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Abstract The interaction of amyloid β-peptide (Aβ) with the iron-storage protein ferritin was
studied in vitro. We have shown that Aβ during fibril formation process is able to reduce
Fe(III) from the ferritin core (ferrihydrite) to Fe(II). The Aβ-mediated Fe(III) reduction yielded
a two-times-higher concentration of free Fe(II) than the spontaneous formation of Fe(II) by the
ferritin itself. We suggest that Aβ can also act as a ferritin-specific metallochaperone-like
molecule capturing Fe(III) from the ferritin ferrihydrite core. Our observation may partially
explain the formation of Fe(II)-containing minerals in human brains suffering by neurodegen-
erative diseases.
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1 Introduction

Alzheimer’s disease (AD) is an age-related, neurodegenerative disorder characterized by
progressive cognitive decline, memory loss, extensive neuronal loss, decrease in cholinergic
transmission, and psychosis. A pathological hallmark of Alzheimer’s disease is a deposition of
amyloid β (Aβ) in the brain. Aβ is a proteolytic product of amyloid precursor protein by β-
and γ-secretases. Hence, numerous different Aβ species exist; two major isoforms of Aβ, the
42-residue Aβ1–42 and the 40-residue Aβ1–40 peptides are ubiquitous in biological fluids at an
approximate ratio of 1:9. The last two hydrophobic residues at the C-terminal of Aβ1–42 are
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proposed to be critical for its enhanced rate of nucleation, and are the principal species
deposited in the brain [1–3]. However, the central sequence KLVFFAE is known to form
amyloid on its own, and probably forms the core of the fibril [4–6]. Moreover, most studies
have been performed on Aβ1–40 because of their greater stability and more defined structure
over a long period of experimental time in solution compared to that of Aβ1–42.

AD is histologically characterized by the presence of extracellular amyloid plaques,
intracellular neurofibrillary tangles, and increased concentration of Fe(II)-containing iron
oxide (especially magnetite) nanoparticles in diseased brains [7, 8]. The total concentration
of biogenic magnetite is up to 15 times higher in AD brains in comparison to healthy controls;
there are also gender-based differences, with AD female subjects having significantly higher
magnetite nanoparticles concentrations [9].

Under normal circumstances, brain iron is stored in a redox-inactive Fe(III) ferrihydrite
mineral, which represents the inorganic part of iron-storage protein ferritin. However, detailed
studies confirmed increased amounts of iron(II)-containing biominerals (magnetite) in AD
brains when compared to disease-free brain tissue. Magnetite, a redox-active mineral, partic-
ipates in the Fenton reaction [7, 10]. Dysfunctional homeostasis of iron and alterations in the
levels and distribution of iron ions play an important role in the pathogenesis of AD [11, 12].

The formation of Fe(II)-containing biominerals in AD brains has to be accompanied by the
formation of Fe(II) from Fe(III) precursors. It was shown that amyloid β-peptide (Aβ) interacts
with synthetic Fe(III) ions; accumulation of ferric ions within amyloid aggregates resulted in
Aβ-mediated reduction of Fe(III) to a redox-active Fe(II) [13]. Moreover, synthetic ferrihydrite
can also interact with Aβ, resulting in the reduction of ferrihydrite to a Fe(II)-containing
mineral (magnetite). Everett et al. demonstrated the capability of Aβ to induce redox-active
biomineral formation in AD brain tissue from natural Fe(III)-containing precursors [7].

The main source of Fe(III) in brain tissue is the iron-storage protein ferritin. Ferrihydrite
core is surrounded by a protein shell (apoferritin) that protects the iron mineral from direct
contact with other protein molecules. As a continuation of previous studies, our research was
designed to investigate the possible interaction of Aβ and ferritin and the potential production
of Fe(II). We have shown that native ferritin is capable of generating Fe(II) ions during
interaction with Aβ.

2 Methods

Aβ1–40 (Cat # A-1001-2, rPeptide, USA) was dissolved in 10 mM NaOH to stock concentra-
tion of 665 μM, sonicated for 1 min in a bath sonicator, and centrifuged at 4 °C for 10 min
(12,000 × g) to remove large aggregates. The Aβ1–40 stock solution was then diluted to a
concentration of 10 μM in 150 mM 3-(N-morpholino)-propanesulfonic acid (MOPS), pH 7.0.
After addition of ferritin (Sigma Aldrich, F4503/SLBC0504V; total concentration 106 μM),
samples were incubated 11 days at 37 °C. At selected time intervals, the quantification of free
Fe(II) in solution was performed using a ferrozine assay. To assess the Fe(II) content of Aβ/
ferritin mixture, ferrozine was added to the mixture and absorbance was measured after 1 min
of incubation at 562 nm with precision of about 1% (temperature 25 °C; ten measurements per
sample). As a reference, Aβ-free ferritin controls were prepared. The whole experiment was
performed in duplicate and average values are presented.

