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It is generally accepted that the mineral core synthesized by ferritin-like pro-
teins consists of a ferric oxy-hydroxide mineral similar to ferrihydrite in the
case of horse spleen ferritin (HoSF) and an oxy-hydroxide-phosphate phase in
plant and prokaryotic ferritins. The structure reflects a dynamic process of de-
position and dissolution, influenced by different biological, chemical and phys-
ical variables. In this work we shed light on this matter by combining a struc-
tural (High Resolution Transmission Electron Microscopy (HRTEM) and Fe
K-edge X-ray Absorption Spectroscopy (XAS)) and magnetic study of the min-

eral core biomineralized by horse spleen ferritin (HoSF) and three prokaryotic

1



Nanoscale Page 2 of 42

ferritin-like proteins: bacterial ferritin (FtnA) and bacterioferritin (Bfr) from
Escherichia coli and archaeal ferritin (PfFtn) from Pyrococcus furiosus. The
prokaryotic ferritin-like proteins have been studied in native conditions and
inside the cells for the sake of preserving their natural attributes. They share
with HoSF a nanocrystalline structure rather than an amorphous one as has
been frequently reported. However, the presence of phosphorus changes dras-
tically the short-range order and magnetic response of the prokaryotic cores
with respect to HoSF. The superparamagnetism observed in HoSF is absent
in the prokaryotic proteins, which show a pure atomic-like paramagnetic be-

haviour attributed to the phosphorus breaking the Fe-Fe exchange interaction.

1 Introduction

Ferritin-like proteins are a family of complex cage proteins found in single cells organisms such
as archaea and bacteria as well as multicellular organisms as plants and mammals. The physi-
ological role of ferritin-like proteins is double: storing Fe, an essential nutrient, and protecting
cells from potentially toxic effects of excess free Fe?" (1-6).

They are formed by similar or identical subunits self-assembled into a hollow globular shell
that contains an iron core consisting of a ferric oxy-hydroxide mineral similar to the nanomin-
eral ferrihydrite (7). The biomineral core presents a high phosphate content (Fe:P ~ 1:1) in
bacteria and plants, whereas in mammals, the phosphate content is smaller (Fe:P ~ 8:1) (3).

There are three types of ferritin-like proteins in prokaryotes: classical ferritins (Ftn), which
are similar to eukaryotic ferritins, bacterioferritin (Bfr), and "DNA-binding proteins from starved
cells” (Dps proteins). Ftn and Bfr are composed of 24 subunits, while Dps is a 12-meric pro-
tein. Ftn and Bfr show the same cage-like architecture of 12-13 nm diameter with a central

cavity of 6-8 nm that essentially defines their function. The biomineral core that are reversibly
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formed inside the protein cages, are heterogeneous in size and can vary from 1 to 4500 iron
atoms/protein cage, depending upon cellular iron availability (1, 7-9).

The structure and magnetic properties of the inorganic core of eukaryotic proteins have
been studied in several systems, including hepatic ferritin (/0), native horse spleen ferritin
(HoSF) (11-13), plants ferritin (/4), mitochondrial ferritin in mouse (15, /6) and drosophila (/7)
as well as in artificially loaded apoferritin under controlled conditions (71, 18-20). The gener-
ally accepted structure of the core is similar to that of inorganic ferrihydrite (19, 20). However,
there is still debate about the structure of ferrihydrite itself, since this mineral appears only in
nanoscale grains and presents long range disorder (21, 22). Two different ferrihydrite models
have been proposed: Drits et al. (23) suggest a multiphase structure, while Michel and cowork-
ers (24, 25) a single phase in which ~ 90% of the iron is octahedrally coordinated to oxygen
and ~ 10% is tetrahedrally coordinated, with the tetrahedral iron surrounded by octahedral iron.
Both, inorganic ferrihydrite and bioferrihydrite, present antiferromagnetic order at low temper-
ature and hysteresis, due to uncompensated moments at the surface of the nanoparticles (26-28)
or/and from the arrangement of magnetic moments at tetrahedral and octahedral Fe sites (25).

