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COORDINATION CHEMISTRY IN
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THE CHEMISTRY OF NATURE’S IRON
BIOMINERALS IN FERRITIN PROTEIN
NANOCAGES

EL1ZABETH C. THEIL AND RABINDRA K. BEHERA

1.1 INTRODUCTION

Ferritin protein nanocages, with internal, roughly spherical cavities ~5-8 nm diam-
eter, and 8—12 nm external cage diameters, synthesize natural iron oxide minerals;
minerals contain up to 4500 iron atoms, but usually, in normal physiology, only
1000-2000 iron atoms are present; in solution the cavity is filled with mineral plus
buffer. The complexity of protein-based iron-oxo manipulations in ferritins, which
are present in contemporary archaea, bacteria, plants, humans, and other animals, is
still being discovered [1]. Such new knowledge indicates that current applications
exploit only a small fraction of the ferritin protein cage potential. To date, applications
of ferritin protein cages to nanomaterial synthesis have been mainly as a template
[2-4], and as a catalyst surface [5, 6]; some applications of ferritins as nutritional
iron sources and targets or chelators in iron overload are also developing [3, 4].

There are two biological roles of the ferritins: concentrating iron within cells as a
reservoir with large concentrations of iron for rapid cellular use, as in red blood cells
(hemoglobin synthesis) or cell division (doubling of heme and FeS protein content),
and for recovery from oxygen stress (scavenging reactive dioxygen and ferrous iron
released from damaged iron proteins). Equation 1.1 shows the simplified forward
reaction of ferritin protein nanocages.

2Fe(11) + O, + 2H,0 — Fe, 03 H,O + 4H™ (1.1)

Coordination Chemistry in Protein Cages: Principles, Design, and Applications, First Edition.
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4 NATURE’S CAGED IRON CHEMISTRY

In ferritin protein nanocages, the Fe/O reactions occur over distances within
the cage of ~50 A (ion entry channels/oxidoreductase sites/nucleation channels/
mineralization cavity) and over time spans that vary from msec (ferrous ion entry,
active site binding, and reaction with dioxygen) to hours (mineral nucleation and
mineral growth). Moreover, the reaction can be reversed by the addition of an exter-
nal source of electrons, to reduce ferric to ferrous, and rehydration to release ferrous
iron from the mineral and the protein cage. Exit of ferrous iron from dissolved fer-
ritin minerals is generally slow (minutes to hours) but is accelerated by localized

3-fold pore 3-fold pore

Maxi ferritin Subunit (from Frog M) Mini ferritin Subunit (from Listeria Dps)

FIGURE 1.1 Eukaryotic ferritin protein nanocages and structural comparison of maxi- and
mini-ferritin subunit. (a) An assembled 24-subunit ferritin protein with symmetrical Fe(ir)
entry/exit site at threefold pores (dark gray) that connects the external medium to inner protein
cavity. Reprinted with permission from Reference 24. Copyright 2011 Journal Biological
Chemistry. (b) Cross-section of ferritin protein cage (PDB:1MFR); sketch (gray cavity)
showing filled ferric oxide mineral; arrow pointing ion channels. Reprinted with permission
from Reference 12. Copyright 2010 American Chemical Society. (c) The 4-a-helix bundle
(subunit) of maxi- (left) and mini-ferritin (right) drawn by us using PYMOL and the PDB files
indicated; the fifth short helix is at the end of 4-a-helix and in 2-3 loop in maxi- (PDB:3KA3)
and in mini-ferritin (PDB:21Y4), respectively, that defines fourfold and twofold symmetry
upon self-assembling. The threefold pore regions that are conserved in both maxi- and
mini-ferritin are shown in dark gray.
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protein unfolding around the cage pores (Fig. 1.1), mediated by amino acid
substitution of key residues in the ion channels or adding millimolar amounts of
chaotrope [1, 7].

Ferritin proteins are so important that the genetic regulation is unusually com-
plex. For example, in addition to ferritin genes (DNA), mRNA is also regulated by
metabolic iron, creating a feedback loop where the catalytic substrates ferrous and/or
oxidant are also the signals for ferritin DNA expression, ferritin mRNA regulation,
and ferritin protein synthesis [8]. The iron concentrates in ferritins are used when
rates of iron protein synthesis are high or, in animals, after iron (blood) loss. Rates
of synthesis of iron proteins are high, for example, in preparation for eukaryotic cell
division (mitochondrial cytochromes), plant photosynthesis (ferredoxins), plant nitro-
gen fixation (nitrogenase and leghemoglobin synthesis), red blood cell maturation
(synthesizing 90% of cell protein as hemoglobin), immediately after birth, hatching,
or metamorphosis (animals liver ferritin), and germinating legume seeds. After oxi-
dant stress, ferritins play an important role in recovery, and in pathogenic bacteria
in resistance to host oxidants by removing from the cell cytoplasm potent chemical
reactants, ferrous ion and dioxygen or hydrogen peroxide. Protein-based catalytic
reactions use Fe(11) and O to initiate mineralization of hydrated ferric oxide minerals.

The family of iron-mineralizing protein cages is apparently very ancient since they
are found in archaea as well as bacteria, plants, and animals as advanced as humans.
All ferritins share the following:

1. unique protein cavities for hydrated iron oxide mineral growth;

2. unusual quaternary structure of self-assembling, hollow nanocages with
extraordinary protein symmetry (Fig. 1.1);

3. catalytic sites where di-Fe(11) ions react with dioxygen/hydrogen peroxide to
initiate mineralization;

4. subunit protein folds in the common 4-a-helix bundle motif;
5. ion entry pores/channels;

Ferritin protein cages have variable properties as well:

1. cage size (subunit number: n = 12 or 24);

2. amino acid sequence: conserved among eukaryotes but divergent among
eukaryotes, bacteria, and archaea (>80%) [9];

3. hydrated iron oxide mineral crystallinity and phosphate content;
4. catalytic mechanism for mineral initiation;
5. location/mechanism of mineral nucleation.