For kinetic measurements, the aliquots of Aβ1–40 peptide solution alone and with ferritin
incubated at 37 °C and pH 7.0 were withdrawn at varying times, mixed with Thioflavin T
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(ThT) and incubated at 37 °C for 1 h. The final concentrations of ThT and Aβ1–40 peptide were
always 20 and 10 μM, respectively. The fluorescence intensity was measured using a 96-well
plate by a Synergy MX (BioTek) spectrofluorometer. The excitation was set at 440 nm and the
emission was recorded at 485 nm. The excitation and emission slits were adjusted to 9.0/
9.0 nm and the top probe vertical offset was 6 nm. Each experiment was performed in
triplicate; the error bars represent the standard deviation for repeated measurements of three
separate samples. The kinetic data were fitted into a sigmoidal function to obtain the growth
curves.

The presence and morphology of amyloid fibrils was examined by atomic force microscopy
(AFM; Bruker AXS) in a tapping mode after drop-casting of sample on freshly cleaved mica
surface using an NCHV cantilever with specific resistance of 0.01–0.025 Ω cm, antimony (n)
doped Si, radius of the tip curvature of 10 nm. The resolution of the image was 512 pixels per
line (512 × 512 pixels/image) and the scan rate was 0.5 kHz. No smoothing or noise reduction
was applied.

3 Results and discussion

Considering the increased accumulation of Fe(II)-containing minerals in AD brain tissue, we
assumed that free Fe(II) ions could be formed from ferritin upon interaction with Aβ peptide
during fibrils formation. A ferrozine assay was used to quantify free Fe(II) ions formed both
from pure native ferritin and a mixture of ferritin + Aβ. The Fe(II) concentration was plotted
against the incubation time (Fig. 1). Comparison of both released amounts of Fe(II) from
ferritin with and without Aβ and the slopes of the regression lines (0.0011 μg/ml.h and
0.0006 μg/ml.h, respectively) suggest that Aβ is capable of inducing faster conversion of
Fe(III) to Fe(II), resulting in almost twice-higher concentration of free reduced iron ions in the
reaction mixture. It has to be taken into account that the ferrozine assay can determine only
free Fe(II) ions [14]. It can be expected that part of the reduced iron is bound to Aβ, which can
specifically bound both Fe(II) and Fe(III) ions [15]; this iron is not determined using the
ferrozine assay. The measured free Fe(II) ions represent the unbound part of the reduced iron.

Fig. 1 The mass concentration of Fe(II) ions complexes with ferrozine after reduction of Fe(III) from ferritin (■)
and ferritin in the presence of Aβ peptide (□)
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Ferric ion accumulation within amyloid aggregates resulted in Aβ-mediated reduction of
Fe(III) to Fe(II) [13]. The results obtained by our measurement suggest that ferric ions released
from ferritin were bound to Aβ and subsequently reduced to ferrous ions; one part of Fe(II)
remained bound to Aβ, while the excess was released from the peptide into the surrounding
solution.

Native ferritin can release iron under physiological conditions through nanocage pores on
the ferritin surface [16]; their size is about ~ 0.4 nm [17]. The in vivo mechanism of iron
release from ferritin is still undetermined. However, it was shown that the ferroxidase centers
of the H-subunits, responsible for the ferritin iron uptake, are not involved in iron release. The
ferritin iron-uptake and the ferritin iron-release processes utilize distinct pathways [18].

Four models have been proposed to describe the ferritin iron release: (i) the existence of an
equilibrium between the iron stored in ferritin and the iron in cytoplasm, (ii) the ferritin capsid
degradation, (iii) the participation of a chaperone that would dock with ferritin and directly
remove iron(III), and (iv) the existence on an electron-donor biomolecule that would dock with
ferritin to reduce the iron(III) of the ferrihydrite mineral and facilitate iron(II) mobilization,
which would be chelated by a chaperone molecule outside the ferritin molecule [18].

In our experiment, no low molecular weight electron donor was used, so the last model is
not applicable. Due to the amyloid fibrils size, the transition of ~ 4 kDa Aβ into the ferritin
mineral core is improbable. We suppose that Aβ can behave as a chaperone docking with
ferritin and removing Fe(III). Currently, a series of metallochaperones has been described,
including a poly C binding protein (PCBP) family of proteins. These chaperons can bind
ferrous ions. Purified PCBPs exhibited no significant interaction with ferritin in the
absence of iron. However, PCBP1 loaded anaerobically with ferrous iron exhibited
affinities for apoferritin that were 30-fold higher than the affinity of free ferrous iron
for ferritin. Approximately, nine Fe-PCBP1 molecules bind to a ferritin oligomer. As the
number of putative iron-delivery channels is eight per ferritin polymer, this stoichiometry
supports a model of PCBP1 facilitating iron incorporation into ferritin via direct binding
at pores formed by the threefold axes of symmetry [19].

