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ABSTRACT: Ferritins play a crucial role in iron homeostasis and
detoxification in organisms from all kingdoms of life. They are
composed of 24 α-helical subunits arranged around an interior
cavity where an iron-containing mineral core can be reversibly
stored. Despite decades of study, leading to significant progress in
defining the routes of Fe2+ uptake and the mechanism of its
subsequent oxidation to Fe3+ at diiron catalytic sites termed
ferroxidase centers, the process of core synthesis from the product
of ferroxidase center activity remains poorly understood. In large
part, this is due to the lack of high-resolution structural data on
ferritin cores anchored to their nucleation sites on the inner surface of the protein. Mitochondrial ferritins are atypical of those found
in higher eukaryotes in that they are homopolymers in which all subunits contain both a ferroxidase center and a presumed but
undefined core nucleation site. Here, in conjunction with a novel method for producing iron-enriched ferritin crystals, we exploit
these unusual features to structurally characterize both the nucleation site of mitochondrial ferritin and a pentanuclear, ferrihydrite-
like iron-oxo cluster formed there. Kinetic data for wild-type and variant proteins confirmed the functional importance of this site,
indicating a critical role for E61 in the transfer of Fe3+ from the ferroxidase center to the nascent mineral core.

■ INTRODUCTION
Ferritins are multimeric proteins that perform important roles
in iron homeostasis and oxidative stress response.1−3 These
ubiquitous proteins are widely distributed across all domains of
life. Examples isolated from animals4 and plants5 are
exclusively 24mers of α-helical bundle subunits, while
prokaryotes commonly express both 24meric examples6 and
dodecameric ‘mini ferritins’.7 The sequence identity between
different classes of 24meric ferritin can be as low as 20%8 but,
despite this, the proteins exhibit remarkable similarity in
structure. Structural models derived from X-ray diffraction data
are available for all classes of cage-forming ferritins, and reveal
that a four α-helical bundle motif constitutes the core of the
monomeric unit of each.9 Furthermore, other than one
example from the archaeon Archaeoglobus fulgidus,10 all
24meric ferritins form cages of 432 symmetry, possessing
three 4-fold, four 3-fold and six 2-fold symmetry axes. This
results in a rhombic dodecahedral protein cage of 120 Å
external diameter surrounding an approximately spherical
interior cavity with a diameter of 80 Å. Channels at the 4-
fold, 3-fold and, in prokaryotic proteins, 2-fold symmetry axes
connect the interior cavity of the proteins to bulk solution.

Ferritin activity results in the oxidation of Fe2+ to Fe3+, and
the formation of a hydrated ferric-oxy mineral stored within
the central cavity of the protein cage. The ferroxidase center
(FoC), an intrasubunit di-iron site, catalyzes the oxidation of
two Fe2+ ions coupled to the two-electron reduction of either
molecular oxygen or peroxide.11 Most animal ferritins are

heteropolymers composed of H-chain subunits, which contain
the FoC, and L-chain subunits that are isostructural but lack
this catalytic site. L-chains do, however, contain a nucleation
site on their inner surface12 that promotes mineralization. The
relative expression levels of H- and L- chains are tissue
dependent and dictate the composition of the heteropolymer,
and thus modulate the iron oxidation and mineralization
properties of the protein.13 In contrast, the ferritins of
prokaryotes and plants exclusively contain H-chain-type
subunits, each containing a FoC. However, the genomes of
these organisms typically encode multiple ferritins8 with
specialized cellular roles for which their iron oxidation and
mineralization kinetics are optimized.14

In 2001 a gene encoding a new class of animal ferritin with
an N-terminal mitochondrial targeting sequence was discov-
ered, located in humans on chromosome 5q23.1.15 The
product of this gene, which is 77% identical to human H-chain
ferritin (HuHF, Figure S1), is targeted to the mitochondrial
matrix, where it is proposed to play a role in oxidative stress
management.16 It is unusual among animal ferritins in that it is
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a homopolymer, requiring that both the FoC and the
nucleation site for mineral core formation be located on the
same subunit type. Expression levels of this mitochondrial
ferritin (FtMt) correlate with mitochondrial density rather
than iron status,17 meaning detection of the protein is
restricted to cells with high metabolic activity. Despite this
limited distribution, FtMt has attracted much interest because
misregulation is associated with a number of disease states,
including neurodegeneration.18 Since the initial report of
human FtMt, genes encoding putative mitochondrial ferritins
have been identified in many animals such as primates,
equidae, aves and cetacea.19

In vitro characterization of ferritins has resulted in significant
progress in understanding the mechanism of Fe2+ acquisition
and oxidation,3,8 but the process of mineral core formation
remains poorly understood, due in large part to the lack of high
resolution structural data. At present the protein data bank
contains over 1300 ferritin structures refined to greater than
2.5 Å resolution with over 90% of these derived from X-ray
diffraction data. However, in only two cases20,21 do the models
derived from the data provide atomic level detail of
multinuclear iron clusters anchored to the inner surface of
the protein cage, and in neither case do these species result
from FoC-catalyzed oxidation of Fe2+. Aerobic exposure of
crystals of human L-chain ferritin (HuLF) to Mohr’s salt
(ferrous ammonium sulfate) led to the accumulation of tri-iron
clusters anchored to the protein at a putative mineral core
nucleation site composed of three conserved glutamate
residues E60, E61 and E64.21 However, the composition of
this cluster, (μ3-oxo)Tris[(μ2-peroxo)(μ2-glutamato-κO:
κO’)](glutamato-κO)(diaquo) tri-iron(III), is not consistent
with spectroscopic and magnetic susceptibility data on ferritin
cores. These studies suggest that the interior of ferritin cores
are composed of a ferrihydrite-like mineral with a magnetite
like material at the surface.22 Soaking of HuLF or horse spleen
ferritin (90% L-chain) crystals with Fe3+ produced extended
clusters based on 2 (μ3-oxo)Tris(μ2-glutamato-κO: κO’)tri-
iron(III) motifs with 2 additional Fe3+ ions bridged by E140.20

