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Abstract

Ferritins are highly conserved supramolecular protein nanostructures that play a key role in iron
homeostasis. Thousands of iron atoms can be stored inside their hollow cavity as a hydrated
ferric oxyhydroxide mineral. Although phosphate associates with the ferritin iron nanoparticles,
the effect of physiological concentrations on the kinetics, structure, and reactivity of ferritin
iron cores has not yet been explored. Here, the iron loading and mobilization kinetics were
studied in the presence of 1-10 mM phosphate using homopolymer and heteropolymer ferritins
having different H to L subunit ratios. In the absence of ferritin, phosphate enhances the rate of
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ferrous ion oxidation and forms large and soluble polymeric Fe(I11)—phosphate species. In the
presence of phosphate, Fe(ll) oxidation and core formation in ferritin is significantly accelerated
with oxidation rates several-fold higher than with phosphate alone. High-angle annular dark-field
scanning transmission electron microscopy measurements revealed a strong phosphate effect on
both the size and morphology of the iron mineral in H-rich (but not L-rich) ferritins. While iron
nanoparticles in L-rich ferritins have spherical shape in the absence and presence of phosphate,
iron nanoparticles in H-rich ferritins change from irregular shapes in the absence of phosphate to
spherical particles in the presence of phosphate with larger size distribution and smaller particle
size. In the presence of phosphate, the kinetics of iron-reductive mobilization from ferritin releases
twice as much iron than in its absence. Altogether, our results demonstrate an important role for
phosphate, and the ferritin H and L subunit composition toward the kinetics of iron oxidation and
removal from ferritin, as well as the structure and reactivity of the iron mineral, and may have an
important implication on ferritin iron management /n vivo.
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INTRODUCTION

Iron is an essential element for almost all living organisms. It is a crucial cofactor for many
enzymes and participates in numerous oxidation—reduction reactions. Proper iron transport
and storage is pivotal to avoid the formation of reactive oxygen species and ultimately
cellular damage. Among the storage mechanisms to protect against the potentially dangerous
effects of free iron in the cell is ferritin, a ubiquitous iron storage and detoxification protein.
Mammalian ferritin is 24-mer protein composed of two structurally similar but functionally
different subunit types, named H and L with MW of ~21 and ~19 kDa, respectively.? These
subunits co-assemble in various H-to-L ratios with tissue-specific distribution (isoferritins)
to form a 12 nm isoferritin spherical nanostructure, surrounding an 8 nm inner cavity that
can accommodate thousands of iron atoms as an inorganic stable iron oxide mineral.1=3 The
H subunit possesses a dinuclear ferroxidase center for the rapid oxidation of Fe(ll) to Fe(lll),
whereas the L subunit lacks such center and consequently oxidizes iron at a much slower
rate.l While the mechanisms of iron mineralization in ferritin are relatively well understood,
iron mobilization mechanisms have not been clearly elucidated.? /n vitro ferritin iron
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mobilization can be achieved using a variety of reducing agents, but /n vivoiron retrieval
may occur through a variety of processes, including proteolytic degradation of the ferritin
shell, auxiliary iron mobilization mechanisms involving physiological reducing agents,
and/or oxidoreductases.* Recent studies have implicated a nuclear receptor coactivator-4
(NCOA4) protein in a specific mechanism called ferritinophagy, which involves ferritin
degradation by lysosomal autophagy and consequent iron release.>6

Historically, most characterization studies of human ferritins have mainly been performed
with recombinant homopolymer H- or L-ferritins.! However, ferritin exists largely as a
heteropolymer cytoplasmic protein of different H-to-L subunit ratios, with homopolymer
H-ferritin present in the mitochondria and in developing neurons, hepatocytes, corneal
epithelial cells, and some cancer cells’” and homopolymer L-ferritin present in serum.!
Ferritins isolated from mammalian tissues consist of a mixture of H- and L-subunits with
varying composition and iron contents. For instance, muscle, thymus, and red blood cell
ferritins contain ~20 H and 4 L, liver and spleen ferritins ~2-3 H and 22-21 L, and brain
and heart ferritins ~10-16 H and 14-8 L.18-12 Some hepatocellular carcinomas and fetal
liver ferritins have an average subunit composition of ~17-21 H and ~7-3 L, whereas three
types of neuroblastoma ferritins showed subunit compositions ~13 H and ~11 L, similarly
to heart and brain ferritins.13 Generally speaking, L-rich ferritins are characteristic of organs
that store relatively large amounts of iron (1,500 Fe!!l atoms/molecule), while H-rich
ferritins are found in organs with a low average iron content (<1000 Fe'!l atoms/molecule).
While the mechanism through which ferritin H and L subunits co-assemble remains elusive,
such assembly is likely a specific phenomenon since random interactions between H- and
L-subunits would have led to the formation of isoferritin mixtures'# in each tissue or

organ, ranging from homopolymer H- and H-rich ferritins to L-rich and homopolymer L-
ferritins. /n vitro heteropolymer ferritin reconstitution is a tedious process that yields very
low amounts of functional proteins and may not represent naturally occurring ferritins; it
occurs through denaturation and unfolding of recombinant homopolymers H- and L-subunits
in high urea concentration and/or acidic pH, followed by “renaturation” of the two subunits
at neutral pH.8:10.11.15-18 /5 yjro ferritin reconstitution shows a clear preference for the
formation of heteropolymers over homopolymers with a remarkably narrow distribution,
suggesting the presence of preferential interactions between H and L chains.81011.18 Thjs
specific recognition is consistent with the fact that H and L homopolymers are poorly
populated in mammalian tissues.