In this chapter we discuss protein cage ion channels, ferritin inorganic catalysis,
and protein mineral nucleation and growth to provide fundamental understanding of
ferritin structures and functions. The protein nanocage itself and the protein subdo-
mains can be developed for templating nanomaterials, synthesizing nanopolymers
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with fixed organometallic catalysts, producing nanodevices, and delivering nanosen-
sors and medicines. The current status of such applications of ferritin cages are
discussed extensively in Sections 1.2, 1.3, and 1.4.

1.2 FERRITIN ION CHANNELS AND ION ENTRY

1.2.1 Maxi- and Mini-Ferritin

Ferritins are hollow nanocage proteins, self-assembled from 24 identical or similar
subunits in maxi-ferritins and 12 identical subunits in mini-ferritins that are also called
Dps protein (DNA-binding proteins from starved cells) [10]. Cavities in the center of
the protein cages account for as much as 60% of the cage volume. Cage assemblies
from the 4-a-helix bundle protein subunits have 432 symmetry (24 subunits) or 23
symmetry (12 subunits) [11]. The unusual symmetry has functional consequences for
ion entry and exit, and in the larger ferritins for protein-based control over mineral
growth. Ferritin subunits are 4-a-helix bundles, ~50 A long and 25 A wide (Fig. 1.1),
that use hydrophobic interactions for helix and cage stability; charged residues on
surfaces enhance cage solubility in aqueous solvents and ion traffic into, out of, and
through the protein cage.

Ton channels with external pores are created around the threefold cage axes by
sets of helix-loop-helix segments at the N-terminal ends of three subunits in the
assembled cages (Fig. 1.1). The channels, analogs to ion channels in membranes,
are lined with conserved carboxylate groups for cation entry and transit from the
outside to the inside; ion distribution to multiple active sites occurs at the interior
ends of the channels [12]. Each channel, eight in maxi-ferritin cages and four in mini-
ferritin cages, is funnel shaped [1, 12]. In maxi-ferritins, constrictions in the channel
center may be selectivity filters. (Fig. 1.2). At the C-terminal end of ferritin subunits
in maxi-ferritins, a second cage symmetry axis occurs, created by the junctions of
four subunits that can form pores [13]. The region is primarily hydrophobic and the
fourfold arrangement of nucleation channel exits contributes to mineral nucleation. In
mini-ferritins, by contrast, the C-termini form pores with threefold symmetry [11, 14]
that in some mini-ferritins can participate in DNA binding [15].

Maxi-ferritins are found in all types of higher organisms (animals and plants
including fungi), and bacteria (ferritins and heme-containing bacterioferritins
(BFRs)). Mini-ferritins, by contrast, are restricted to bacteria and archaea and may
represent the transition of anaerobic to aerobic life, because of the ability to use
dioxygen and/or hydrogen peroxide as the oxidant in the Fe/O oxidoreductase reac-
tion. The secondary and quaternary structures of ferritins are very similar [10] in
spite of very large differences in primary amino acid sequences.

The fifth helix in ferritin subunits, attached to the four-helix bundle, distinguishes
maxi-ferritins (animal and plant H/M chains and animal L chains, bacterial ferritins,
and the heme-containing bacterioferritins) from the smaller mini-ferritin (Dps pro-
teins). In maxi-ferritins, helix 5 is at the C-terminus, positioned along the fourfold
symmetry axis, at ~60° to the principal helix bundle. A kink in helix 4 occurs at
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FIGURE 1.2 Iron entry route in ferritin. Fe(11) ion channels showing a line of metal ion
(Big spheres) connecting from the outside to inner protein cavity (PDB:3KA3). Adapted with
permission from Reference 12. Copyright 2010 American Chemical Society. (a) A view from
inside the cavity through the channel toward the cage exterior, showing three metal ions at
the exit into the cavity; they are symmetrically oriented toward each of the catalytic centers
in the subunits that form the channel by binding to one of the Asp127 residues in each subunit.
The fourth metal ion in the center is the end of the line of metal ion stretching from the external
pore through the channel to the cavity. (b) The conserved negatively charged residues in one
subunit that defines the ion channel are shown as sticks. Big spheres are Mg(11) and small
spheres are water molecules; a ~4.5 A diameter constriction is at the center of the channel at
Glu 130.

the position of an aromatic residue (Tyr/His/Phe 133), which sterically alters the
helix at the point where localized pore unfolding stops [16, 17]. Mini-ferritins (Dps
proteins), by contrast, lack the fifth helix at the C-terminus; some have helices in
the loop connecting helices 1 and 2 as in the mini-ferritin cage of Escherichia coli,
and Dps proteins (Fig. 1.1) where helix 5 participates in subunit—subunit interactions
along the twofold axes of the cage. In most of the maxi-ferritins, the di-iron oxidore-
ductase (ferroxidase or F.x) center is located in the central region of the four-helix
subunit bundle and is composed of residues from all four helices of the bundle.
In spite of the structural differences between maxi- and mini-ferritins and the large
sequence differences (>80%), all ferritins remove Fe(11) from the cytoplasm, catalyze
Fe(11)/O oxidoreduction, provide protein-caged, concentrated iron reservoirs, and act
as antioxidants [10, 11].

1.2.2 TIron Entry

Central to the understanding of ferritin iron uptake and release is the route of iron
ion entry and exit through the protein cage. Both the theoretical (electrostatic calcu-
lations) and experimental (x-ray crystal structure, site-directed mutagenesis) studies
of different ferritins converge on the ion channels around the threefold cage axes
as the iron-uptake route (Fig. 1.2). Early x-ray crystal structures [18, 19] and elec-
trostatic calculations indicated iron entry along the 12 A long hydrophilic threefold
channels. Recently, a line of metal ions in the channel was observed in ferritin chan-
nels (Fig. 1.2b) much like those in other ion channels [20] that connect the external
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threefold pores to the internal cavity [12]. Electrostatic potential energy calculations
describe a gradient along the threefold channels of maxi-ferritins that can drive metal
ions toward the protein interior cavity [10, 21, 22]. Site-directed mutagenesis studies
confirmed the role of the negatively charged residues both on oxidation [23] and
on diferric peroxo (DFP) formation, where selective effects of different carboxylate
groups were also observed [24]. In the mini-ferritin, Listeria innocua Dps (LiDps),
channel carboxylates also control iron oxidation rates that, in contrast to maxi-
ferritins, also control iron exit rates [25]. A functional role of the threefold channel in
transit of Fe(1r) ions through the ferritin cage to and from the inner cavity of ferritin was
indicated by crystallographic studies on many ferritins (human, horse, mouse, frog)
where divalent metal ions (Mg”*, Co?*, Zn>*, and Cd*") are observed in the channels
[11, 12, 26, 27]. However, how the hydrated Fe(11) with diameter of 6.9 A passes
through the ion channel constrictions, diameter about 5.4 A (Fig. 1.2) is not known.
A possible explanation might be fast exchange of labile aqua ligands of Fe(11) with the
threefold pore residues [28] or dynamic changes in the ion channel structure or both.