In contrast to eukaryotic ferritins, the structure and magnetic properties of prokaryotic fer-
ritins has been much less studied. It is generally accepted that the core is composed of a Fe
oxy-hydroxide-phosphate phase (71, 29, 30) less ordered than that of mammalian ferritins. The
presence of phosphorus in the core should be a consequence of the higher phosphorus content of
the cytoplasm of the prokaryotic cells in which the biomineralization takes place as compared
to the much lower phosphorus content of the cytoplasm of the mammalian cells (11, 31).

The present work is focused on the structure and the magnetic properties of the mineral
core synthesized by different ferritin-like proteins. With this aim, our approach towards un-
raveling the structure of the mineral core consists, on the one hand, of combining a structural

analysis with a magnetic study, taking advantage of the close relationship between the magnetic



Nanoscale

properties and the structure at the nanoscale, and on the other hand, of the comparison of the
HoSF core with three native prokaryotic cores from: bacterial ferritin (FtnA) and bacteriofer-
ritin (Bfr) of Escherichia coli and archaeal ferritin (PfFtn) of Pyrococcus furiosus. The study of
prokaryotic cores have been carried out in the whole cells, instead of purified proteins, in order
to preserve their natural attributes.

The structure of the mineral cores has been studied by means of X-ray Absorption Spec-
troscopy (XAS) and High Resolution Transmission Electron Microscopy (HRTEM), and corre-
lated with the magnetic response. Additionally, from the magnetic analysis we have been able
to quantify the Fe storage capacity of the three prokaryotic ferritin-like proteins.

Knowing in detail the structure of the mineral core of ferritin-like proteins in native con-
ditions is a key step towards understanding, among others, the reactivity of the protein or the
mineralization process followed to generate the inorganic core. In fact, the mineral structure re-
flects a dynamic process of deposition and dissolution, influenced by the rate of ferritin biomin-
eral formation, which depends in turns of other biological, chemical and physical variables.
This knowledge will shed light on recently evolving fields related to the study of the implica-
tions of ferritin dysfunctions in neurodegenerative diseases (32—36), the use of the protein shell
or apoferritin as a nanoreactor for synthesizing inorganic nanostructures (37), the role in the
biomineralization process of magnetite by magnetactic bacteria (52, 60) or other applications in

electronics (38—40), catalysis (47) and biomedicine (42, 43).

2 Materials and methods

2.1 Bacterial strains and growth conditions

Three recombinant E. coli strains that overexpress different prokaryotic ferritin-like proteins
were used: 1) E. coli DH5« harbouring plasmid pUC18A2(finA, Apr) (44) that overproduces
bacterial ferritin A (FtnA) ii) E. coli DH5« harbouring plasmid pGS281(bfr; Apr) (45) that
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overexpresses bacterioferritin (Bfr) iii) E. coli BL21 (DE3) harbouring a gene for ferritin from
Pyrococcus furiosus cloned into pET-11a vector (46) that overproduces ferritin (PfFtn) from
this hyperthermophilic archaeon. E. coli DH5« was used as unamplified control culture. Cul-
tures were grown aerobically at 37 °C and 250 r.p.m. in Luria Bertani Broth (LB). In some
batches LB was supplemented with 100 uM Fe(Ill)-citrate. In the case of the recombinant
strains, the medium was supplement with 100 pg/ml ampicillin. E. coli DH5a(FtnA) and E.
coli DH5«(Bfr) strains were grown to the stationary phase. E. coli BL21(PfFtn) was grown to
ODg00=0.6 and gene expression was induced by addition on 0.5 mM IPTG and the culture was
incubated further for 3-4 h. Cells were harvested by centrifugation at 5500 r.p.m. and 4 °C for
15 min. The pellets were washed tree times with PBS and finally stored at -20 °C. For XAFS
and magnetic measurements, frozen cell pellets were lyophilized and then compacted into 4

mm diameter disks.