While the absence of peroxide from these clusters better
represents the composition of ferritin cores, they were not
produced by protein-catalyzed oxidation of Fe2+ and therefore
do not shed light on how this process occurs. Very recently, a
cryo-transmission electron microscopy structure of Streptomy-
ces coelicolor bacterioferritin (Bfr) revealed mineral linked to
the protein at the inner surface of the 4-fold channels, but at
less than 3 Å resolution offered no information on the chemical
composition of the core.23

In contrast to their bacterial counterparts, obtaining high
resolution structural data on iron-enriched animal ferritins has
proved challenging. Crystallization of the animal ferritins
requires high pH, limiting the solubility of Fe2+ and
thermodynamically favoring its oxidation to insoluble Fe3+

salts24 and also requires high concentrations of Mg2+, a
competitive inhibitor of Fe2+ binding to ferritins.25 Con-
sequently, the first iron-enriched structure of an animal ferritin
was not reported until 201226 and no high-resolution data was
available until the development of a solid to solid diffusion
method of iron enrichment in 2015.25,27 This technique was
exploited to produce time-resolved, high-resolution structures
of HuHF,27 the H’-subunit of Rana catesbeiana25 (also known
as frog M or H’) and FtMt.28 While these studies did not
identify nucleation sites for mineral core formation or elucidate
the structure of protein-associated Fe3+-containing mineral,

they did identify a series of putative transient binding sites
termed Fe3, Fe4 and, in FtMt only, Fe5. These transient
binding sites were proposed to constitute waypoints in the
transport of Fe2+ substrate from the inner surface of the 3-fold
channel, the route of Fe2+ entry to HuHF and frog H’ and
presumably to FtMt, to the FoC where it is oxidized to Fe3+

product28 (Figure 1).

Curiously these transient binding sites involve coordination
of Fe2+ by glutamate residues (E61 in HuHF, E57 and E136 in
frog H’ or E61, E64 and E140 in FtMt) structurally equivalent
to those identified as constituting the nucleation site on HuLF.
This, together with the observation that in S. coelicolor Bfr the
mineral core nucleates at the 4-fold channel23 and the
inconsistency of the iron-oxo species observed in HuLF
structures with other data on ferritin cores, raises the question
whether these structures truly represent the native nucleation
site for iron biomineralization within human cytosolic ferritin,
or simply the binding of adventitiously oxidized iron to a
negatively charged area of the protein inner surface due to
charge complementarity. Conversely, the transient binding
sites identified in the H-chain proteins may not represent
discrete waypoints in the transport of Fe2+ to the FoC; rather,
the identified Glu residues may simply provide a negative
electrostatic potential that accelerates incoming substrate
toward its site of oxidation.

Here we address these questions, exploiting a novel method
for time-resolved X-ray crystallography of the Fe2+ oxidation/
mineralization process. Co-crystals of FtMt with Fe2+ and Mg2+

were grown anaerobically. Protein-catalyzed Fe2+ oxidation
reactivity was then initiated by transferring crystals to aerobic
well solutions, such that the rate of the initial in crystallo
reaction was not limited by that of Fe2+ binding.

Figure 1. Iron transport and mineralization in ferritins. (A) Fe2+

enters animal ferritin via the 3-fold channel, and is proposed to be
shuttled to the FoC via transient binding at a series of sites (Fe3−
Fe5) on the inner surface of the protein. (B) The Glu residues
involved in Fe2+ coordination at these sites are structurally equivalent
to Fe3+-coordinating residues in the ferric-oxo cluster anchored to the
inner surface of HuLF. Images generated from PDBs 7o68 (FtMt)
and 6tsf (HuLF). Irons and oxygens are shown as orange/brown and
red spheres, respectively.
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X-ray diffraction studies performed following extended
exposure of crystals to O2 revealed a large volume of scattering
density in the vicinity of the previously observed Fe5 site,
which is identified as an iron-(hydr)oxo cluster forming at a
core nucleation site. The functional relevance of this site was
investigated by solution kinetic studies of variant proteins with
iron-coordinating residues replaced by Ala. The data
demonstrate that the identified nucleation site plays a key
functional role in iron mineralization, and that movement of
Fe3+ ions out of the FoC is inhibited in its absence. While no
evidence for iron binding in the 3-fold channel was derived
from structural data, solution kinetic studies confirmed the 3-
fold channel as the route of iron entry into FtMt.

■ RESULTS
Co-crystallization with Fe2+/Mg2+ Yielded Iron-Bound

Forms of FtMt. Crystals of FtMt containing Fe2+ and Mg2+,
grown and harvested anaerobically, diffracted to a resolution of
1.84 Å. The protein model deduced from these data overlaid
well with previously reported structures, giving an overall
RMSD for main chain atoms of 0.19 Å (160 residues) with
that of the first reported magnesium-containing structure, and
0.18 Å (158 residues) with that following 5 min of anaerobic
exposure to ferrous ammonium sulfate, pdb entries 1R03 and
7O6A, respectively.28,29 We therefore conclude that the
anaerobic cocrystallization employed here had no significant
effect on protein structure relative to conventional metal ion
soaking of aerobically grown crystals.

Figure 2. Exposure to O2 leads to formation of site of mineral core nucleation in iron-loaded FtMt. (A) Hydrated iron bound to site 4, a proposed
transfer site28 involved in transport of Fe2+ substrate to the ferroxidase center in anaerobically harvested FtMt/Fe2+ cocrystals. The magenta mesh
in this and panel (C) shows the anomalous difference Fourier map contoured at 6 σ. Metal binding sites are indicated by italicized black numbers.
These include the locations of the proposed iron transfer sites 3A and 3B leading to the ferroxidase center28 occupied by magnesium ions in this
structure. Iron positions are indicated by orange spheres, magnesium ions by green spheres, oxygen by red spheres. Metal coordination bonds are
shown as black dashed lines. Individual residues coordinating the metal ions are shown in stick format and labeled. In this panel and panel (C) the
minor conformer (28% occupancy) of His65 is not shown. (B) The equivalent structure derived from crystals anaerobically exposed to ferrous
ammonium sulfate for 5 min (PDB entry 7O6A). (C) As (A) but for cocrystals exposed to aerobic well solution for 2 min prior to harvesting
showing iron occupancies in sites 2 and 4 have decreased and peroxide is bound at the ferroxidase center. (D) The appearance of a large volume of
anomalous difference electron density, modeled as an iron-oxo cluster in the vicinity of site 528 following exposure of cocrystals to aerobic well
solution for 20 min prior to harvesting. Three iron sites (4’, 5 and 6) were found at peak heights at or above 4.0 σ in the anomalous difference
electron density map (contoured at 4 σ in this panel). Site 4’ lies 1.8 Å from site 4 found in the structure of anaerobically harvested FtMt/Fe2+. Iron
sites labeled 7 and 8 were located by MR-SAD30 and confirmed by ANODE.31 These are found at peak heights of 3.2 σ and 3.0 σ, respectively.
Note that the side chain of residue E64 is presumed disordered as no significant electron density beyond atom Cγ was observed. In this panel a
second conformer of His65 with significant occupancy (53%) is also shown.