1.3 FERRITIN CATALYSIS

Ferritin nanocage proteins sequester and concentrate iron inside the cell by iron/O,
chemistry. In bacteria and plants, ferritins are usually found as homopolymers com-
posed of H-type subunits whereas in vertebrates, they are heteropolymers of 24
subunits, comprising two types of polypeptide chains called the H and L subunits
[10]. The ratios of H to L subunits are tissue specific, with more H subunits present
in the heart whereas L subunit contents are more in the liver [10]. Ferritin H subunits
possess catalytic, di-Fe(11)/0, oxidoreductase sites (ferroxidase/F,x) at the center of
the 4-a-helix bundle of each eukaryotic maxi-ferritin subunit that rapidly oxidize
Fe(11) to Fe(1mr). By contrast, the L subunit possesses amino acid residues known as
the nucleation sites that provide ligands for binding Fe(1r); in this case, initiation
of crystal growth and mineralization occurs on the inside surface the ferritin protein
nanocage. Another type of ferritin subunit is found in the amphibians known as “M”
type that closely (85% sequence identity) resembles the vertebrate H type [12, 29]. In
this section structure—function relationships in ferritin catalysis in eukaryotic maxi-
ferritins and characterizations of reactive intermediates are described. Detection of
reaction intermediates in heme-containing bacterioferritins and mini-ferritins (Dps
proteins) with hydrogen peroxide as the oxidant has been elusive.

1.3.1 Spectroscopic Characterization of p-1,2 Peroxodiferric
Intermediate (DFP)

Fe(11) ions from the solution move to the inner cavity of the ferritin nanocage through
hydrophilic threefold channels. At the channel exits, on the inner surface of the protein
cage, the ions are directed to each of the 24 oxidoreductase sites where oxidization to
Fe(1r) by dioxygen is completed. Transit and oxidation requires only milliseconds,
whereas solid hydrated ferric oxide mineral formation takes many hours [13]. The
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FIGURE 1.3 A typical time course of DFP formation and decay. The reaction conditions
for 48 Fe(1)/cage are mixing of equal volumes of protein solution (4.16 uM wild-type frog M
ferritin in 200 mM Mops, pH 7.0, 200 mM NaCl and 0.2 mM FeSO, solution in 1.0 mM HCI)
in air (mixing time <10 msec) at 20°C (I1-Star, Applied Photophysics); absorbance values
were measured at 650 nm, the A, for the DFP intermediate in the Fe(11)/O, oxidoreductase.

process of iron oxidation catalysis and biomineralization of ferritin core proceeds via
complex mechanism of formation and decay of transient intermediate DFP (Eq. 1.2);
a blue complex is observed by rapid-mixing, UV-vis spectrometry [30-32].

Ferritin + 2Fe(11) + O, — [Fe(11)—O—0O—Fe(mn)]* j:l—z% [Fe(m)-O(H)—Fe(1)]
— (Fe(m)-0-Fe(in)),_g —> (Fe,03) - (H,0), +4H™ (1.2)

DFP (Apmax = 650 nm) is the first detectable intermediate during iron oxidation at
the F, site of the ferritin. The complex has been characterized by a variety of spec-
troscopic analyses in frog M ferritin where DFP formation and decay kinetics are
particularly favorable for DFP accumulation and spectroscopy (see Fig. 1.3) [33, 34].
Mossbauer parameters (8 = 0.62 mm/s, AEg = 1.08 mm/s), typical for ferric species
but with diamagnetic ground state, indicated the presence of anti-ferromagnetic inter-
action [35]. Peroxodiferric complexes with similar Mossbauer parameters are also
formed as early intermediates in the reaction of O, with human H ferritin and the cat-
alytic di-iron non-heme proteins (Table 1.1). The formation and decay profiles of this
transient intermediate obtained both by rapid freeze-quench (RFQ) Mossbauer and
stopped-flow absorption spectroscopy were identical, and confirmed the formation
of only single transient species in the solution mixture during that time regime. The
molar extinction coefficient for this species was estimated to be ~1000 mM~'cm ™! at
650 nm, using the results obtained by the two different methods mentioned above [33].

Information on the O-O bridge in DFP was obtained from RFQ resonance Raman
and RFQ X-ray absorption studies. The detection of O-isotope sensitive bands
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TABLE 1.1 Spectroscopic Parameters for the DFP Intermediates in Ferritin and
Di-iron Carboxylate Proteins

Optical Parameter Mossbauer Parameter Pe.rOX.IdC
Binding
Protein Amax (M) € (em™'™M~!) 3 (mm/s) AEqg(mm/s) Mode  Reference
Frog M ferritin 650 1000 0.62 1.08 w-1,2 [30]
Human H ferritin 650 850 0.58 1.07 n-1,2 [29]
sMMOH 725 1500 0.66 1.51 - [36]
RNR-R2 DS4E 700 1500 0.63 1.58 w-1,2¢ [37]
A®-desaturase 700 1200 0.68;0.64  1.90; 1.06 r-1,2 [38]

“To trap DFP, amino acid substitutions D84E/W48F variant were used [37].
MMOH, methane monooxygenase; RNR-R2, ribonucleotide reductase R2; A%-desaturase, A°-stearoyl-
acyl carrier protein desaturase.