When isolated from various sources, native ferritin iron cores are associated with
phosphatel9-23 and are present in the form of inorganic iron-oxyhydroxide—phosphate
nanoparticles.20 Phosphate-to-iron ratios between ~1:1 and ~1:3 P/Fe have been found in
iron cores of bacterial and plant ferritins, much higher than those of vertebrate ferritins
(i.e., ~1:10 and ~1:40 P/Fe in native ferritins extracted from horse spleen and rat liver,
respectively).2921 While the mechanism of phosphate incorporation remains elusive, it is
proposed that after iron delivery, phosphate deposits on the mineral surface?? and that
much of the phosphate associated with ferritin is loosely bound to the protein at readily
accessible surface sites.23 Additionally, phosphate is known to react with Fe(ll) to form both
soluble and insoluble complexes. Precipitation reactions occur when Fe(ll) and phosphate
are present at nearly 1:1 ratios (Ksp ~ 10722 to 10~26),22 but soluble polymeric iron(I11)-
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phosphate complexes (K> 108 M~1) form when phosphate is at least 10-fold excess over
Fe(11)12:22 and have been shown to be poor substrates for iron loading into ferritin or
transferrin.12

Despite being the most abundant intracellular anion, the concentration of cytosolic
phosphate is unknown and debatable; its exact concentration in any given cell at any given
time fluctuates and is dependent on the type of tissues and nutritional states. Noorwali

et al.?4 offered a range of values (1-14 mM) from different organisms and tissues. Other
sources?® provided a range of phosphate concentration (1-5 mM) for the relatively idle
human erythrocytes. Thus, it is reasonable to assume a range of 1-10 mM of free phosphate
as physiologically relevant concentrations representative of human cells. Serum phosphate
concentrations in healthy individuals are estimated at 1-2 mM and is about double in people
with chronic kidney disease.26:27

The present work describes the effect of physiological concentrations of phosphate

(i.e., 0-10 mM) on the iron oxidation and mobilization kinetics in recombinant human
homopolymer and heteropolymer ferritins with different H and L subunit compositions

and also on the morphology and reactivity of the iron mineral. Our results show that at
physiological concentrations of phosphate (1 and 5 mM), ferritin H-homopolymer and H/L
heteropolymer outcompete phosphate for Fe(l1) binding and oxidation and exhibit oxidation
rates that are up to 10-fold higher than those of phosphate alone. Phosphate was shown to
accelerate Fe(l1) oxidation in all types of ferritins tested in this study, with a significant
effect (up to 50-fold higher rates) observed with L-rich ferritins. High-angle annular dark-
field STEM measurements showed a strong phosphate effect on the shape of the iron core
in H-rich but not in L-rich ferritins. Reductive iron mobilization kinetics revealed that in the
presence of 5 or 10 mM phosphate, as much as twice the amount of iron is released from
ferritin compared to that in the absence of phosphate. Altogether, our results demonstrate a
role of phosphate in enhancing both iron uptake/oxidation and release kinetics, irrespective
of the ferritin type (homopolymer or heteropolymer), and an effect from both phosphate and
ferritin subunit composition on the morphology and structure of the iron core.

MATERIALS AND METHODS

Expression and Purification of Recombinant Heteropolymer Ferritins.

Recombinant human homopolymer and heteropolymer ferritins (with different H-to-L
subunit ratios) were expressed in the Escherichia coli Rosetta-gami B strain using a

recently engineered pWUR-FtH-TetO-FtL plasmid and different concentrations of inducers,
as described in detail elsewhere.?8 The pWUR-FTH-tetO-FTL plasmid-transformed cells
(BL21(DE3) pLys or Rosetta gamie B strain of £. coli) were grown overnight, and 100 mL
of this inoculum was used for a 1 L culture. The cells were grown at 37 °C using LB Lennox
Broth (23.5 g of LB broth was dissolved into 1 L of DI water and autoclaved for 30 min at
120 °C) for 1-2 h until an optical density of 0.4-0.5 is reached. The LB Lennox formulation
consisted of 1.0% tryptone, 0.5% yeast extract, 0.5% sodium chloride, 0.35% potassium
phosphate dibasic, and pH 7.4. The culture was then induced with 10-1000 &M isopropyl 5
p-1-thiogalactopyranoside (from Sigma-Aldrich) and 25-1600 ng/mL of anhydrotetracycline
(IBA solutions) and incubated at 37 °C for 4 h. Protein purification and quantification were
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performed according to established protocols using size exclusion chromatography (Akta
Go, GE Healthcare), native, and SDS-PAGE, and capillary gel electrophoresis (7100 model
from Agilent Technologies).28 On average, ferritin yields were on the order of 10-15 mg per
L of culture, irrespective of the H to L subunit composition of the ferritin samples.

Proteins and Chemicals.