Table 1. Occupancies of the Iron-Binding Sites in the Refined Structures

Fe Site 1 2 3 4 5 6 7 8 4-fold

0 min 0.86 0.40 - 0.48 - - - - 1.00
2 min 0.97 0.26 - 0.29 - - - - 1.00
20 min 0.61 0.64 - 0.72 0.59 0.62 0.78 0.63 1.00
AAAa 1.00 0.73 - - - - - - 0.99
HuHFb 1.00 0.91 - 0.52 - - - - 0.85

aH57A/E61A/E64A FtMt triple variant 20 min O2 soak. bHuman H-chain ferritin 20 min O2 soak.
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Iron and magnesium ion binding sites were identified as
described in the Methods section. This process revealed peaks
in the anomalous scattering data corresponding to sites Fe1
and Fe2 at the FoC, and Fe4 close by on the inner surface, as
reported by Ciambellotti et al.,28 Figure 2A and 1B, Figure S2.
Fe2 at the FoC was at lower occupancy than Fe1 (Table 1)
with an Fe−Fe distance of 3.37 Å (Table 2) and bridging

oxygen that is very likely a water. This form of the FoC
corresponds to the di-Fe2+ form, with an Fe−Fe distance very
similar to that previously reported for anaerobic crystals
exposed to ferrous ammonium sulfate.28 Further details of the
di-Fe2+ FoC are given in Figure S2 and Table 2 and Table S3.
Site Fe4 is coordinated by H57 and E61 (Figure 2A) and was
previously concluded to be a transient site for Fe2+en route
from the 3-fold channels to the FoC.28 No evidence for iron
coordinated at other putative transient binding sites (Fe3A/B
or Fe5), or within the 3-fold channels themselves, was found.
Instead, Mg2+ ions were found at these positions, Figure 2A
and Figure S3. Iron was, however, found at a site within the 4-
fold channels, Figure S4, as reported previously28 and
fractional occupancies of the FoC and Fe4 sites were
remarkably similar to the previous report.

Figure 2B shows a similar view of the area in the vicinity of
the FoC generated from the previously reported structure of
FtMt (pdb entry 7O6A),28 demonstrating that the iron-
coordinating residues adopt identical conformations in both
structures. However, while H65 in the model reported here has
greater B factors than the other FoC ligands, the electron
density does not support an alternate conformation, as
reported in 7O6A.
E61 and E64 Constitute an Inner Surface Nascent

Iron Mineral Binding Site in FtMt. Co-crystallization of
FtMt with Fe2+ allowed the progress of the iron mineralization
reaction to be studied by freezing crystals at defined time
points following exposure to O2. Crystals frozen following
soaking in O2-containing well solution for 2 min diffracted to a
resolution of 1.48 Å. The main chain atoms of the model
derived from these data overlaid those of the anaerobic
structure above with RMSD of 0.13 Å (157 residues).

The structure in the region of the FoC is shown in Figure
2C. The positions of the residues acting as ligands to the FoC
were unchanged relative to the anaerobic structure. Metal ion
occupancy at Fe1 of the FoC was somewhat higher, while that
of Fe2 was decreased (Table 1). While there was a small
increase in the separation between Fe1 and Fe2 from 3.37 to
3.51 Å (Table 2), this was not significant with respect to the

estimated error in atomic coordinates. Strikingly, peroxide, the
product of O2 reduction that is coupled to Fe2+ oxidation at
the FoC19,32 was coordinated side on between the two metals
(Fe−Fe μ-η2:η2 side-on coordination), Figure 3, in a similar

fashion to that previously reported for crystals of FtMt
aerobically exposed to ferrous ammonium sulfate for 3−5
min.28 This form of the FoC could correspond to a peroxide-
bound di-Fe3+ site, or peroxide bound to a mixed valent form
of the FoC that we recently showed forms in solution under
low O2 conditions.19 Occupancy of Fe4 was decreased
following 2 min exposure to O2 (Table 1), and sites Fe3A/

Table 2. Geometries of the Ferroxidase Centers in the
Refined Structuresa,b

r/Å (Fe−Fe)
θ1/° (Fe−O1−

Fe)
r/A (O1−

O2)
θ2/° (Fe−O2−

Fe)

0 min 3.37 ± 0.19 139.0 - -
2 min 3.51 ± 0.08 127.8 1.40 120.0
20 min 3.10 ± 0.12 94.7 2.60 94.1
AAAc 3.44 ± 0.06 113.6 2.40 92.6
HuHFd 3.47 ± 0.12 113.3 2.35 93.7

aOxygen atoms O1, O2 bridge the iron sites 1 and 2 at the ferroxidase
center. bEstimated errors in ferroxidase center iron positions were
calculated according to the method of Kumar et al.33 cH57A/E61A/
E64A FtMt triple variant 20 min O2 soak. dHuman H-chain ferritin 20
min O2 soak.