assigned to v(Fe-O) at 485 and 499 cm~! and v(0-O) at 851 cm™! is consistent
with a p-1,2-bridging mode of the peroxide ligand as reported for different di-iron
proteins [39]. An unusually short Fe-Fe distance (2.53 10\) in the p.-1,2 peroxodiferric
intermediate was detected in the early steps of ferritin biomineralization by RFQ
EXAFS spectroscopy [40], which is significantly shorter than those in other di-iron
proteins such as R2 and sMMOH (3.1 to 4.0 /f\). This short Fe-Fe distance (2.53 A)
was proposed to have stronger O-O bond and requires a small Fe-O-O angle (106° to
107°). The unique geometry in the ferritin catalysis was suggested to favor the decay
of the DFP intermediate by the release of H,O, and p-oxo or p-hydroxo diferric
biomineral precursors instead of forming high-valent Fe(1v)-O species as in R2 and
sMMOH that oxidizes organic substrate (Fig. 1.4).

Both ferritin and di-iron oxygenases are members of the di-iron-carboxlyte protein
family [41]. While both share the same DFP, the decay paths are different. In ferritins,
diferrous is a substrate, whereas in oxygenases, diferrous is a cofactor and is retained
at di-iron sites throughout catalysis. The lability of diferrous ions in ferritin in air
prevents direct identification of the Fyy site ligands in typical ferritin protein crystals.
In Ca or Mg (ferrous analogs) ferritin cocrystals, longer metal-metal distances [11,
12, 29] were observed compared to iron—iron distances or ligands from solution
EXAFS [40]; the ligand sets were also slightly different than for di-ferrous binding
by VIVH MCD/CD [42].

Using protein chimeras, the iron sites (1 and 2) at the active centers required for
DFP formation were positively identified when iron ligands proposed to be important
for catalysis were inserted into catalytically inactive L ferritin [43]. Four of the six
active site residues are the same in ferritins and di-iron oxygenases (except in heme-
containing BFR with all six di-iron cofactor site ligands); ferritin-specific GIn137
and variable Asp/Ser/Alal40 (at Fe2) substitute for Glu and His, respectively, at di-
iron cofactor active sites (Fig. 1.4a). The contrasting properties of ferritin or di-iron
oxygenases, toward Fe(11) as substrate or cofactor, reflect differences in the amino
acid residues at one of the di-iron sites in the catalytic centers. Amino acid residues
(ligands) at Fel site are shared by ferritins and di-iron cofactor proteins. However,
different and weaker Fe(11) ligands are present at Fe2 site in ferritin di-iron catalytic
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FIGURE 1.4 Comparison of the active site residues in the fate of peroxodiferric-
protein (DFP) complexes during biomineralization (ferritin) and oxygen activation (MMOH).
Reprinted with permission from Reference 40. Copyright 2000 AAAS. (a) Structures of the
di-iron active sites in frog M-ferritin (IMFR) crystallized with Mg(11) as a Fe(11) homolog
(left) and in di-iron cofactor site in MMOH (1FYZ) (right). Note the activity-specific ligands
in the Fe?2 site; ferritin specific: Gln (137) and Asp (140) are replaced by Glu (243) and His
(246), respectively, in MMOH that decides the function of DFP intermediate. (b) Comparison
of the fate of peroxodiferric-protein complexes during biomineralization (ferritin) and oxygen
activation (MMOH). Modified from Reference 44. In ferritin, the eukaryotic ferritin peroxod-
iferric complex decays to diferric oxo or hydroxo mineral precursors that move from catalytic
sites into nucleation channels with the release of hydrogen peroxide (left). In MMOH, DFP
decay produces a high valent oxidant (Q) that oxygenates organic substrates and forms the
diferric cofactor which is reduced to the initial diferrous cofactor by the redox partner, MMOR
(right).

centers which permit the release of diferric oxo products and entry into the nucleation
channels. Residue Ala26, identified by covariation analysis, is between large numbers
of catalytically active and inactive ferritin subunits proximal to the active site. Ala26
is critical in normal turnover and release of catalytic products (diferric 0xo) into the
nucleation channels of eukaryotic ferritins [24] and is replaced by Ser in some L
subunits, which are catalytically inactive. The loss of flexibility around the active
sites also coincides with the loss of activity [12, 44].
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Within the ferritin superfamily, two alternatives to the eukaryotic Fel and Fe2
sites at catalytic centers are known. In mini-ferritins, catalytic centers have fewer iron
ligands. The substrate iron is usually bound between by ligands contributed by two
different subunits at the subunit dimer interface [15, 25]. In heme bacterioferritins,
the Fe2 site is similar to the di-iron oxygenase cofactor sites; iron serves both as
substrate and as cofactor in BFR.

1.3.2 Kinetics of DFP Formation and Decay

The iron oxidation product in all the ferritins absorbs in the range 300420 nm; due
to the Fe(1r) oxy absorption, an unresolvable mixture of DFP, Fe(1r) oxo/hydroxo
dimer, and Fe(uir) biomineral results. However, some ferritins, in addition to this
absorption band, also exhibit a broad band in the range 600-720 nm, which arises
due to the formation of DFP with absorption maxima around 650 nm [10, 31, 45, 46].

In the chimeric ferritin, the Fel site (e, ExxH) was insufficient for ferroxidase
activity [43]. Both Glu-Glu-xx-His and Glu-GIn-xx-Asp were required. In wild-type
ferritins, when both the ligand set of di-iron oxygenase cofactors were created by
amino acid substitution (Fe2: Gln137— Glu or Asp140— His), catalytic activity (DFP
formation) was destroyed and the Fe(111)O formation rate decreased 40-fold [44]. The
kinetics of ferroxidase activity in ferritin with di-iron cofactors residues illustrates the
importance of ferritin-specific residues in the Fe?2 site in ferritin catalytic centers for
the DFP formation and its decay to different species in ferritin and di-iron cofactor
proteins as described earlier.