Purified recombinant homopolymer and heteropolymer ferritins contained a small iron

core (i.e., ~150 = 30 Fe(lll)/ferritin molecule for L- and L-rich ferritins and ~200 * 50
Fe(lI)/ferritin molecule for H- and H-rich ferritins), as determined by an iron-reductive
mobilization assay.29-30 Therefore, to preserve the integrity of the ferritin shell and avoid
oxidative damage due to harsh chemical treatments, we opted to use all purified ferritin
samples in this study as expressed in £. coli and without the removal of this small iron core.
Iron loading was performed as detailed in the text and reported in the figure captions.

Protein concentrations were determined using the Micro BCA Protein Assay Kit (Thermo
Scientific). All chemicals were of reagent grade and used without further purification.
Tris(hydroxymethyl)aminomethane buffer was purchased from G-Biosciences, dibasic
anhydrous sodium phosphate from Fisher Chemicals, and FeSO,4-7H,0 from Fisher
Chemicals. Fe(ll) stock solutions were freshly prepared immediately before each experiment
in a dilute HCI solution at pH 2.0. Stock solutions of 132 mM Tris buffer with varying
concentrations of sodium phosphate (0, 1, 5, and 10 mM) were freshly prepared in deionized
water and adjusted to pH 7.4 using 8 M HCI.

Light Absorption Spectroscopy.

UV-vis absorption spectroscopy was performed on a Varian Cary 50 Bio or Cary 60
spectrophotometers from Agilent Technologies. All experiments were conducted ina 1 mL
quartz cuvette at 25.00 °C in 132 mM Tris in the presence of 0, 1, 5, or 10 mM sodium
phosphate, pH 7.4.

Fe(ll) Oxidation Kinetics.

The kinetics of iron oxidation in ferritin were followed at 305 nm where the Fe(l11)oxo-
(hydroxo) species absorbs.! The instrument was zeroed using the iron-free ferritin solution,
prepared in 132 mM Tris pH 7.4 buffer with varying concentrations of sodium phosphate

(0, 1, 5, or 10 mM). Typically, 10 /L of a4 mM (or 5 4L of an 8 mM) stock ferrous

sulfate solution prepared in deionized H,O (pH » 2) was injected with rapid stirring into

a 1.0 mL aerobic protein solution (0.2 1M, to afford a concentration of 40 M Fe(1l) or

200 Fe(Il)/protein). We note that freshly prepared phosphate or Tris-buffered solutions have
slightly different Fe(ll) oxidation rates than older solutions that were a few weeks old and
stored at room temperature. Older phosphate solutions showed signs of cloudiness over time
and were discarded. However, all our kinetics and their controls were performed using the
same and relatively fresh buffer stocks. For all the iron oxidation and mineralization kinetics,
the ferritin samples were prepared using the fresh buffer stock solutions described above
(i.e., 132 mM Tris buffer in the presence of either 0, 1, 5, or 10 mM phosphate, pH 7.4).
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Fe(Il) Mobilization Kinetics.

The iron release kinetics were performed in a 1.0 mL UV-vis quartz cuvette (1 cm path
length) hermetically sealed with a screw-on cap to prevent atmospheric oxygen diffusion
inside the cell. In each iron release experiment, the iron-loaded ferritin samples prepared
above were diluted three-fold using Tris buffer and 0, 1, 5, or 10 mM phosphate to afford

a working solution of 0.067 M ferritin. For the iron mobilization kinetics, these ferritin
solutions were then mixed with FMN (5 mM), NADH (5 mM), and ferrozine (0.5 mM)

and rapidly inverted several times for thorough mixing. The instrument was zeroed shortly
after mixing all reagents (i.e., during the lag phase where very little reduction of the iron
core occurs),30 and the kinetics of iron release were followed at 560 nm where the {Fe(ll)-
(ferrozine)s} species absorbs.3! Because all ferritin samples have been mineralized the same
way (i.e., one injection of 200 Fe(ll)/shell), and since they already contain a small iron core
of ~200 Fe(l11)/shell after expression and purification, the final concentration of iron present
in all samples is ~26.8 M (or a total of 400 Fe(l11)/shell). Thus, our control experiment

in these iron release kinetics consisted of soluble polymeric Fe(l11)-phosphate species at
26.8 (M. To confirm the accuracy of the iron concentration in these samples, several control
experiments were performed and consisted of freshly added 26.8 /M Fe(ll) to an aqueous
ferrozine solution, with and without phosphate. In all cases, absorbance values of (0.8 £
0.1) were observed at 560 nm, as expected, due to the formation of {Fe(ll)-(ferrozine)s}
species.3! All iron oxidation and release experiments were performed two or three times

to ensure reproducibility, and the kinetic traces were analyzed with OriginLab version 8.0
(OriginLab Corp).

Size Exclusion Chromatography.

STEM.

