the range 283—
313 Kin Arrhenius plots (In v, vs 1/T; slope = —E,/R, where
E, is the activation energy and R is the gas constant). E =
88.6 and 83.5 kJ/mol for mutant pore gates and wild-type
pore gates, respectively (Liu, Jin, and Theil, unpublished
observations). Thus, in the iron removal assay, where
concentrations of ferritin protein, reduced nicotinamide
adenine dinucleotide (NADH)/flavin mononucleotide
(FMN), and iron chelator are constant, the protein pore
structure controls rates of ferritin iron removal. The ferritin
pore structure, which can be changed independently of
global ferritin structure, F, rates, or mineralization
rates®+3948 and is phylogenetically conserved, appears to
control exposure of the mineral to reductant and chelator.
Under physiological conditions (37 °C, 1.7—8.3 mM urea),
ferritin pores are partly unfolded.?* In renal cells, where
urea concentrations are 300—600 mM, cell-specific ferritin
pore closing or controlled distribution of reductants is
predicted.

Little or no iron is removed from the ferritin mineral
without reductant. When different reductants are analyzed
with the same chelator, the effect is much smaller than
effects of changing pore structure.?* Rates of reduction/
chelation of ferritin iron were relatively similar for cys-
teine, ascorbate, and glutathione compared to the more
efficient reduced flavins.”®™ For a variety of reduced
flavins, immobilization on a polymeric matrix inhibited
the ferritin iron mineral reduction,® suggesting electron
transfer at the mineral surface exposed by the pore.?!
Binding of flavin to ferritin protein is weak, and flavin is
rarely free in cells, suggesting that in vivo a specific
flavoprotein exists that binds near ferritin protein pores
and reacts with the mineral with rates dependent on pore
opening and mineral exposure.”® Differences in ferritin
pore dynamics can also explain differences in the hier-
archy of rates of transport of small molecules though the
ferritin protein cage and into the ferritin cavity.”

Recognition of ferritin pores by a flavoprotein complex,
a protein that alters the dynamics of pore unfolding in
response to cell signals, or both®~8% can explain the
phylogenetic conservation of the three-dimensional pore
structure in ferritin, which in higher plants and animals
extends to amino acid sequence.

Perspective

Ferritins, a family of supramolecular proteins with unique
iron mineralization properties and other functions shared
with both pore proteins and di-iron carboxylate proteins,
have been probed with Mdssbauer, EXAFS, resonance
Raman and UV—vis spectroscopies that were coupled with
rapid-mixing kinetics, molecular substitutions through
protein engineering, and crystallization to sort the mul-
tiple metal sites into groups that are ferritin-specific and
groups that are shared with other proteins. Recent results
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have transformed understanding of the ferritins from a
rock inside a sturdy, single-sized protein coat to an iron
biomineralization reactor created from a flexible, dynamic
protein cage of at least two sizes (maxi- and mini-)
studded with catalytic sites and gated pores that control
vectorial flow of iron, dioxygen, H,O,, and protons.
Ferritins are the only biological molecules that control the
phase transition of iron between solution and solid, using
oxygen to concentrate iron for the biosynthesis of proteins
in respiration (hemoglobin), photosynthesis (ferredoxins),
nitrogen fixation (nitrogenase), or DNA synthesis (ribo-
nucleotide reductase). Bacterial mini-ferritins, also called
Dps proteins, vary the ferritin reactions by using iron to
trap oxidants that damage DNA.

The striking image of ferritins as stable protein coats
encasing mineral cores obscured relationships between
ferritins and other proteins that share one of the multiple
ferritin functions, until recently. Genomics and rapid
freeze-quench kinetics revealed kinship between the fer-
ritins and the di-iron carboxylate family of pro-
teins,?%23:25.26,28-3061 ywhile solution kinetics, combined with
crystallography and protein engineering, revealed the
relationships between ferritin and gated pore pro-
teins.34+394877 Flexible local regions in the context of stable
ferritin structure,3*3638-40 multiple types of functional sites,
and multiple roles of sites such as those for iron entry
and exit are all packed into the spherical, cage-like protein
structure for cooperative binding of iron and oxygen,
bidirectional channeling of reaction products (mineral
precursors to the cavity and H,0, to the protein exterior'8),
and flow of mineral reductants and chelators. Questions
shared by the ferritins with other proteins, which remain
to be answered include the following: What are the
precise relationships of metal binding site structure to
catalysis, pore function, and substrate/product channel-
ing? Questions unique to the ferritins which remain unan-
swered are: What is the information for assem-
bling the protein nanocage and cavity? Why does regula-
tion of ferritin biosynthesis rates need both DNA and
mRNA controls? What are the regulators/donors of elec-
trons and protons to the iron mineral? How can chemists
exploit the spherical ferritin protein cage structure for new
drugs and for novel materials? The recent awareness of
ferritins as a family of flexible, multifunctional protein
cages with nanocavities present throughout biology en-
sures that exciting insights will come from future studies
on the ferritins and Fe/O, chemistry in biology.
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