Conserved amino acid residues located at the threefold axis (Asp127 and Glu130)
and residues distal to the active sites influence the kinetics of DFP formation and
iron oxidation, in addition to the Fe site ligands at the active sites [24]. Positive
cooperativity, sigmoidal behavior with increasing Fe(i1) concentration, occurs in
the formation of DFP and Fe(111)/O species. However, the Hill coefficient for the
formation of DFP and Fe(111)/O species (n ~ 1.7 & 0.2) [43, 44] is smaller than that
reported (n ~ 3) [42] for the binding of Fe(11) at Fo site in the absence of oxygen
[42—44]. The Hill coefficient of 3 indicates binding of Fe(1r) at three oxidoreductase
sites directed by three clustered carboxylate residues (Aspl27) at the opening of
the Fe(11) entry channels into the cavity of the ferritin protein cage around threefold
axes of the cage. Since the cooperativity of Fe(ir) binding was independent of di-
Fe(1r) binding at each of the active sites and occurred in the absence of oxygen,
protein—protein interactions involving three subunits were indicated. In the presence
of dioxygen, cooperativity might differ. However, in Asp127A ferritins, cooperativity
is eliminated (n < 1) indicating the role of Aspl127 in the previously observed
cooperativity (R. Behera and E.C. Theil, to be published). The mechanism of iron
oxidation is well studied, but the DFP decay pathway/kinetics are unknown; changes
in decay kinetics by amino acid substitutions occur by changing residues at the
active sites—residue 140 [44], iron transport residues 26, 42, and 149 [24], and Fe(11)
substrate concentrations (R. Behera and E.C. Theil, to be published).

H,0, generated during initial Fox reactions, when the total ferritin iron content
is low, is released into solution; diferric oxymineral precursors leave the active sites
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traveling through the protein to the protein cavity. The generation of free radicals
by the so-called Fenton reaction between the DFP decay products, such as H,O,,
and substrates, such as Fe’*, is very low in ferritin as they are spatially separated
by the protein during turnover. The mechanism of DFP decays to diferric mineral
precursors and H,O, is not known, but hydrolysis of DFP has been proposed to be
involved. At low ratios of iron : protein, H,O, generated during DFP decay was
correlated quantitatively with the amount of DFP accumulated at 70 ms, determined
by RFQ Mossbauer spectroscopy [47]; DFP decayed to H,O, with 1 : 1 stoichiometry
at or below 36 Fe(ir)/cage. Multiple diferric oxo species were detected by RFQ
Mossbauer spectroscopy and found to decay very slowly to mineral, suggesting the
existence of multiple stages in the pathway between DFP and the diferric hydroxo and
H,0O, products.

Protons (2H"/Fe) generated by hydrolysis of water, coordinated to ferric ions
during catalysis/mineral nucleation/mineral growth, diffuse from the protein to the
solution. Still unknown is how the diferric oxo reaction products are propelled into and
along the nucleation channels (Fig. 1.5a). Possibly changes in acidity of water coor-
dinated to iron during oxidation contribute to di-Fe(1ir)O release. The long catalytic
turnover times [30, 48] and the hours required for the stabilization of Bc_BCNMR
NOESY spectra after each addition of saturating amounts of Fe(ir) substrate [13]
both suggest slow, reversible, likely local, conformational (helix unfolding/folding?)
changes are occurring during diferric oxo product release and mineral nucleation.

In some bacterial ferritin, such as the Dps proteins that protect DNA against
the oxidative damage, the putative F.x site is on the inner surface of the protein
cavity at the dimer interfaces, rather than in the center of each subunit, as seen in
eukaryotic ferritin. Although both types of ferritin make iron minerals, a property
of Dps proteins is the preferential use of HO, as the iron oxidant (Eq. 1.3) during
ferritin core formation [10].

2Fe*t + Hy0; + (H20)141 — [?] — Fe,05(H,0), + 4HT (1.3)

1.4 PROTEIN-BASED FERRITIN MINERAL NUCLEATION
AND MINERAL GROWTH

Ferritin minerals naturally vary in average size, phosphate content, and crystallinity
depending on the cytoplasmic environment. The average mineral size in ferritins
isolated from natural tissues represents a distribution of mineral sizes, which coincides
with a distribution of densities within a s ample of the protein mineral complex.
The number of iron atoms/cage mineral can vary from zero (“apoferritin”) to many
thousands. Sub-fractions of ferritin, varying in both mineral size and cross-links
between protein cage sub units, can be purified from natural ferritin preparations by
sedimentation in sucrose gradients. When iron mineral from natural tissue ferritin
isolates is dissolved and the iron mineral is reconstituted in apoferritin (empty protein
cages) in vitro, the distribution of ferritin mineral sizes is more narrow than the mineral
sizes present in natural tissue ferritins [49, 50]. Why mineral sizes vary among ferritins



JWST294-c01

JWST294-Ueno March 6, 2013 9:35 Printer Name: Trim: 6.125in x 9.25in

14 NATURE’S CAGED IRON CHEMISTRY

Eukaryotic Ferritin: H Subunit Nucleation Channels
13C-139 NOESY NMR £ Fe®* Magnetic susceptibility

(a) (b)

[ ueg/iron atom
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subunits
Crystalline iron biomineral Disordered iron biomineral

FIGURE 1.5 Protein-based control of iron biomineral order in eukaryotic ferritins. (a)
Location of Fe(ir) during multiple oxidoreductase turnover cycles at ferritin active sites,
determined by residue broadening in '*C—'3C solution NOESY; note that four Fe(1r) catalytic
cycles/active sites, are required for iron to reach the cavity entrances Adapted with permission
from Reference 1. Copyright 2011 Curr Opin Chem Biol. (b) Changes in Fe(11)O magnetic
susceptibility of growing ferritin mineral precursors inside the nucleation channels during
multiple turnovers at the active sites. Reprinted with permission from Reference 13. Copyright
2010 Proc. Nat’l Acad. Sci. U.S.A. (c) An illustration of proximity effects for multiple H
(catalytically active) or multiple L (catalytically inactive) animal ferritin subunits on organized
mineral nucleation and biomineral growth, drawn using Pymol and PDB file IMFR.

from in vivo sources remains unknown, but is likely the results of complex variations
in iron delivery and iron utilization as well as subcellular distributions of ferritins in
different tissue/cell types.