2.2 Gel electrophoresis

Protein expression was followed by polyacrylamide gel electrophoresis (PAGE) under sodium
dodecyl sulphate denaturing (SDS-PAGE) and non-denaturing (Native- PAGE) conditions. The
protein content in the samples was determined by the bicinchoninic acid (BCA) protein assay
(Pierce) with bovine serum albumin as standard. Horse spleen ferritin (HoSF) purchased from
Sigma-Aldrich was included. For SDS-PAGE frozen cells were thawed at 37 °C, suspended in
ImM dithiothreitol, ImM phenylmethylsulfonyl fluoride, 1mg/ml of lysozyme and incubated
in ice for 30 min. 15 pg protein samples were mixed with Laemmli buffer, heated at 95 °C for 5
min, then resolved by 15% SDS-polyacrylamide gel prior to staining with Coomassie Blue G-
250. For Native-PAGE frozen cells were thawed at 37 °C, suspended in Tris-EDTA pH 8.0 with
10% of n-dodecyl 3-D-maltoside and broken with a bead beater. The supernatant was incubated

with 5U/ul Benzonase endonuclease for 30 min at room temperature. 70 pg protein samples
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were mixed with sample buffer and then resolved by a pre-cast 4-16% NativePAGE Novex
Bis-Tris Gel (Life Technologies). Iron staining was done with Prussian Blue: freshly made
mixture (1:1, vol/vol) of 2% K Fe(CN)s and 2% HCI. Subsequently proteins were stained with
Coomassie Blue G-250. Three replicated geles were run.

The percentage of ferritin-like proteins in the samples was estimated densitometrically on
the stained gels (SDS and Native gels) using GeneTools analysis software v.4.02 (Syngene).
The intensity of the selected bands was estimated and normalized to the total level of proteins
calculated from each lane. Finally the relative density of the selected bands with respect to the

corresponding bands from the control strain was calculated.

2.3 X-ray Absorption Spectroscopy (XAS)

The XAS experiment was performed at the ESRF synchrotron facility (France) in the BM23
beamline. All the spectra were measured at 70 K, with the storage ring working at low inten-
sity, ~80 mA, in 16 bunch mode. In this way, we avoid any damage to the biological sample.
For non-overexpressing E. coli DH5«, the control sample, the spectra were measured at room
temperature and multiple bunch mode. The spectra were recorded simultaneously in transmis-
sion and fluorescence geometries with a single-element silicon drift diode (SDD) detector and
using a double crystal Si(111) monochromator. To improve the data reliability, between 3 and
5 spectra were recorded for each sample. The X-ray absorption spectrum of a Fe foil was mea-
sured using the transmitted intensity of the sample. In these conditions, the edge position of
the sample can be determined with an accuracy of 0.2 eV. The normalized EXAFS functions,
x(k), were extracted from the raw data using a standard procedure. The absorption above the
edge was extracted using a cubic spline in the k range 2 < k& < 13 A~! . The origin of the &
space has been taken at the inflection point of the absorption edge. The Fourier transforms of

x (k) were performed in the k range 2 < k < 13 A~! with a k? weight and a Hanning window
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function.

2.4 Transmission Electron Microscopy (TEM)

Prokaryotic cells were fixed overnight in 2% glutaraldehyde in 0.1 M Sérenson phosphate buffer
and washed in iso-osmolar phosphate/sucrose buffer. After repeated washing in distilled water,
samples were dehydrated through an acetone series and embedded in Epon Polarbed resin in
beem capsules, which polimerized at 55 °C for 48h. Ultrathin sections were obtained using a
Diatome diamond knife in a Leica UCT ultramicrotome and deposited onto 300 mesh Holey
Carbon Film. On the other hand, HoSF was deposited onto a 300-mesh carbon-coated grid.
TEM images were taken at a PHILIPS CM120 at the University of Basque Country, working
at 120 kV and High-resolution TEM (HRTEM) images, for selected samples, were taken at a
TITAN3 (FEI) microscope at the Instituto de Nanociencia de Aragén (Spain), working at 300
kV. This Ultra High Resolution microscope is equipped with a SuperTwin objective lens and a
CETCOR Cs-objective corrector from CEOS Company allowing a point to point resolution of
0.08 nm. Correction of the spherical aberration of the objective lens improves significantly the

spatial resolution of the HRTEM images.