Figure 3. Ferroxidase center in FtMt/Fe2+ cocrystals exposed to
aerobic well solution for 2 min prior to harvest. (A) Blue mesh shows
the Sigma-A weighted Fourier (2mFo-DFc) map contoured at 1.1 σ.
Iron positions are indicated by orange spheres, oxygen by red spheres.
Individual residues are shown in stick format and labeled. Metal-
binding sites are indicated by italicized black numbers and metal
coordination bonds are shown as black dashed lines. The oxygen
atoms of the peroxide bridging the ferroxidase iron positions are
labeled O1 and O2. (B) as (A) but gray mesh shows the peroxide
omit map contoured at 6σ. (C) as (A) but showing detail of the
geometry of the FoC. Individual residues are shown in wire format
and labeled. The lengths of metal coordination bonds are shown in
Ångstrom units. The length of the hydrogen bond from the side chain
of Gln141 to peroxide atom O1 is indicated in brackets. Other
geometry values are provided in Table 2.
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3B remained occupied by Mg2+ ions. The only other peak in
the Bijvoet-difference Fourier map corresponded to iron
bound in the 4-fold channels (Figure S4).

Changes of greater significance were observed on increasing
the length of O2 exposure to 20 min prior to freezing. Crystals
diffracted to 1.97 Å resolution and the model derived from
these data overlaid that of the anaerobic structure with overall
RMSD for main chain atoms of 0.19 Å (139 residues),
indicating no change in the fold of the protein on prolonged
O2 exposure, the major differences being in the unstructured
region at the N terminus of the peptide. The separation
between Fe1 and Fe2 was decreased to 3.10 Å, and the
occupancies of the two sites were equal at ∼ 0.6 (Tables 1 and
2). Two bridging O atoms were retained, but with an O−O
distance too long for a bonding interaction, indicating that
peroxide was lost and replaced by oxide and/or hydroxide ions
(Table 2, Figure S5), along with oxidation of Fe2+ at the FoC
generating the di-Fe3+ form of the center.

At the inner surface, residue E61 adopted a conformation in
which the side chain is directed toward E64, and the Bijvoet-
difference Fourier map contained a significant peak between
the two carboxylates. This corresponded to the previously
reported Fe5 site, interpreted as a transient site for iron uptake
into the FoC.28 However, in our data a large area of electron
density was observed to extend into the interior cavity from
this site. This was modeled as four further iron ions (Figure 2D
and Figure 4), with occupancies of all 5 irons (Fe4’ − Fe8) in

the range 0.6 − 0.8, Table 1. Bridging and terminal oxygens of
the iron-oxo cluster were also identified. Thus, the 20 min
exposure to O2 revealed the presence of an inner surface site,
involving residues H57, E61 and E64, capable of binding an
iron-oxo cluster containing at least five iron ions, see Figure 4
and Figure 5 for further details.

Site Fe4’ sits 1.8 Å from site Fe4 identified in the structure
following 2 min of O2 exposure, an interatomic separation too
short for both iron sites to be occupied simultaneously.
Growth of the iron-oxo cluster on the inner surface of FtMt
therefore occludes the putative transient binding site Fe4,
preventing the binding of incoming Fe2+ substrate here.
Control data collected on crystals of HuHF grown under
identical conditions and treated equivalently demonstrated that
the formation of an iron-oxo cluster is unique to FtMt and not
an artifact of the cocrystallization method, Figure S6. Crystals
of a H57A/E61A/E64A triple variant of FtMt, designed to
eliminate the iron-oxo cluster binding site, also showed no
evidence of either unmodeled density or anomalous scattering
in the vicinity of the Fe5 site (Figure S6). Other than the side
chains of the substituted residues, the structures derived from
crystals of the variant protein were identical to those from
equivalently treated crystals of wild-type FtMt, the structures
overlaying with overall RMSD for main chain atoms of 0.110 Å
(150 residues).
The Geometry of the Nascent Mineral Core. The

nascent mineral core is made up of a network of three iron sites

Figure 4. An iron-oxo cluster on the inner surface of FtMt. (A, B) Approximately orthogonal views of an iron-oxo cluster in the vicinity of site 528

following exposure of cocrystals to aerobic well solution for 20 min prior to harvesting. Blue mesh shows the Sigma-A weighted Fourier (2mFo-
DFc) map contoured at 1.3 σ within 4 Å of potential iron metal coordinating residues and the metal ions themselves. Iron positions are indicated
by orange spheres, oxygen by red spheres. Individual residues are shown in stick format and labeled. Note that the side chain of residue E64 is
presumed disordered as no significant electron density beyond atom Cγ was observed. Metal coordination bonds are shown as black dashed lines.
(C), (D) As (A) but blue mesh shows the iron omit and oxygen omit maps, respectively, contoured at 3σ.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c01337
J. Am. Chem. Soc. 2025, 147, 13699−13710

13703

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01337/suppl_file/ja5c01337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01337/suppl_file/ja5c01337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01337/suppl_file/ja5c01337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01337/suppl_file/ja5c01337_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01337?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01337?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01337?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c01337?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c01337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Fe5, Fe6 and Fe8) bounded on either side by two peripheral
sites (Fe4’ and Fe7), see Figure 5A-C. The sites Fe4’, Fe6, Fe7
and Fe8 form a surface facing the ferritin inner cavity, being
made up of two roughly congruent triangles sharing a common
base formed by sites Fe4’, Fe6 and Fe7, and Fe4’, Fe8 and Fe7.
This platform may serve as a foundation to promote further
growth of the mineral.

Interestingly, the arrangement of iron sites of the cluster in
the refined structure so described bears resemblance to a
distorted version of that previously proposed for ferrihydrite34

wherein sites 5, 4’ 6 and 8 would correspond to octahedral sites
and 7 to a tetrahedral site (Figure 5D). We note, however, that
the crystal structure observed represents only an average, in
this case symmetry-averaged over the 24 copies of the FtMt
protein subunit, and a degree of spatial disorder is likely. This
is exacerbated in time-resolved studies where O2 diffuses into
the crystal and turnover at the FoC occurs to generate the
nascent mineral core. For this reason, we have restricted our
description of the mineral core to those sites corresponding to
the strongest peaks in the difference and anomalous difference
Fourier maps.
E61 and E64 Constitute the Nucleation Site of the

FtMt Mineral Core. Iron sites in the vicinity of residues H57,
E61 and E64 were previously observed following iron
enrichment of FtMt crystals.28 These were interpreted as
transient binding sites involved in the translocation of
incoming Fe2+ substrate from the 3-fold channel to the
FoC.28 However, the iron-oxo cluster observed here suggests
that site Fe5 is the site of mineral core nucleation rather than
an additional transient binding site for incoming substrate. The
rate of iron oxidation at the FoC, established by monitoring
the transient absorbance at 650 nm due to the formation of a

characteristic diferric-peroxo intermediate, is known to be
limited by iron binding19 and is kinetically distinct from that of
mineral formation. Absorbance-monitored solution activity
assays were therefore employed to elucidate the functional
significance of the Fe5 site for both transport of Fe2+ to the
FoC and mineralization of Fe3+.