Ferritin minerals with a high phosphate content relative to iron, as in bacteria
and plants (Table 1.2), are amorphous. The phosphate content of the bacterial cyto-
plasm and plant plastids, which have endosymbiotic ancestors that were single-celled
organisms [51], is relatively high. If ferritin protein cages isolated with more ordered
minerals are demineralized and reconstituted in solution with minerals in the pres-
ence of large amounts of phosphate, the minerals are disordered [52, 53], indicating
the role of the mineralization environment on mineral structure. In the case of plants,
ferritin is synthesized in the cytoplasm but is targeted to the high-phosphate plastids.
Such observations, combined with the amorphous, high-phosphate structure of plant
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TABLE 1.2 Natural Variations in Ferritin Average Mineral Sizes
and Phosphate Content

Mineralized
Ferritin Iron,
(Average Ferritin
Number Mineral-Iron : Phosphate
Ferritin Source Atoms/Cage) (Moles/Mole) Reference
Human thalassemic liver 2500 2:1 [37]
Horse Spleen 2000 8-10:1 [55]
Pea® 1800-2000 2.8:1 [51, 52]
Azotobacter Vinelandii 800-1200 1.5-19:1 [47]
Pseudomonas Aeruginosa 700 1.7:1 [56]
E. coli heme-ferritin (BFR) 25-75 14-22:1 [57]

“Plant ferritins are sometimes called phytoferritins because of the biological source [58]. However, struc-
turally, plant ferritins vary in sequence only 40% from animals and are clearly in the eukaryotic ferritin
family, contrasting with the 80% sequence divergence between bacterial and eukaryotic ferritins [9].

ferritin minerals has led to the conclusion that in plants, ferritins are mineralized
inside the plastid [52, 53].

Minerals in ferritin protein cages from animal tissues can be either disordered or
relatively ordered even though the mineral phosphate content is relatively constant
[52, 54]. Recent evidence suggests that the control of mineral order in animal ferritins
is an inherent property of the protein cages. In a study of the amino acids that
were near Fe(1i1) during ferritin mineral nucleation, a previously unknown channel
was discovered [13]. In the channel, the diferric oxy products of ferritin catalysis
from each active site interact during multiple catalytic turnovers, forming tetrameric
ferric oxy species and larger. The mineral nuclei are dispersed within the channels,
apparently linearly along the 20 A channel, and emerge at exits into the cavity around
the fourfold symmetry axis of the cage. As many as eight Fe(1r) ions are required
to reach the end of the cavity, suggesting that iron mineral nuclei of significant size
emerge into the cavity of the protein cage (Figs. 1.1, 1.5). Each nucleation channel
exit is near the exits of three other subunits around the fourfold symmetry axes of
the protein cage (Figs. 1.1, 1.4), which facilitate the ordered interactions of mineral
nuclei from four subunits and the buildup of highly ordered ferritin minerals.

If mineral nuclei from each active site are directed through intra-cage nucleation
channels to exits from four subunits that are symmetrically clustered to form ordered
minerals, how then do animals form less ordered ferritin mineral observed [54] in
some tissue? The answer appears to reflect a unique gene product in animal ferritins,
the L subunit which is encoded in an apparently duplicated/modified H ferritin gene;
L subunit deficiencies are related to changes in cell proliferation [59]. L subunits
are catalytically inactive and lack some of the residues required for catalysis, such
as Glu23 and GIn137 (Fig. 1.4a), and also the residues required for protein-channel
nucleation, such as Ala26 [24]. H and L subunits spontaneously self-assemble into
cages with the ratio of H : L subunits genetically controlled and varied for each
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animal tissue. In the liver, for example, ferritin protein cages have a large number of
catalytically inactive L subunits and a relatively small number of catalytically active H
subunits, whereas in the heart, ferritin proteins predominately have H subunits. Since
there are few catalytic sites and few nucleation channels in a ferritin rich in L subunits,
as in liver, the ferritin mineral should be poorly ordered (Fig. 1.5), as is, in fact, the
case [54]. In the high H subunit ferritin from heart, where there are many catalytic
sites and nucleation channels in each cage, multiple mineral nuclei will emerge in
the cavity near mineral nuclei from many other subunits (Fig. 1.5¢,d), leading to
a highly crystalline mineral, which indeed it is [54]. The physiological advantage
of tissue-specific ferritin minerals in animals with different degrees of order is not
understood, but may relate to the rates of mineral dissolution and/or local dioxygen
concentrations. Liver ferritin is a reservoir of iron for the entire body, recruiting iron
quickly for distribution to other tissue, for example, after blood loss when increased
synthesis of new red blood cells (hemoglobin and iron-rich) is required. A disordered
mineral in the L-subunit-rich liver ferritin may dissolve more quickly in response to
the sudden biological iron need. Conversely, heart ferritin, which accumulates highly
crystalline minerals in the H-subunit-rich heart ferritin may reflect the antioxidant
properties of ferritin minerals in cells that have high, local dioxygen concentrations
and need to sequester iron more tightly until regulated opening/unfolding of the ion
channel exit pores [1].

1.5 IRON EXIT

Regulating iron entry/exit channels can be important in the application of ferritin
cages to nanochemistry and nanotechnology, and is also important for the growth
and the survival of living organisms. In vivo iron release from ferritin and turnover
of the empty protein cages is complex; it occurs in at least two sites within the cells:
proteasomes, the supramolecular protein complexes that mediate ferritin cage and
other protein degradation in the cytoplasm after iron is released; and lysosomes,
acidic, subcellular compartments with hydrolytic enzymes and membrane pumps to
transport to the cytoplasm after degradation of the protein cages [10, 60]. Required to
dissolve ferritin minerals under physiological conditions, based on solution studies,
are reductants, thought to be FMNH,, protons, water for ion rehydration, and external
Fe(11) transporters that are yet to be identified.