2.5 Magnetic characterization

For the magnetic analysis we used a sample holder consisting on a hole in the centre of a
strip of paper where the pill was put in place. Magnetic measurements were performed in a
SQUID magnetometer (Quantum Design, MPMS-7). Hysteresis loops were measured at 5 K
and a maximum applied field of 6.5 T on two replicates. The evolution of the magnetization
with temperature was measured by following a Zero-field cooling - field cooling (ZFC-FC)
procedure: the sample is cooled from room temperature down to 5 K at zero applied magnetic

field, then a magnetic field of 50 mT is applied and the magnetization is measured while heating
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up to 300 K (ZFC). Without removing the field, the sample is cooled down to 5 K and the

magnetization is measured as the temperature is risen up to 300 K (FC).

3 Results

3.1 Characterization of cultures

The expression of ferritin-like proteins has been followed by polyacrylamide gel electrophoresis
(PAGE) under sodium dodecyl sulphate denaturing (SDS-PAGE) and non-denaturing (native-
PAGE) conditions. SDS- PAGE was used to estimate the relative molecular mass of the apopro-
tein subunits and their relative abundance in the cells. The ionic detergent SDS denatures the
proteins to the linear shape, removing any higher order structure. A native gel was run to deter-
mine whether the overexpressed ferritin proteins assemble into a large complex that can store
iron.

SDS-gel electrophoresis of the three recombinant strains together with a control batch of E.
coli and the horse spleen ferritin (HoSF) is shown in figure 1. The band corresponding to HoSF
is around 20 kDa and all overexpressing strains show high density bands of approximately the
same molecular weight. However, significantly dense bands around 20kDa are not seen in the
control strain. As expected, no differences, in the molecular mass, are observed in the batches
cultivated with or without supplemented Fe. The estimated FtnA and Bfr contents, obtained in
the densitometry analysis, represent approximately 12% of the total protein in the lanes, and no
differences were found between cells grown in Fe supplemented and non-supplemented media.
In the case of PtFtn, the estimated content ranged from 6% in cells grown in non-supplemented
medium to 20% in cells grown in Fe-supplemented medium.

The native gel was stained both with Prussian blue for iron and Coomassie for proteins
(figure 2). Protein staining reveals the four prokaryotic samples with an electrophoretic mobility

similar to the horse spleen ferritin used as marker. Very high dense bands can be seen in the
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Figure 1: SDS gel stained with Coomassie G-250 for horse spleen ferritin (HoSF); E. coli
overexpressing archaeal ferritin (PfFtn), bacterioferritin (Bfr) and bacterial ferritin (FtnA) and
non-overexpressing E. coli DH5« (control).The strains were grown in non-supplemented and
iron supplemented medium (named Fe). The relative density of the selected bands with respect
to the control is indicated at the bottom of the gel.

lanes of the three recombinant strains. Iron staining shows very light characteristic-blue bands
in all cells extracts in coincident positions with bright bands appearing in Coomassie staining,
which indicates that the subunits have assembled into a functional protein that binds iron. The
percentage of ferritin-like proteins in the samples was estimated by densitometry in the native
gel stained with Coomassi. The results are similar to that obtained from SDS gel. In the control
strain, the estimated FtnA and Bfr contents represent around 3% of the total protein in the
lane. This means that the FtnA:Bfr ratio is 1:1 in the non-overexpressing control strain. In
the recombinant strains, the band corresponding to the overexpressed protein appears markedly
intensified. This selected band represents 16% of the total protein in the lane in the case of the
FtnA and Bfr overexpressing strains, and up to 25% in the PfFtn overexpressing strain. This
situation obviously unbalances the ratio between ferritin-like proteins in the cell. We found
difficulties to calculate this rate in the overexpressed strains because the band corresponding

to the overexpressed protein overlaps the other ferritin like-protein bands in some of the lanes.