Size exclusion chromatography was utilized to separate soluble polymeric Fe(lll)-phosphate
complexes (formed outside of the ferritin shell) from ferritin during iron loading. Ferritin
samples (0.2 £M) in 50 mM MOPS and 100 mM NaCl pH 7.4 in the presence of 0, 1, 5,

or 10 mM sodium phosphate were prepared in 1.0 mL reaction volumes, and either 10 or
20 4L of 4 mM or 2 mM ferrous sulfate, respectively, were added to the protein solution as
described above for a total of 200 Fe(ll)/shell or 40 1M Fe(ll), respectively. For a control,
40 1M ferrous sulfate was added to the same buffer in the presence of 0, 1, 5, or 10 mM
sodium phosphate (no ferritin). All samples were centrifuged to ensure that no precipitation
was present (and there was none since soluble Fe(l11)—phosphate polymers form under
these conditions) and then loaded onto a GE Sephadex G-25 Superfine column (Cytiva Life
Sciences) and eluted using the AKTA go protein purification chromatography system from
Cytiva.

Scanning transmission electron microscopy (STEM) images were obtained with a JEOL
NEOARM instrument operating at 200 kV. Samples were deposited on lacey carbon
supported on Cu grids, provided by Electron Microscopy Sciences. For imaging, the probe
current was 150 pA with a camera length of 4 cm. Energy-dispersive X-ray spectroscopy
(EDS) and electron energy-loss spectroscopy (EELS) measurements were performed with a
camera length of 2 cm. The EDS detectors were provided by JEOL, and a Gatan K2 Summit
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camera was used to collect EELS data. A probe current of 500 pA was used for the EELS
measurements.

Iron-loaded H-rich (H22:L2) and L-rich (or H4:L20) ferritin solutions (0.5 £M) were
prepared by making 10 injections of Fe(ll) ions, 3-5 min apart, from a ferrous sulfate
solution to afford a ratio of 100 Fe(Il)/shell per injection. Iron loading was monitored at 305
nm by UV-vis as explained above. The protein solutions were dissolved in 50 mM MOPS
and 100 mM NacCl, with and without 10 mM phosphate, pH 7.40.

For phosphate quantification, we used a tool provided by Digital Micrograph and a software
provided by Gatan to analyze EDS data and images. A background subtraction was
performed using a top hat filter. A Casnati cross-sectional model was chosen without any
correction mode.

RESULTS AND DISCUSSION

Iron Loading into Ferritin.

UV-vis spectrophotometric kinetic measurements were conducted to compare the ability of
several recombinant human ferritins (homo- and heteropolymers) to oxidize Fe(Il) and form
mineral cores in the presence and absence of phosphate. Figure 1A shows an increase in
absorbance at 305 nm (due to the formation of oxo/hydroxo Fe(l11) species) following the
addition of 40 xM Fe(ll) (i.e., 200 Fe(Il)/protein) to eight different ferritin samples with
different H- to L-subunit ratios. For comparison, the iron oxidation rates in Tris buffer,

in the absence or presence of 1, 5, and 10 mM phosphate, are displayed in Figure 1B.

The average molar absorptivity value for the soluble Fe(l11)-phosphate polymeric species
(Fe(I11)-Pi) is (2550 + 250) M~1 cm™1, that of the oxidized iron core inside ferritin in the
absence of phosphate is (3500 + 500) M~ cm~ and that in the presence of phosphate is
(3200 + 300) M~1 cm™1, in accord with the published literature.1:22:28:32 The |ower molar
absorptivity value of the ferritin iron core in the presence of phosphate is likely an average
value representing the two species present in solution (i.e., Fe(I11)-Pi and ferritin iron core).

Effect of Phosphate on the Rates of Fe(ll) Oxidation in Ferritin.

In the absence of ferritin, phosphate enhances the rapid oxidation of Fe(ll) to Fe(lll) to

form polymeric Fe(l11)-phosphate species (Figure 1B), with approximately 3—4 times higher
rates in 5 and 10 mM phosphate compared to 1 mM (0.13 and 0.19 vs. 0.045 Abs/min,
respectively). A much slower Fe(ll) auto-oxidation kinetic is observed in Tris buffer in the
absence of phosphate (0.0076 Abs/min or 6-, 17-, and 25-fold slower than the rates in 1, 5,
and 10 mM phosphate). The absorbance at 305 nm and the lack of a visual precipitate upon
sample centrifugation suggest that the polymeric iron(l11)—phosphate complexes remained

in solution, as confirmed in earlier studies at phosphate concentrations 10-fold excess over
Fe(l1).12

Figure 1C-E represents an overlay of the iron oxidation kinetics of eight ferritin samples in
the presence of 1, 5, and 10 mM phosphate. Clearly, all ferritin samples (L-homopolymer,
H-homopolymer, and different heteropolymer ferritins) outcompeted phosphate for Fe(11)
binding and oxidation, particularly at the more physiologically relevant concentrations
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of 1 and 5 mM phosphate. For instance, in the presence of 1 or 5 mM phosphate, all

ferritin samples tested here exhibited between 1.5- and 10-fold higher Fe(ll) oxidation rates
compared to control runs in the absence of ferritin, suggesting preferential oxidation of
Fe(lIl) by ferritin and the formation of a mineral core. The fact that even L-ferritin (with