Ligand to metal charge transfer transitions of ferric-oxo
species give rise to broad absorbance features centered at 340
nm, with extinction coefficients of approximately 2000 M−1

cm−1 at this wavelength. Rates of Fe2+ oxidation can therefore
be deduced from the rate of increase in 340 nm absorbance
following aerobic mixing with ferritin. Figure 6 shows the
increase in absorbance at 340 nm following the aerobic
addition of 400 equiv of Fe2+ to wild-type, single variants
H57A, E61A, and E64A FtMt, and triple variant H57A/E61A/

Figure 5. Iron-oxo cluster. (A) A view from inside the ferritin protein cage showing the ferroxidase center and iron-oxo cluster in the structure of
FtMt observed following exposure of cocrystals to aerobic well solution for 20 min prior to harvesting. Iron positions are indicated by orange
spheres, oxygen by red spheres. Individual residues coordinating the metal ions are shown in stick format and labeled. Metal binding sites are
indicated by italicized black numbers and metal coordination bonds are shown as black dashed lines. Cartoon representation of FtMt polypeptide
shown in green. (B) as (A) but showing an orthogonal close-up view of the iron-oxo cluster. (C) The geometry of the nascent mineral core.
Interatomic distances where shown are in Ångstrom, angles in degrees. Note that in this view Fe4’ is occluded by Fe7. (D) Geometry of the cluster
iron substructure. A putative platform for mineral core growth provided by iron sites 4’, 6, 7, and 8. Inset shows a comparable arrangement found
within a proposed structure for ferrihydrite.34

Figure 6. Iron mineralization by FtMt and inner surface variants. The
increase in absorbance at 340 nm as a function of time following the
aerobic addition of Fe2+ to a final concentration of 200 μM to 0.5 μM

solutions of FtMt. The arrow indicates the point of Fe2+ addition.
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E64A FtMt. Initial velocities of the mineralization reaction can
be calculated from the slope of the linear region of the plots
before substrate availability becomes rate-limiting (Table 3).
Data for the triple variant showed that deletion of the H57/
E61/E64 inner surface sites severely impacts the ability of the
protein to form a mineral core.

An indication of the individual contributions of the three
residues was provided by data for the single variants. These
demonstrated that E61 is the critical residue for core
nucleation, with substitution of this residue alone having an
almost identical impact to substitution of all three potentially
coordinating residues. In contrast, substitution of H57 had no
significant effect other than the introduction of a brief lag

phase prior to mineralization. This lag phase could be
eliminated by preincubation of the protein with ≥ 72 equiv
of Fe2+ prior to initiating the mineralization assay (Figure S7).
The activity of variant E64A was intermediate between that of
wild-type and variant E61A, suggesting a role for E64 in
binding Fe3+ at the nucleation site, but one that is less critical
for mineralization than that of E61.

Ferritins such as HuLF that lack a FoC exhibit much lower
mineralization activity than the H-chain and H-chain-like
proteins.35 Therefore, the impaired mineralization observed for
variants E61A, E64A and H57A/E61A/E64A could be the
result of loss of FoC activity. Under the assay conditions
employed, FoC turnover typically occurs on the time scale of

Table 3. Kinetic Parameters for Fe2+ Oxidation by FtMt and Variants

Protein

Wild-type FtMt H57A/E61A/E64A H57A E61A E64A D131Ac E134A E140A

Mineralization rate (μM min−1)a 79 3.9 71 6.9 24 26 80 29
Rate constant Fe2+ binding (105M−1 s−1)b 3.0 0.93 4.3 1.3 1.7 - 1.7 0.76

aDetermined from the initial velocity of the iron mineralization reaction. bCalculated second-order rate constant for Fe2+ binding to the FoC of
each of the proteins studied. cNo rate constant for Fe2+ binding to the FoC is available for variant D131A as this protein has no rapid phase of
oxidation for which iron binding is rate-limiting.

Figure 7. Regeneration of rapid Fe2+ oxidation by FtMt. The increase in absorbance at 340 nm following the aerobic mixing of Fe2+ and FtMt
either immediately following the oxidation of 200 equiv of Fe2+ (red) or after a further period of 3 (blue), 8 (yellow), 15 (green), 60 (cyan) or 1000
(orange) min. Data for (A) wild-type, (B) H57A/E61A/E64A, (C) H57A, (D) E61A or (E) E64A FtMt; fits to a biexponential decay are shown as
black lines. Panel (F) shows the percentage of the rapid activity of the corresponding apo protein regenerated for time points up to 60 min for wild-
type (black) or variant H57A/E61A/E64A (red), H57A (blue), E61A (dark cyan) or E64A (dark yellow) FtMt.
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100 ms to several seconds, while mineral core formation
requires several minutes. Consequently, FoC activity of the
variant proteins was compared to that of wild-type protein by
using the absorbance at 340 nm to monitor reactivity for 10 s
following stopped-flow mixing of aerobic solutions of protein
and Fe2+. The resulting data are shown in Figure S8, along with
the Fe2+ concentration dependence of the apparent first-order
rate constant for rapid oxidation extracted by fitting the data to
a biexponential function. Biphasic kinetics were only observed
at iron loadings >48 Fe/cage, sufficient to initiate the process
of mineralization, with apparent first-order rate constants of ≤
0.1 s−1 dependent on the FtMt variant used. In contrast FoC-
catalyzed oxidation of Fe2+ binding to apo sites occurred with
apparent first-order rate constants of between 2 and 20 s−1,
depending on the variant and Fe2+ concentration employed,
meaning the two processes are readily deconvoluted from one
another. The data demonstrate that the FoC remained
competent for Fe2+ oxidation in all variants, and that Fe2+

binding is rate-limiting for the rapid phase of turnover. Table 3
lists the second-order rate constant for Fe2+ binding to the FoC
for wild-type FtMt and each of the variant proteins.
Substitution of the neutral H57 had a negligible effect on the
rate of the FoC reaction, while that of substitution of E61 was
greater than E64 and appeared to be cumulative in variant
H57A/E61A/E64A.
Nucleation Site Residue E61 is Critical to Release of