Finally, we estimated a ratio by comparing the intensity of the selected band in each lane with
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Figure 2: Native gel stained with Coomassie G-250 (upper four lanes) and Prussian blue (lower
four lanes) for horse spleen ferritin (HoSF); non-overexpressing E. coli DH5« (control); E. coli
overexpressing bacterial ferritin (FtnA), bacterioferritin (Bfr) and archaeal ferritin (PfFtn). The
relative density of the selected bands with respect to the control is indicated at the bottom of
Coomassi gel. The arrows mark the selected bands. All strains were grown in iron supplemented
medium.

those corresponding in the control lane giving a FtnA/Bfr ratio of ~1:5 and ~5:1 for FtnA and
Bfr overexpressing strains, respectively. In the case of the PfFtn overexpressing strain, the ratio

of interest PfFtn/(Bfr+FtnA) is ~4:1.

3.2 Magnetic measurements

In Figure 3 we show the dependence of the magnetization with the applied magnetic field,
M (H), and with temperature, M (T'), for the prokaryotic samples and HoSF. In the case of the
prokaryotic cells, we have been working with the batches cultured with and without supple-
mented Fe. The thermal evolution of the magnetization was performed by means of a zero-field
cooling, ZFC, and field cooling, FC, procedure. This means that the sample was cooled at
low temperature without applied magnetic field (ZFC) or with magnetic field (FC) and then the

magnetization was measured while increasing temperature under an applied magnetic field of
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50 mT.

As shown in Figure 3, important differences are detected in the magnetization behavior
for the HoSF and the prokaryotic ferritin-like proteins. HoSF displays a superparamagnetic
behaviour identified by the appearance of a maximum in the ZFC magnetization curve at a
blocking temperature, 75 ~ 15 K, in agreement with the literature (26). At the same time, the
hysteresis loops of HoSF display remanence and coercivity below 7Tz but are anhysteretic at
higher temperatures, 7' > T'z. As reported previously, the superparamagnetic behaviour found
in the cores of mammalian ferritin (26) and inorganically synthesized ferrihydrite (47) is due
to uncompensated moments at the surface of the antiferromagnetic ferrihydrite core (26-28).
On the contrary, in the case of the prokaryotic samples, as shown in Figure 3, the ZFC-FC
measurements at S0 mT display an unblocked and reversible evolution of the magnetization
in the whole temperature range studied (5-300 K). In the same way, the magnetization versus
field measurements M (H ) exhibit an anhysteretic Langevin-like behaviour at 5 K and a linear
behaviour at T> 20K (not shown). These results indicate that the mineral core synthesized by
the prokaryotic ferritin-like proteins lacks magnetic order and behaves like a paramagnet.

Quantitative values of the magnetic moment per core have been obtained by fitting the mag-

netic data to the following expression:

o H oo H kpT
M = M, ( ) H=M [ th ( ) _ ] Jii 1
oL kT + X 0| co inT o + X (1)

Here, L is the Langevin function, M, is the saturation magnetization, p is the magnetic
moment per protein core, i is the vacuum permeability. x is a susceptibility term that accounts
for the linear behaviour from the diamagnetic signal of the organic components, the sample
holder and the antiferromagnetic signal from the ferrihydrite core, in the case of HoSF. In fact,
the susceptibility x has been found to be temperature dependent (26) for HoSF, but in the case

of the prokaryotic cells, y is a small contribution compared to the first term of equation 1,

11
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Figure 3: 5 K hysteresis loops (left) and 50 mT ZFC-FC curves (right) of E. coli overexpressing
bacterioferritin (Bfr), bacterial ferritin (FtnA) and archaeal ferritin (PfFtn) for the batches with
and without supplemented Fe (named ’Fe’ and ’noFe’, respectively). The wild-type E. coli
DHS5a grown in Fe supplemented medium (control) is also shown. The lowest panel displays
the 5, 100 and 200K hysteresis loops (left) and 50 mT ZFC-FC curve of horse spleen ferritin

(HoSF).
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and temperature independent. We have fitted simultaneously the M (H) and M (T') of each
prokaryotic samples. This way, only three parameters were left free: u, M, and x, and were
common for the M (H) and M (T) fits. An example of the fit is shown in the SI.