no ferroxidase centers) outcompeted phosphate for Fe(ll) oxidation suggests a role for
L-subunits in facilitating the formation of a mineral core in the presence of phosphate.
Alternatively, it is possible that phosphate itself is able to facilitate iron oxidation and
deposition in ferritin, as shown in bacterial and archaeal ferritins where the presence of
phosphate accelerated the rate of Fe(ll) oxidation and its subsequent displacement to form
an iron core.20:21.33 |n the case of L-ferritin, high-density acidic residues on the inner
surface of the protein cavity have been suggested to provide efficient sites for iron nucleation
and mineralization and could serve as initial Fe(ll) binding sites, whose oxidation is
facilitated by the presence of phosphate.3# Even at the much higher phosphate concentration
of 10 mM, all ferritin samples, including homopolymer L-ferritin, exhibited faster iron
oxidation rates (Figure 1E), albeit only 1.5-fold higher in the case of L-ferritin. At the higher
protein concentrations of 1 xM, homopolymer H-ferritin displayed Fe(ll) oxidation rates

of 0.5, 0.8, and 0.9 Abs/min at 0, 1, and 5 mM phosphate, respectively, compared to ~0.3
Abs/min at 0.2 £M and are about 20-, 15-, and 10-fold higher than those of the control
kinetic runs in phosphate alone (Figure 1F). The iron oxidation rates displayed in Figure
2A show that variations in the H-to-L subunit ratios have a significant effect on the ability
of ferritin to oxidize Fe(ll) in the absence or presence of phosphate, with homopolymer
H-ferritin (H24:L0) and heteropolymer H/L (up to ~4 L subunits per shell) displaying the
least effect (i.e., 2-3-fold increase in rate between no phosphate and 10 mM phosphate),
consistent with the presence of a larger number of ferroxidase centers responsible for rapid
Fe(l1) oxidation,1:28:32.35 and suggesting that H-rich heteropolymer ferritins containing a
few L subunits (i.e., less than 4 L-subunits per 24-mer) are the most active and the least
affected by the presence of phosphate. As the number of L-subunits increases, a gradual
decrease in Fe(ll) oxidation rates is observed (Figure 2B), reaching a plateau at >20 L
subunits per shell, concomitant with a dramatic increase in rates (~15-50-fold higher) when
phosphate is present.

Further analysis of the kinetic data revealed up to 10-fold increase in the rates of Fe(ll)
oxidation in ferritin in the presence of 1, 5, and 10 mM of phosphate, relative to rates of
Fe(I1) oxidation in phosphate buffer alone (Figure 2C) and that phosphate increases the rates
of Fe(ll) oxidation in the different ferritin samples tested in this study by up to 25-fold
compared to no-phosphate (Figure 2D). A negative linear dependence of the Fe(ll) oxidation
rates as a function of the number of L-subunits present in human ferritin is observed,
consistent with the role of ferroxidase centers in the rapid oxidation of Fe(ll) ions (Figure
2C, inset). Altogether, our results demonstrate a highly effective iron oxidation mechanism
for ferritin, even in the presence of high concentrations of phosphate, where the latter plays
a role in enhancing the rates of iron uptake and oxidation, irrespective of the ferritin types
(homopolymer or heteropolymer).

Several mechanisms or proposals regarding the enhanced effect of phosphate on the rate
of ferrous ion oxidation by ferritin have been discussed, suggesting that phosphate may
play a role both at the ferroxidase site and on the surface of the mineral core during iron
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loading into ferritin. Some studies have suggested a shift to more negative values of the
redox potential upon phosphate binding to ferrous ions at or near the ferroxidase centers

of ferritins, thus facilitating iron oxidation.36-39 Alternatively, it has been proposed that
phosphate may stimulate the movement of iron from the ferroxidase centers into the ferritin
cavity or may bind on the surface of the mineral core and act as a ligand for incoming
iron.36-40 Other studies have suggested that the enhanced rate of iron loading into ferritin
in the presence of phosphate is based on solubility arguments, driven by the insolubility of
the iron—phosphate complex; in other words, as a bioreactor, the ferritin shell guides the
sequestration of the iron—phosphate complex inside the ferritin cavity.33:3° In these studies,
it was suggested that the tetrahedral oxo-anions of phosphate and other analogues such as
arsenate, vanadate, and molybdate stimulate the rate of iron loading into ferritin to produce
ferritin mineral cores that contain up to 1:1 iron to oxo-anion ratios.

Effect of Phosphate on the Absorbance Spectra of Ferritin and on Iron Loading.

To determine the extent of iron loading into ferritin in the presence of phosphate, UV-vis
absorbance scans of H-rich (H23:L1) and L-rich (H2:L22) ferritins loaded with iron were
recorded (Figure 3A,B). In the absence of phosphate, the iron-loaded ferritins showed

the typical and broad absorbance shoulder in the 300-350 nm range, characteristic of the
oxidized ferritin iron core. In the presence of phosphate, a similar but lower absorbance
feature with a less-enhanced shoulder is observed, suggesting the formation of a different
iron core containing exogenously embedded phosphate. It is also possible that a potential
competition between ferritin and phosphate for Fe(ll), particularly in the case of L- and
L-rich ferritins, lead to the formation of soluble polymeric Fe(l11)—-phosphate species, even
though phosphate had a dramatic enhancement on the rates of iron oxidation in L and L-rich
ferritin compared to Fe(Il) oxidation by phosphate alone (Figure 2C,D). By contrast, the
very rapid rate of Fe(ll) oxidation in H- and H-rich ferritins in the absence of phosphate
coupled with lower absorbance values in the presence of 5 and 10 mM phosphate strongly
suggest that phosphate does not further enhance iron oxidation in these ferritins, but that its
presence may have affected the structure of the iron core (more below, STEM results).