Fe3+ from the FoC. Stopped-flow absorbance demonstrated
that the FoC remains functional following substitution of any
of the ligands at the inner surface nucleation site, and that the
rate of FoC-catalyzed Fe2+ oxidation is too great to be limiting
for mineral core formation. Thus, the rate-limiting step of iron
mineralization is likely the release of oxidized product to
regenerate vacant FoC sites. Since the rapid phase of Fe2+

oxidation requires vacant FoC sites, the rate at which this
activity is regenerated following incubation of ferritin with iron
can be used to probe the rate of product release.36

Wild-type and variant FtMt was aerobically mixed with 200
equiv of Fe2+ and oxidation allowed to proceed to completion.
Figure 7 shows increases in 340 nm absorbance following the
stopped-flow mixing of wild-type, H57A, E61A, E64A or
H57A/E61A/E64A proteins containing 200 equiv of Fe3+ with
a further 72 equiv of Fe2+ at various time points after
completion of the initial oxidation reaction.

The data demonstrate that, in the absence of further
incoming Fe2+ substrate, the rate of product release in variants
H57A and E64A, as judged by the extent to which rapid FoC
activity recovered, was indistinguishable from the wild-type
protein. However, variants E61A and H57A/E61A/E64A were
both inhibited to the same extent. Therefore, of the 3 residues
acting as ligands to the observed iron-oxo cluster, E61 is critical
to release of Fe3+ from the FoC of FtMt. Table S4 lists the
parameters describing rapid Fe2+ oxidation extracted from the
biexponential fits shown in Figure 7.
Fe2+ Substrate Enters FtMt via the 3-fold Channel.

The 3-fold channels have been demonstrated to be the entry
point for Fe2+ into the cytosolic animal ferritins.2,37−39 The
high degree of sequence identity between mitochondrial and
cytosolic H-chain ferritins extends to the region of the 3-fold
channel (Figure S9). Therefore, this channel is expected to
constitute the entry point for Fe2+ substrate for the
mitochondrial ferritins also. Indeed, iron bound in the 3-fold
channel was observed in previously reported structures of FtMt
and the presence of iron bound to the inner surface was

interpreted as revealing transient binding sites en route from
the 3-fold channel to the FoC.28 However, our structural data
revealed no evidence of iron binding in the 3-fold channel, or
at any point on the inner surface of the protein, other than
directly beneath the FoC (at sites Fe4 − Fe8, see above).

The only other areas of electron density associated with
anomalous scattering were located within the 4-fold channel
and a minor site on the exterior face of the protein in the
vicinity of D84. Therefore, FtMt variants D131A, E134A and
E140A were constructed to investigate the effect of substituting
residues equivalent to those previously demonstrated to be
important for iron uptake in frog H’ ferritin.37,39 D131 and
E134 are located within the 3-fold channel, while E140 is
located on the inner surface of the protein between the 3-fold
channel and the FoC. As expected, given that iron uptake is
not rate-limiting for core formation, the effect of each
substitution on mineralization activity was minimal (Figure
S10, Table 3), with D131A and E140A showing some effect on
mineralization rate. In contrast, the D131A substitution
inhibited uptake of Fe2+ to the extent that rapid iron oxidation
at the FoC was abolished, while variants E134A and E140A
had second-order rate constants for Fe2+ binding at the FoC
that were ∼ 40% and ∼ 20% of the wild-type value,
respectively (Figure S10, Table 3). This is precisely the
pattern of inhibition of Fe2+ uptake reported for frog H’ ferritin
following substitution of the equivalent residues by alanine.37

Thus, the 3-fold channel also constitutes the major route of
iron entry for FtMt.

■ DISCUSSION
Previous reports of iron-bound structures of animal H-chain
ferritins identified sites spanning the region between the 3-fold
channel and the FoC. These were interpreted as transient
binding sites for uptake of Fe2+ substrate.25,27,28 Our solution
kinetic data are inconsistent with this interpretation. The
consequences of disruption of the 3-fold channel by site-
directed mutagenesis for the kinetics of Fe2+ uptake confirmed
that this channel is the major route for Fe2+ entry into the
protein, despite the observation of iron bound to the 4-fold
channel in structural models derived from iron-enriched
crystals. In contrast, the rate at which Fe2+ is transported to
the FoC was unaffected by deletion of a site Fe4 ligand in
variant H57A. However, replacing negatively charged Glu
residues identified as ligands to these sites significantly
impacted the rate of Fe2+ binding to the FoC. While this
suggests that rates of Fe2+ binding are in most part determined
by electrostatic interactions, our structural models revealed
multiple conformations of the carboxylate side chains similar to
those previously reported,28 suggestive of a role for their
conformational flexibility.

Our novel method for iron enriching FtMt crystals resulted
in iron loading of the protein prior to the initiation of
reactivity. As a consequence, the rate of reaction was not
limited by Fe2+ transport, resulting in the observation of a
pentanuclear iron-containing cluster at site Fe5, anchored to
the inner surface of the protein via E61 and E64. Assembly of
this cluster occludes Fe2+ binding to site Fe4, further
questioning the role of this site as a nonredundant waypoint
for the uptake of substrate into the FoC. However, our
solution kinetic data demonstrated a critical role for E61 in
shuttling Fe3+ out of the FoC and delivering it into the nascent
mineral core developing at site Fe5. In contrast, substitution of
E64 did not affect stability of Fe3+ bound to the FoC but did
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inhibit the rate of mineralization in protein incubated with 400
equiv of Fe2+. Conformational flexibility in E64 and E61 may
therefore allow these residues to act co-operatively to separate
routes of Fe2+ uptake into the FoC and Fe3+ release from it.
The change in conformation in E61 to deliver Fe3+ into the
core may trigger rearrangement of E64, creating an electro-
static gradient that guides incoming Fe2+ away from the route
of Fe3+ release. Thus, in variant E64A we predict that these two
routes clash, inhibiting the rate of mineral core formation in
similar fashion to that proposed for variant D65A of the
prokaryotic ferritin SynFtn.40 Figure 8 summaries this model
for routes of Fe2+ entry into and Fe3+ release from the FoC,
leading to mineralization.