Results for the HoSF give a magnetic moment per core of ~ 340 g, in agreement with
the literature, where values between 113 and 550 pp have been found (48). Regarding the
prokaryotic samples, the most striking result obtained from the magnetic fits is the very low
magnetic moment per particle core, ranging between 6 and 8 pp. This is much lower than the
value obtained for HoSF (=~ 340 up). Basically, 6-8 pp is an atomic-like magnetic moment
(Fe3* should contribute with 5 yi3), which indicates that we have a paramagnet from individ-
ual uncoupled Fe*" ions. In fact, this point has been confirmed by the fact that the magnetic
data follow nicely a Brillouin function corresponding to an atomic paramagnet with an Fe3*
magnetic moment (see SI).

From M, obtained from the fit of M (H) and M (T'), we can estimate the amount of Fe3*™
ions stored in the cell. This is because My, = N, where N is the number of Fe3* ions per gram
(dry weight) and i is the magnetic moment of Fe*". This estimation is presented in Figure 4.

We can observe that, the amount of iron is approximately the same in the three overexpress-
ing E. coli strains (~ 1.65x10'® Fe?**/g) and ~ 75-90% higher than the non overexpressing
control strain, when cells are grown in iron non supplemented medium.

In Fe supplemented medium the amount of Fe3* ions stored in the cells increases, but this
increment is different depending on the strain. For the wild-type E. coli the Fe3* ions stored
increase ~ 45%. For the overexpressing strains we found an increment of ~ 140% for archaeal
ferritin (PfFtn), ~ 40% for bacterial ferritin (FtnA) and ~ 13% for bacterioferritin (Bfr). The
huge increment of Fe3* ions stored in PfFtn could be explained from the densitometry analysis
that estimates a three-fold increment of the overexpressed protein with respect to the control.

Unfortunately, we cannot estimate the amount of Fe?* ions per core but through the magnetic

13



Nanoscale

control  PfFtn FtnA Bfr

Figure 4: Number of Fe3* ions per gram of cells (dry weight) in E. coli overexpressing archaeal
(PfFtn), bacterial ferritin (FtnA) and bacterioferritin (Bfr), grown with and without supple-
mented Fe (named Fe and noFe, respectively). The wild-type E. coli is also shown as control.

analysis we clearly infer that both overexpression and the addition of Fe in the medium give

rise to an increment of the amount of Fe3T ions stored in the cells.

3.3 Fe K-edge X-ray Absorption Spectroscopy (XAS)

XAS, unlike conventional diffraction methods, does not require long range order, and, due to
its local structure sensitivity and excellent spatial resolution is an excellent tool for studying
both atomic and electronic structure of nanoparticles, with independence on the core size of the
proteins. In fact, the XAS spectra of the wild-type E.coli DH5« grown in non-supplemented
and iron supplemented media are similar, figure 2S in supplementary information (SI), even
though a different repletion is expected in each case.

X-ray Absorption Near Edge Structure (XANES) provides electronic and structural infor-
mation around the absorbing atom by fingerprinting with the spectrum of a reference compound.
Several characteristic features can be distinguished in the XANES region: 1) the edge position
can be used to assign the oxidation state of the absorber; ii) the pre-edge structure depends on
the nature and the symmetry of the absorber, and iii) the post-edge region gives information of
the medium range order around the absorbing atom.

Figure 5 shows the Fe K-edge XANES spectra of the biological samples (control, Bfr, FtnA,

14
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PfFtn and HoSF) together with inorganic 6-line ferrihydrite synthesized at the laboratory fol-
lowing the recipe in (49). All the studied samples present the same edge position, coincident
with that of the inorganic ferrihydrite, a clear indication of the Fe ions being Fe3*. On the other
hand, the XANES of the three prokaryotic samples are identical but present some differences
with respect to HoSF, the latter being closer to inorganic ferrihydrite.