Localized changes in ferritin protein cage structure contribute significantly to the
rates of Fe(11) exit from the caged ferritin minerals and regulate the rates of ferritin
mineral reduction and rehydration. The Fe(1r) ion entry channels, formed by helix-
loop-helix motifs at the threefold symmetry axes of the cage, are also the Fe(1r) exit
channels. However, in contrast to the use of negatively charged residues and constric-
tions to propel cations into the cage [10, 22], residues controlling the rates of mineral
dissolution in eukaryotic ferritins are more involved with helix folding/unfolding.
Localized unfolding in ferritin protein cages is controlled by hydrophobic amino
acids such as leucine, an arginine—aspartate salt bridge [16, 17, 61, 62], and by the
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addition of external chaotropes such as urea or guanidine [7]. Heptapeptides, identi-
fied as binding, from a combinatorial library can either increase or decrease localized
folding and Fe(11) release from ferritin minerals [63]. Conserved Arg72 and Asp122,
which form salt bridges at the openings of the ion channels, and conserved Leul 10
interact with conserved Leul34 deep in the channels; all have a significant impact on
folding of the threefold channel; Glu130 and Asp127 by contrast have no effect on
iron exit but control ion entry.

The N-terminal extension of the 4-a-helix bundle lies near the external opening
of the ion entry pores. Substitutions Arg72Asp and Aspl22Arg increase mineral
dissolution and Fe(11) exit [62]. In protein crystal structures of ferritin M Arg72Asp,
the N-terminal extension is completely disordered apparently because of disruption
the H-bond network between GIn5/Arg72, which is linked to loop Asp122 by a salt
bridge; protein crowding restores normal function [64]. Such studies show that the
N-terminal extensions of the ferritin four-helix bundles act as exit gates for the ion
pores in eukaryotes and contrast sharply with mini-ferritins where negatively charged
residues appear to control both cation entry and exit [25]. Such variety in ion channel
function and control between maxi- and mini-ferritins should find useful applications
of ferritin cages in nanoscience.

1.6 SYNTHETIC USES OF FERRITIN PROTEIN NANOCAGES

Ferritin protein nanocages are currently used in a number of applications that are
briefly summarized here and described in detail elsewhere in the book. Exam-
ples include catalysis [5, 65, 66] (Chapter 7), templating of nanoparticles/materials
[2, 4, 6, 67], delivery of imaging agents [3, 4, 67] (Chapter 11), and nanoelectronics
[68, 69] (Chapters 11-12). Among the metal ions used in ferritin-based catalysts or
materials are Au, Pd, Rh ions Pt, Ni, Cr, CdS, Ti, Eu, Ti, Co, and Fe [2, 67].

The unusual protein stability of ferritin cages means ferritin protein cages can
be used under relatively extreme conditions. Ferritin is naturally stable in aqueous
solutions (heat up to 80 °C), chaotropes such as 6 M urea or guanidine (at pH 7), and
detergent such as 1% sodium dodecyl sulfate (SDS) [70]. However, coupling of long
chain hydrocarbons (C9, C12, C14) allows reversible dissolution of intact ferritin
proteins cages in organic solvents such dichloromethane, ethyl acetate, and toluene
[71], and low pH/high pH disassembly/assembly has allowed entrapment in aqueous
systems [72].

Availability of many natural metal-binding sites in ferritin, provided by the dis-
proportionately large fraction of amino acid side chains with negative charges (over
700/24 subunit maxi-ferritin cage), makes ferritin cages particularly attractive for
metallocatalysts and nanomaterials. During the natural function of ferritin, such
sites are important in cage transport of iron ions (Fe?"), binding the catalytic sub-
strate (di-Fe**)O, and binding the catalytic product and mineral precursors. Many
nanochemistry/nanomaterial studies use a commercially available ferritin rich in L
subunit [2] catalytic centers and mineral nucleation channels and is specific to animals.
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Ferritin L subunits, specific to animals, lack residues for the natural Fe2t/0, catalysis
and for Fe**O transport and appear to be important in regulating iron mineral order
[1,24]. In addition, new functional iron-ferritin protein sites are still being discovered
in ferritin [13, 24]. Thus, the full potential of ferritin metal-binding sites for catalysis
and protein-controlled nanoparticle growth remains to be reached.

1.6.1 Nanomaterials Synthesized in Ferritins

The oldest use of ferritin cages in nanochemistry has been as a nanomaterial template
[3, 4, 67]. When used to template nanomaterials, cations enter the cavity through the
ion entry channels (Figs. 1.1, 1.4) and self-assemble into materials inside the protein
cage. Ferritin protein nanocages contain arrays of ion channels, which, because of
the protein properties, are uniquely soluble in aqueous solvents, contrasting with
the related membrane ion channel proteins. Disassembled/reassembled ferritin cages
have been used to encapsulate a DNA probe and fluorescence reporters for picomolar
bioassays and immunoassays [3, 4].

Among the materials made using ferritin protein nanocage templates are semi-
conductors (CdS nanodots) gold nanospheres, and a variety of iron particles with
magnetic properties [3, 4, 67]; such iron minerals when used for imaging are likely
dissolved by the biological pathways for natural ferritin iron biominerals.

When ferritin protein cages are used as a template, the uniform nanoparticles are
limited by the interior cavity of the protein cage. Thus, the sizes are <8 nm diameter
when 24 subunit, maxi-ferritin cages from bacteria, plants, and animals are used; and
<5 nm in diameter when 12 subunit mini-ferritin cages are used (See Section 1.2).
Ferritin templates for larger structures have been developed by modification of cage
surface residue that enhance ferritin aggregation [3, 4, 67] by stabilization of 3D
ferritin crystals with silica in the interstitial spaces of the protein crystals [73], or
as 2D lattices on various substrates or aggregates, for example, [74, 75]. When
empty ferritin protein cages are used as starting material, they are sometimes called
“apoferritin” because they have no mineral. Variant protein cages for templating are
produced as recombinant proteins from wild-type mammalian sequences. Negatively
charged amino acids, naturally on the interior of the cage/surface of the cavity,
create local cation concentrations high enough to initiate nanoparticle formation. In
some cases design changes that facilitate metal binding are introduced by protein
engineering, exemplified by the production of silver and gold nanoparticles inside
ferritin [76].