The nascent mineral core observed in this study is anchored
to the protein via the side chains of E61 and E64, structurally
equivalent to two of the residues identified as ligands to the
iron clusters on the inner surface of HuLF. This suggests that
the nucleation sites of cytosolic and mitochondrial ferritins are
highly related. The anchoring of the mineral core to the
protein inner surface at the 4-fold channel of S. coelicolor Bfr23

would therefore represent a further example of diversity in
structure and mechanism within the ferritin family.8

Finally, our data differ from that reported for HuLF in terms
of the structure and composition of the iron-oxo cluster
formed at the putative nucleation site. While the resolution of
the data reported here only allowed confident placement of five
iron ions, their topology resembles that proposed for the
structure of ferrihydrite.30 Therefore, we propose that the
mineral species generated as the result of FoC activity does
indeed closely resemble ferrihydrite. The pentanuclear cluster
reported here occludes site Fe4, preventing Fe2+ binding here.
It therefore seems reasonable to postulate that, as the mineral
core continues to grow, it will eventually prevent access of
incoming Fe2+ substrate to FoCs, inhibiting the rate of its
oxidation. Absorption of this unreacted substrate into the
surface of the mineral core may generate the Fe(II)Fe(III)2O4

inverse spinel material resembling magnetite at the core surface
reported in earlier studies.22

■ METHODS
Protein Overproduction and Purification. Plasmids encoding

FtMt, HuHF and variant proteins based on the pET21a expression
vector were purchased from Genscript (Netherlands). All FtMt
constructs encoded for proteins that lacked the predicted mitochon-
drial targeting sequence and first 9 amino acid residues at the N
terminus of the mature protein such that the sequence identity of the
products with the equivalent HuHF was ≥ 80%. Proteins were
expressed from Escherichia coli strain BL21(DE3). Cells spread onto
LB agar plates containing 100 μg mL−1 ampicillin were incubated
overnight at 37 °C. All cultures in liquid media were grown at 37 °C,
200 rpm shaking unless otherwise stated and contained 100 μg mL−1

ampicillin. Single colonies were picked into 5 mL liquid media (LB)
and grown on throughout the day. 400 μL of the resulting cell culture
was used to inoculate 80 mL of LB that was grown to saturation
overnight. 50 mL of the saturated culture was diluted 1 part in 100
into 5 L of LB and grown on until the optical density at 600 nm was
in the range 0.6−0.8. Gene expression was induced by adding
isopropyl β−d-1 thiogalactopyranoside (IPTG) to a final concen-
tration of 100 μM. Cultures were grown on for a further 20 h at 30 °C,
90 rpm shaking prior to harvesting by centrifugation.

Pellets were resuspended in 20 mM HEPES, 100 mM KCl, 0.1 mM

EDTA, pH 7.8 (buffer A) and the cells disrupted by sonication.
Debris was removed by centrifugation at 40000 x g, 1 °C for 45 min.
Thermally unstable proteins were precipitated from the supernatant
by heating to 65 °C for 15 min and removed by a further round of
centrifugation as above. Ferritin was precipitated from the supernatant
by the addition of ammonium sulfate to a concentration of 0.55 g
mL−1. Precipitated protein was pelleted by a further round of
centrifugation before dissolving in a minimum volume of buffer A and
dialyzing against 1 L of identical buffer for a minimum of 12 h.
Contaminating proteins were removed by size exclusion chromatog-
raphy (HiPrep 26/60 Sephacryl S300HR, Cytiva) and contaminating
DNA by anion exchange chromatography (HiTrap Q FF, Cytiva). For
the latter, protein solutions were loaded in buffer A and eluted by
stepping to 30% buffer B (20 mM HEPES, 100 mM KCl, 1 M NaCl, 0.1
mM EDTA, pH 7.8).

Protein as isolated contained some iron that was removed using the
method of Bauminger et al.41 Following iron removal, protein was
exchanged into 100 mM MES pH 6.5 by centrifugation over a 10 kDa
molecular weight cut off cellulose membrane (Millipore). The
absence of contaminating proteins was confirmed using SDS-PAGE
and the ferritins judged free from DNA contamination once the ratio
of absorbance at 280 nm over 260 nm reached 1.5. Protein
concentration was determined by absorbance assuming ε280 nm =
4.08 × 105M−1 cm−1 for the 24meric protein cage.32

Protein Crystallization and Structure Solution. Wild-type
FtMt (2 mg mL−1), HuHF (10 mg mL−1) or H57A/E61A/E64A
FtMt (2.4 mg mL−1) exchanged into 20 mM MES pH 6.5 in 2 μL
drops were mixed with an equal volume of well solution (0.1 M bicine,
2.0 M magnesium chloride, 100 mM sodium chloride, 60 mM ferrous
chloride, 3 mM sodium azide, pH 9.0) in a nitrogen-filled chamber
(Belle technology, [O2] < 10 ppm) and equilibrated in sitting drops
by vapor diffusion against 200 μL of the same well solution. Crystals
of bipyramidal morphology appeared within 24 h and grew to
optimum size (100−150 μm) in approximately 1 week. Crystals were
either soaked in well solution with ambient dissolved O2
concentration for 2 or 20 min, or in an equivalent O2-free solution
within a nitrogen-filled chamber. Following this treatment, crystals
were transferred to cryo-protectant comprising the well solution, with
magnesium chloride concentration increased to 2.2 M, containing 30%
(v/v) glycerol prior to flash freezing in liquid nitrogen.