As stated above, one of the model mechanisms proposed to describe the ferritin iron release
expects the participation of a chaperone that would dock with ferritin and directly remove
iron(III) [18]. We suggest that Aβ (in addition to other functions) can also act as a ferritin-
specific metallochaperone-like biomolecule responsible for Fe(III) release from ferritine. The
mechanism of this process is unknown; it can be expected that fourfold hydrophobic, nonpolar
channels of ferritin are involved in such interactions. The Fe(III) released from ferritin is
captured by the soluble Aβ and during amyloid fibrillization reduced to Fe(II) [7, 13]. The
excess of Fe(II) is probably released from the Aβ (see the experimental results) and free ferrous
ions are subsequently captured by other ferritin molecules, not interacting with Aβ.

As already described, Aβ can efficiently capture Fe(III) and part of it reduces into Fe(II).
The entrapment of a high concentration of both magnetite precursors in a reduced volume can
lead to the formation of iron-oxide magnetite nanoparticles [20]. Similar reaction conditions
are also employed during laboratory synthesis of magnetic iron-oxide nanoparticles [21].

The kinetics of Aβ fibrils formation was estimated using a ThT assay [22]. The fluores-
cence intensity of ThT is not affected by the presence of the globular proteins in the native
state, proteins in molten globule or unfolded state, or amorphous aggregates of protein
[22–24]. Therefore, the ThT assay represents a good approach to study both the extent and
kinetics of fibrillization. In absence of ferritin, the characteristic nucleation-dependent pattern,
with three distinct phases, namely an initial lag-phase, elongation, and equilibration of amyloid
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formation, was observed (Fig. 2a). The equilibrium phase, suggesting that formation of the
mature fibrils is completed, was observed after 5 days of incubation at 37 °C. In the presence
of ferritin, the effect on the lag-phase was apparently insignificant and moderately shallow S-
curve was observed in comparison to the Aβ fibrillization occurring in the absence of ferritin.
The maximal fluorescence intensity in the plateau phase reached ~ 85% of that for control
experiment; formation of Aβ1–40 fibrils was thus not substantially inhibited in the presence of
ferritin. These observations indicate that the reduction of Fe(III) presented in Fig. 1 is taking
place during the fibrillization process.

The ThT assay allows quantification of the amount of the protein in the form of amyloid
fibrillar aggregates as the extent of aggregation is proportional to the dye fluorescence
intensity; lowering ThT fluorescence intensity indicates a decrease of amyloid fibrils in the
samples. We observed only slightly different results for Aβ1–40 fibrils formed in the presence
of ferritin. Therefore, we did not expect any significant changes in morphology of fibrils.
Indeed, representative AFM visualization confirmed that the morphology of Aβ1–40 fibrils
formed alone and in the presence of ferritin possesses similar morphology. Aβ tended to form
characteristic long unbranched twisting fibrils (Fig. 2b). It should be noted that some
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Fig. 2 a Time dependence of Aβ peptide fibrillization alone (▲) and in the presence of ferritin (●) monitored
using a ThT assay. b Atomic force microscopy visualization of Aβ fibrils formed alone and in the presence of
ferritin. The xy scale is 10 × 10 μm. Scale bars are 1 μm
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amorphous-like aggregates (white dots) observed in right panel of Fig. 2b correspond to the
residues of ferritin molecules (protein shells) that were not removed during washing of
samples.

To conclude, we have shown that protein-protected ferrihydrite (ferritin) can serve as a
Fe(II) precursor after interaction with Aβ. We suggest that Aβ can fulfill the role of ferritin-
specific metallochaperone-like biomolecule, enabling capture of Fe(III) from the ferrihydrite
core. Aβ can subsequently reduce Fe(III) to Fe(II) and stimulate formation of magnetite
nanoparticles. In addition, Aβ loaded with Fe(II) was reported to induce oxidative stress by
trapping molecular oxygen and its subsequent reduction to hydrogen peroxide [25]. Ferritin
can thus be an important source of Fe(II) necessary for Fe(II)-containing minerals formed in
the brains of patient suffering from neurodegenerative diseases and also for Fe(II)-loaded Aβ
formation exhibiting neurotoxicity in diseased brain.
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