The outer surfaces of ferritin cages have also been recruited for nanosyntheses, for
example, [77]. Here, negatively charged caged residues normally on the outside of a
mini-ferritin protein cage from the bacterium Listeria innocua were made available
as a templating surface by turning the cage “inside out” using immobilization, two-
step modifications, and elution techniques. Other approaches use modifications of
the outer surface. The wide range of amino acid sequences available among ferritin
protein cages, which can vary as much as 80% [9], as well as the two different cages
sizes, indicate the vast untapped potential of ferritins cages in nanoparticle synthesis.
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1.6.2 Ferritin Protein Cages in Metalloorganic Catalysis and Nanoelectronics

Ferritin protein nanocages have been used as catalysts to produce polymers of defined
molecular weight, with a narrow size distribution. Palladium and rhuthenium met-
alloorganic complexes bind at amino acid side chains in the cage, for example,
[5, 65, 66]. Changes in organic metallic binding densities, stabilities, and loca-
tion have recently been achieved with engineered amino acid substitutions, such as
selective insertion of cysteine or histidine, especially on the interior surfaces of the
cage, facing the cavity. Reactants diffuse through the ferritin protein cage to the
nanocavity (Fig. 1.1) where polymerization occurs. Manipulation of ferritin protein
cage pore/channels to enhance reactant entry through pore unfolding by amino acid
substitutions or with added chaotropes [7] or to control polymer properties using
modified eukaryotic sites/extrusion channels for controlled polymerization order and
crystallinity are subjects for future exploration and development.

Larger, inorganic catalysts synthesized inside ferritin nanocages have been used
to produce with a variety of spatial distributions. In this approach, empty protein
cages are distributed in the desired array using surface properties of the protein [6].
Then catalytic nanoparticles are produced inside the cages. Next, the protein cages
are selectively removed leaving the nanoparticles exposed. Finally, the nanoparticles
deposited in arrays controlled by ferritin protein cage properties catalyze carbon
nanotube growth in arrays determined by the controlled pattern of ferritin deposition.
Single Pt nanoparticles, synthesized inside ferritin and embedded inside NiO film,
have demonstrated low power and stable operation in a memory cell [69]. Future
manipulations of ferritin cage surface structure should expand an array of deposition
possibilities, and manipulation of ferritin protein natural metal-binding sites should
produce more selective control of synthesized nanoparticle properties.

1.6.3 Imaging and Drug Delivery Agents Produced in Ferritins

Entrapment inside ferritin protein cages has been used to deliver hydrophilic drugs,
imaging agents such as fluorophores radionuclides, nuclear medicine such as '"Lu,
Y, and antitumor drugs such as doxorubicin [3, 4, 67], cisplatin, carboplatin, and
ozaloplatin [78]. Dissociation/association of ferritin protein cages at low/high pH
has also been used to trap DNA probes or probes for bioassay and immunoassay at
picomolar concentrations [3].

Recently, modified ferritin targeted to alpha-v beta-3 integrins have found use
in imaging vascular inflammation and angiogenesis, and influencing metabolism in
C32 human melanoma cells [79]. Ferritin-containing magnetic nanoparticles or con-
jugated to Cy5.5 has been successfully used to the image cells (vascular macrophages)
by magnetic resonance or fluorescence that are key to understanding atherosclerotic
plaques and heart disease [80].

The natural ability of living cells to selectively recognize and incorporate exoge-
nous ferritin [38, 81, 82] reflect the intrinsic and complex surfaces of ferritin protein
cages that themselves are only beginning to be understood [1]. Coupled with modifi-
cations of ferritin protein cages that modulate interactions with specific disease cells,
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the vast potential of using ferritin protein cages lies mostly untapped in nanomedicine.
Further, the emphasis of many ferritin-based nanomaterial studies on L subunit maxi-
ferritin without active sites, or mini-ferritins (Dps proteins) with active sites on the
inner cage surface, leaves underutilized ferritin protein-based control of mineral
nucleation and growth associated with buried catalytic sites and mineral nucleation
channels (Section 1.4, Fig. 1.5). Exploitation of the inherent properties of H ferritin
protein cages that influence the order of ferritin nanomineral in Nature remains for
future development of ferritin-based synthetic nanomaterials.

1.7 SUMMARY AND PERSPECTIVES

Ferritins are water-soluble, highly symmetrical, protein nanocages with ion channels
for Fe(1r) entry to Fe/O oxidoreductase sites that initiate the synthesis of hydrated fer-
ric oxide minerals inside large (60% v/v) cage cavities. The protein-caged, iron
biominerals provide required intracellular iron concentrates for cell growth and
division. Ancient in origin, ferritins self-assemble from four a-helix bundle pro-
tein subunits to achieve a very stable structure that is soluble in aqueous solvents.
Each funnel-shaped ion channel in ferritin cages has external pores and directs fer-
rous substrate through the cage to multiple protein oxidoreductase sites that initiate
biomineral nucleation; ferrous ion exit from dissolved ferritin biomineral also occurs
through the external pores ion channels, dependent on a different set of residues than
ion entry. Recent identification in ferritin protein cages of sites that control min-
eral order/crystallinity (nucleation channels) provides a new design dimension for
ferritin-based nanotechnology.

Current uses of ferritin protein nanocages in nanotechnology are as follows:
templates for nanomaterials, arrays used in nanodevice production, catalysts for
nanopolymer synthesis, reagents for cellular imaging and picomole bioanalytical
chemistry; these use ferritin protein cages in relatively native states.

Design modifications have mainly been of nonconserved residues for catalysts
binding or cell recognition. An exciting frontier is the modification of ferritin func-
tional subdomains, such as the external pores, ion channels, and protein-based min-
eral nucleation/crystallization controls to increase the sophistication of ferritin-based
nanomaterials, nanocatalysts, and nanodevices. Nature has manipulated ferritin pro-
tein cages to produce iron particles with defined properties. Scientists have just begun
to explore the potential of engineered ferritin protein cages in nanotechnology.
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