It is worth noting that, under our experimental conditions, the soluble Fe(I11)-phosphate
complex that forms outside of the ferritin cavity does not constitute a source of iron for
ferritin, as reported earlier.22 Because the UV spectra of iron-loaded ferritin and of the
Fe(l11)—phosphate complex (used as a control) have significant absorbance around 300 nm,
all iron oxidation kinetics reported here in the presence of phosphate reflect contributions
from both species.

Size Exclusion Chromatography and High-Resolution STEM.

Attempts to fully and completely separate the Fe(l11)-polymeric species from iron-loaded
ferritin were unsuccessful. Elution peaks of different iron-loaded ferritin solutions passed
over a GE Sephadex G-25 Superfine column (Cytiva Life Sciences) overlapped with those
of control solutions containing the soluble polymeric phosphate species and eluted near
the column’s void volume (~2-3 min), suggesting the presence of large molecular weight
species with molecular mass close to that of ferritin (i.e., >450,000 Da, Figure 4). Other
lower molecular mass species were also observed as judged by peaks eluting at a later
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time (~4-5 min). We were intrigued by an earlier study showing the ability of a BioRad
P-10 Gel to bind very tightly Fe(lll)-phosphate complexes, followed by their release from
the resin once an anaerobic solution of sodium dithionite (1 mM) and bipyridyl (0.5 mM)
were passed through.22 Repeating these earlier experiments using the same BioRad P-10 Gel
showed very similar results to those obtained with our Sephadex G-25 column. Therefore,
under our experimental conditions, we were unable to quantify the amount of Fe(ll) bound
to phosphate. Nonetheless, our detailed analysis of the kinetic experiments proved that

all ferritin samples outcompeted phosphate for Fe(ll), when 1 and 5 mM phosphate were
present in solution, but to a lesser extent when a larger excess of phosphate (i.e., 10 mM) is
used, particularly with L- and L-rich ferritins (Figure 2C, samples 7-9).

To further investigate the effect of phosphate on the shape and Fe/P composition of the
ferritin iron core, STEM images were obtained on a JEOL NEOARM instrument operating
at 200 kV using two ferritin samples, an H-rich (H22:L2) and an L-rich (H4:L20) ferritin
loaded with 1000 Fe/shell in the absence and presence of 10 mM phosphate.

Figure 5A shows high-angle annular dark-field STEM images of the two ferritin samples

in the presence and absence of phosphate. The high-angle annular dark-field STEM images
of Figures 5A/B show that the presence of phosphate did not alter the size or shape of the
L-rich samples, which were spherical with a narrow size distribution. In contrast, the H-rich
ferritin particles change from irregular shapes with rod- and crescent-like features in the
absence of phosphate to more regular and spherical shapes in the presence of phosphate.
Furthermore, the size of the iron core in the H-rich sample is also affected by the presence of
phosphate and showed a larger size distribution with both large (~5 nm) and small (~2 nm)
size nanoparticles.

Although the accumulation of Fe, P, and O inside the ferritin cavity is confirmed by EDX
(Figure 5C,D), the Fe/P ratios are only relative and not quantitative and were estimated to be
in the range of 1:1 and 3:1 Fe/P. EELS clearly indicates the presence of oxidized iron with
the mineral core of H-rich and L-rich samples, as evidenced by the shape and position of the
Fe L 3 (Figure 5E,F) and O K EELS edge (not shown). Although our /n7 vitro ferritin iron
loading in the presence of 10 mM phosphate produced iron cores with a relativley low Fe/P
ratios, it is possible that higher Fe/P ratios closer to those found in native ferritins (i.e., up to
10 Fe/P) might be observed with lower phosphate concentrations. Different iron/phosphate
ratios might be produced in different tissues since the concentration of phosphate could vary
significantly between tissues, as discussed earlier.24-27

Iron Mobilization from Ferritin.

To examine the influence of phosphate on the reductive mobilization of iron from ferritin,
we followed the kinetics of iron reduction at 560 nm where the {Fe(Il)-(ferrozine)s}
complex absorbs (e = 31,500 M~1 cm™1)31 using the FMN/NADH non-enzymatic redox
system30:41.42 whereby NADH serves as the reducing agent, FMN as the electron-transfer
mediator, and ferrozine as the Fe(ll) chelator. Because the formation of FMNH2 from the
oxidation of NADH is slow compared to its rapid reaction with O, an initial lag phase (~2
min) is observed in our iron release kinetics, whose length depends on the concentration of
reagents used.30:41-43 Once the level of dissolved O, is almost completely depleted from
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solution, the iron release kinetics proceeded rapidly. Because an insignificant amount of iron
(<5% of total iron) is released during the lag phase, and because it slightly varied in length
from run to run and has no effect on our rate analysis, the lag phase was removed from

all kinetic runs for simplicity. Furthermore, and because it is not feasible to separate the
polymeric Fe(lll)—phosphate species from ferritin, due to their similar elution time and MW
(Figure 4), the iron release experiments presented here involve both species. Figure 6A-F
shows the kinetic profiles of the iron release experiments from different ferritin samples, in
the presence of phosphate, as indicated on each panel. A control experiment (Figure 6, panel
J) using the soluble polymeric Fe(l11)—phosphate species (in the absence of ferritin) showed
similar iron release kinetics to those of the phosphate-containing ferritin samples (Figure