Diffraction data was collected on beamlines i03 and i04 at the
Diamond Light Source (Didcot, UK), using wavelength 0.9763 Å for
high resolution data. Additional, highly redundant anomalous
scattering data was collected from the same or identically treated

Figure 8. Coordinated side chain movements separate the Fe2+

uptake and Fe3+ release pathways in FtMt. Blue arrows indicate the
route of Fe2+ entry into, and orange arrows the route of Fe3+ exit from,
the FoC to the developing mineral core. Curved black arrows indicate
the direction of side chain movement on Fe3+ release from the FoC.
Movement of H65 triggers Fe3+ release from the FoC, with
subsequent rearrangement of E61 to transport the product to site
Fe5 on the inner surface for incorporation into the growing mineral
core. Data following exposure of crystals to O2 for 20 min did not
permit placement of the carboxylate group of E64 but the rotomer
conformation is clearly different to that prior to cluster formation. We
propose that this movement guides incoming Fe2+ away from the
route of Fe3+ release and a breakdown in this separation is the origin
of decreased mineralization activity in variant E64A.
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crystals at wavelengths corresponding to the peak (1.7395 Å) and on
the low energy side (1.7500 Å) of the iron X-ray absorption K-edge.
All data were indexed and processed using XDS and Aimless as part of
the automatic xia2 pipeline.42 Reprocessing was carried out as
necessary using Aimless as part of the CCP4 program suite.43

Statistics are summarized in Table S1 for X-ray data used for structure
solution and refinement and in Table S2 for data used for calculation
of Bijvoet-difference Fourier (anomalous-scattering density) maps.

Structure solution was performed by molecular replacement using
phenix.phaser MR with the 1.7 Å resolution structure of wild type
FtMt,29 pdb entry 1R03, as the search model. In all cases, the
asymmetric unit contained a single copy of the protein monomer.
Placement of iron ions followed reference to Bijvoet-difference
Fourier maps calculated from anomalous scattering data collected at
the peak of the iron K X-ray absorption edge (Table S2) and
confirmed by the absence of corresponding peaks in similar maps
calculated using anomalous scattering data collected on the low
energy side of the same edge. After placing iron ions, bound
magnesium ions were positioned at difference Fourier map peaks with
reference to the indicators for metal ions described by Echols et al.44

Three iron sites in an iron-oxo cluster were found at peak heights
above 4.0 σ in the anomalous difference electron density map
calculated from data collected from FtMt/Fe2+ cocrystals exposed to
aerobic well solution for 20 min before freezing. Two further iron sites
(labeled 7 and 8) were located by MR-SAD30 and confirmed by
ANODE.31 These were found at peak heights of 3.2 σ and 3.0 σ,
respectively. At the resolution of the diffraction data available it was
not possible to identify hydrogen atoms associated with the oxygen
atoms in the vicinity of iron ions in the cluster, and thus the precise
nature of the oxo species involved. Hence, oxygen atoms of water
molecules were positioned with reference to difference Fourier maps
and their placement checked by reference to omit maps which showed
each oxygen to lie at a site at least 3σ above the map mean. However,
we note that some peaks in the difference Fourier map are at short
interatomic separations from their associated iron sites and likely
represent oxide (O2−) coordinated to the metal. Model refinement
employed iterative cycles using phenix.refine45 and manual correction
using COOT.46 Anisotropic temperature factor refinement was
employed for ferroxidase center ions and their occupancies were
manually adjusted to ensure that the average B factor of the metal fell
within ± 15% of the B factors of atoms of their environment. Statistics
relating to the metal binding sites in the refined structures can be
found in Table 1.
Absorbance-Monitored Kinetic Studies. Protein activity was

monitored via the increase in absorbance at 340 nm resulting from the
oxidation of Fe2+ to Fe3+. The ability of variant proteins containing
amino acid residue substitutions to form a mineral core was
determined by monitoring the rate of increase in absorbance using
a Hitachi U2900 spectrophotometer with sample chamber maintained
at 25 °C. Ferrous ammonium sulfate dissolved in 1 mM HCl was
added to a final concentration of 200 μM to a 0.5 μM solution of FtMt
in 100 mM MES pH 6.5 in a 1 cm path length cuvette. The extinction
coefficient of the mineral core was deduced from the net absorbance
change once iron oxidation was complete. Initial rates of reaction
were calculated from the slope of the linear region of a plot of
absorbance at 340 nm vs time. Rapid iron oxidation at the FoC was
monitored using an Applied Photophysics Bio-Sequential DX.17MV
spectrophotometer with a 1 cm path length observation cell to mix
equal volumes of 1 μM apo protein in 100 mM MES pH 6.5 and
solutions of 6, 12, 18, 24, 30, 36, 42, 48, 60, 72, or 96 μM ferrous
ammonium sulfate in 1 mM HCl. The time dependences of
absorbance increases at 340 nm were fitted to the sum of two
exponential processes, encompassing rapid (r) and slower (s)
components, using OriginPro 8 (OriginLab):

=A t A A e A e( ) tot r k t s k t
340 340

( )
340 340

r s (1)

The extent to which oxidized iron vacates the FoCs was
investigated by monitoring the regeneration of the rapid phase of
iron oxidation associated with the apo protein. Fe2+ was added to a

final concentration of 200 μM to 1 μM protein and absorbance at 340
nm monitored until it became invariant with time. This represented
the end point of Fe2+ oxidation and, at this point, FoC binding sites
were assumed saturated by Fe3+. Samples were then mixed by stopped
flow with an equal volume of 72 μM Fe2+ in 1 mM HCl either
immediately or following a further period of incubation of 3, 8, 15, or
60 min. An equivalent sample was incubated at 25 °C for 60 min
followed by a further 15 h at 4 °C. Following re-equilibration at 25 °C
the protein was mixed with an equal volume of 72 μM Fe2+ in 1 mM

HCl as above. Traces were fitted to biexponential decay functions
similar to that above but with a constant offset added representing the
absorbance of 200 equiv of Fe3+ following the first addition, see Table
S4. Comparison of the amplitude of the absorbance change associated
with the rapid phase of Fe3+ oxidation to that of the corresponding
apo protein mixed with 72 μM Fe2+ was used to estimate the
percentage of vacant FoC sites at each delay time following the initial
mineralization reaction (Table S4).
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