6). In contrast, in the absence of phosphate, the kinetics of iron release from all ferritin
samples exhibit a 2-fold lower absorbance (i.e., 2-fold less the amount of iron released)

in the presence of 5-10 mM phosphate, suggesting a role for phosphate in facilitating the
removal of iron from ferritin. Surprisingly, the presence of phosphate strongly reduced the
initial rates of iron release, particularly with L- and L-rich ferritins (Figure 6G,H,1). This
finding suggests that the iron core structure/mobility in the L-rich ferritins differs from that
of the H-rich ferritins, possibly because fewer ferroxidase centers reduce the rate of core
formation and affect its crystallinity (more below).

In theory, fewer ferritin ferroxidase centers decrease the rate of iron oxidation, and
therefore, the rate of iron deposition and core formation and should lead to more crystalline
iron cores. Differences in the rates of biomineral formation, biomineral order, degree of
crystallinity, and iron turnover have been observed in natural ferritins and found to be
partially associated with their subunit composition.*4-46 Whereas the structure and core
crystallinity of ferritin iron minerals across species can be quite variable with varying
degrees of crystallinity, disordered mineral cores in animal ferritins are mostly observed in
L-rich heteropolymers having a large number of catalytically inactive L-subunits, as those
found in livers and spleens. In contrast, a more ordered ferritin core is typically reported in
H-rich heteropolymers having more catalytically active H-subunits, as those found in hearts
and brains.847 These differences between natural ferritins and recombinant homopolymer
ferritins suggest that the morphology of the ferritin iron core depends on the ferritin
subunits” composition and is affected by the number of nucleation and ferroxidase sites
present on the protein shell.*8 Our results suggest that the ferritin’s iron core crystallinity is
influenced by the rate of iron oxidation and deposition inside the protein, which is directly
correlated with the composition of the ferritin shell (i.e., the ratio of H to L subunits)

and the experimental conditions employed (i.e., low vshigh iron loading and/or phosphate
concentration). Furthermore, differences in ferritin iron core structures and/or crystallinity
may also be responsible for differences in the rates of its demineralization (Figure 61). For
instance, in the absence of phosphate, a less-crystalline iron mineral in L- and L-rich ferritin
releases its iron content faster than the more crystalline mineral of H- and H-rich ferritins.
Notably, the conditions of iron uptake affect the core structure as shown by the evidence
that natural ferritins with amorphous iron cores produced crystalline ferrihydrite cores upon
in vitro reconstitution (i.e., when the iron core is reconstituted /n vitro using native ferritin
stripped of iron).8:49:50 |t was also shown that the crystallinity of the mineral core is related
to the phosphate content, varying from amorphous in plants and microbial ferritins (Fe/P ~
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1:1) to nanocrystalline in animal ferritins (Fe/P ~ 8:1),149-53 and the results of Figure 6 are
consistent with these observations.

Recent studies using Mycobacterium tuberculosis (Mtb) ferritin showed that phosphate
accelerates iron core formation but inhibited iron mobilization and was attributed to different
stabilities of the core.2! Considering that bacterial ferritin has naturally higher proportions of
phosphate compared to mammalian ferritins and is deeply embedded in the iron mineral,

it is possible that phosphate has a stabilizing effect on the iron mineral in bacteria,

rendering it less reactive. In contrast, our kinetic data show that the presence of phosphate

in the reaction mixture enhanced the kinetics of iron mobilization (Figure 6A-F insets),
possibly facilitating the iron exchange between FMN, NADH, and ferrozine. Collectively,
the reactivity of the ferritin core toward reductive iron mobilization appears to depend on the
morphology and structure of the iron core and on the concentration of phosphate present in
the medium. While phosphate in mammalian ferritins appears to be largely surface adsorbed,
it penetrates deeper into the iron core in bacterioferritins and plant ferritins,23:49:50 put

in neither case, the mechanism by which iron mobilization is facilitated by phosphate is
known.

CONCLUSIONS

Funding

In summary, this work demonstrates that physiological concentrations of phosphate (1-

5 mM) significantly enhanced the kinetics of Fe(ll) oxidation and Fe(l11) reductive
mobilization in human homopolymer and heteropolymer ferritins and altered the structure,
stability, and reactivity of the iron core. The presence of higher phosphate concentrations
(=10 mM) may compete with ferritin iron loading, particularly the non-catalytically active
L- and L-rich ferritins, which lack the catalytic diiron ferroxidase centers. Given the need to
rapidly chelate free ferrous ions and prevent their participation in the generation of reactive
oxygen species and subsequent cellular toxicity, cells that have predominantly L- or L-rich
ferritin must employ an alternative mechanism for iron uptake that is different from that

of H- or H-rich ferritins to minimize iron toxicity. One such mechanism could involve the
recently identified iron chaperones, poly rC binding proteins 1 and 2 (PCBP1 and PCBP2),
both of which binds tightly 3 Fe(l1) ions and form redox-inactive Fe(ll) complexes.>4:55
Other, yet-to-be-identified, cytoplasmic iron chaperones, iron proteins, or small iron chelates
might also be involved in transferring ferrous ions to these non-catalytically active ferritins.
In addition to PCBP1 and PCBP?2, the fast acquisition of iron by H- and H-rich ferritins
suggests that rapid Fe(Il) transfer or passive diffusion through the ferritin channels might be
an alternative mechanism through which these catalytically active proteins acquire iron in
the cytosol.
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Fe(ll) oxidation in different types of ferritin (0 mM Pi)
A Fe(ll) oxidation in Tris buffer and Pi (No ferritin)
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Figurel.

Iron oxidation kinetics at 305 nm in the presence and absence of phosphate using light
absorption spectroscopy. Conditions (A-E): 132 mM Tris buffer with 0, 1, 5, or 10 mM
sodium phosphate; 0.2 M ferritin; 40 M FeSOy; pH 7.4; and 25.0 °C. Panel F displays
the iron oxidation kinetics of recombinant human H-ferritin at 0.2 and 1 zM ferritin in 1
and 5 mM phosphate compared to Tris buffer. Panel F: effect of ferritin concentration on
iron loading into human H-ferritin. We note that the number of H and L subunits in any
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heteropolymer ferritin is likely an average value representing a heterogeneous mixture of
heteropolymers whose H and L subunit composition could vary between 5 and 8%.
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Figure2.
(A,B) Plots of Fe(Il) oxidation rates as a function of ferritin type. (C) Normalized rates

of Fe(ll) oxidation in different types of ferritin in 1 mM (red), 5 mM (blue), and 10 mM
(green) phosphate buffer relative to those in the absence of ferritin. (D) Normalized Fe(Il)
oxidation rates in ferritin in 1 mM (red), 5 mM (blue), and 10 mM (green) phosphate buffer
relative to those in the absence of phosphate. The inset of (C) shows a linear decrease in
Fe(lI1) oxidation rates as a function of the number of L-subunits present in human ferritin.
The dotted line in (C) illustrates the Fe(ll) oxidation rates in phosphate and represents our
baseline. The experimental conditions are the same as those of Figure 1.
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Figure 3.

Absorbance scans of (A) H-rich (H23:L1) and (B) L-rich (H2:L22) ferritins in the presence
(or absence) of iron and 5 mM phosphate. The spectrum of the Fe(l11)-phosphate complex
(as control) is shown as a dotted line. Conditions: 0.2 ¢M ferritin, 132 mM Tris buffer pH
7.4, and 80 M Fe(ll). Spectra were collected after 2 h of adding iron.
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Figure 4.
Size exclusion chromatography of iron-loaded ferritin in the presence of phosphate (straight

lines) and of Fe(l11)—phosphate complexes (dotted lines) used as controls. Conditions: (A)
0.2 ¢M H-ferritin and (B) 0.2 pM L-ferritin, 40 ¢M Fe(l1) (or 200 Fe/shell), in 50 mM
Mops, 100 mM NaCl, pH 7.4, and 0, 1, 5, or 10 mM phosphate.
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Figure5.

(A,B) STEM images of iron oxide nanoparticles formed within H-rich and L-rich ferritin
in the absence (A) and presence (B) of 10 mM phosphate, at 10 nm magnification. (C,D)
EDX spectra showing the estimated ratio of P/Fe in L-rich and H-rich ferritins. (E,F)
STEM-EELS analysis shows the X-ray absorption spectra at the L3 and L2 edges of iron in
H-rich and L-rich samples containing 1000 Fe atoms/core in the absence of phosphate.
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Figure®6.

Effect of phosphate on the reductive mobilization of iron from human ferritin. (A-F)
Kinetics of iron release from different ferritins with the insets representing percent of iron
released as a function of phosphate concentration. (G,H) Change of the Fe(ll)-ferrozine
release rate vs time shown only for H- and L-homopolymers (H24:L0 and HO:L24) to
illustrate the major differences between H and H-rich ferritins and L or L-rich ferritins. (I)
Initial rate of iron release (calculated for the first 30 s of reaction) as a function of increasing
ferritin L-subunit content. Conditions: 0.067 M ferritin, 132 mM Tris pH 7.4 at 25.0 °C, 5
mM FMN, 0.5 mM ferrozine, 5 mM NADH, 13.4 M Fe(ll) freshly added (or 200 Fe/shell),
and 0-10 mM phosphate as indicated on each panel. The ferritins samples used in these
experiments are those of Figure 1, after 3-fold dilution, and thus, the total amount of iron
present in each sample is 26.8 1M (i.e., freshly added 13.4 ;M Fe(ll) + an average of 13.4
LM Fe(l11) already present in the purified ferritin; see M&M for more details). The control
experiment was performed under the exact same conditions but in the absence of ferritin
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using 26.8 ¢M Fe(ll) to account for the total amount of Fe(ll) present in ferritin. In all
cases, the iron mobilization kinetics were performed with freshly prepared samples, and
no differences were observed when the kinetics are performed (or repeated) using 1 or 2
week-old sample storage in the fridge at 4 °C.
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