Firstly, the pre-edge peak of the prokaryotic samples shows a double structure whereas
HoSF and inorganic ferrihydrite display a single peak with higher amplitude. As it is well
known, the intensity of the pre-edge peak is smaller for Fe*" octahedral compounds, with cen-
trosymmetric sites, than for Fe3* tetrahedral compounds (50). In the present case, the area
of the ferrihydrite and HoSF samples is 0.12-0.13, similar to that reported for other ferrihy-
drites (50), while for the prokaryotic samples the area is lower, close to 0.08, which suggests a
more centrosymmetric environment. Other differences lie in the structure above the edge. In all
prokaryotic samples there is a shoulder at ~ 7137 eV that is not present in HoSF or inorganic
ferrihydrite. This shoulder has been also observed in FePO, - 2H50 (50), in poorly ordered fer-
ric phosphates (57, 52) and it has been related to the presence of phosphorus in the surrounding
of the Fe atoms. We will discuss this matter later on in the EXAFS analysis.

The extended region of the spectra (Extended X-ray Absorption Fine Structure, EXAFS),
x(k), contains structural information of the first atomic shells around the absorbing Fe atom.
The normalized x(k), Figure 6, were extracted from the raw data using the standard proce-
dure (53) for electron momentum up to k = 13 A~!. In order to obtain direct space information,
a Fourier transform of x(k), ®(R), is performed for the k range 2.5 < k < 13 A~! to obtain
a pseudo-radial distribution function of atoms around the absorber. ®(R) presents two major
peaks. The first peak, at R = 1.5 A corresponds to the O nearest neighbors around the absorb-
ing Fe atom. The second peak, at R = 2.6 A corresponds mainly to neighboring Fe atoms.

Note that the first peak is much higher than the second. No further peaks are detected at higher

15
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Figure 5: XANES spectra of ferrihydrite synthesized inorganically, horse spleen ferritin
(HoSF), E. coli DH5« (control), and E. coli overexpressing bacterial ferritin (FtnA), bacteri-
oferritin (Bfr) and archaeal ferritin (PfFtn) for the batches with supplemented Fe. The inset
shows a detail of the pre-edge peaks. All spectra were measured at 70K except the control that
was measured at room temperature.

distances, a sign of a lack of long range order in all the samples studied.

There are two remarkable differences between the ®(R) of the prokaryotic and HoSF cores:
1) the main peak, corresponding to the Fe-O shell, is much higher in the prokaryotic ferritins
than in HoSF; ii) in HoSF, the peak at 2.6 A presents a double structure absent in the prokaryotic
samples.

To get quantitative information about the local structure around the Fe atoms, the Fourier
transform of the two main peaks (0.5 < R < 3 A) was fitted to the well-known EXAFS function
(see SI) as the sum of spherical coordination shells with gaussian distribution of atoms, having
average coordination number N at a distance R, and variance 0. The latter gives a mean square
relative displacement between the absorber and the scatter pairs, also known as the Debye-
Waller factor. Details of the data analysis can be found in the SI. Two different approaches
have been used for the fitting. In the case of HoSF we have considered a three-shell model: one
Fe-O coordination shell and two Fe-Fe coordination shells, the latter is justified by the double
structure observed in the second peak of the Fourier transform ®(R).

As a first approximation, we have used a two-shell model for the prokaryotic samples, one

for Fe-O and one Fe-Fe atoms, but the fit improves with an additional Fe-P coordination shell,
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Figure 6: Left: EXAFS spectra of horse spleen ferritin (HoSF) and E. coli overexpressing
archaeal ferritin (PfFtn), bacterial ferritin (FtnA) and bacterioferritin (Bfr) for the batches with
supplemented Fe. Right: Fourier transform of x (k). The corresponding fits to the experimental
data (lines) are also plotted in both k— and R— spaces. All spectra were measured at 70K
except for the control that was measured at room temperature.

as suggested by XANES spectroscopy.

The interatomic distances R, coordination numbers N, and Debye-Waller factors o2 ob-
tained for each shell are shown in Table 1. The quality of the fits measured by the S? factor (see
definition in the SI) is given in Table 1 and can also be checked in Figure 6. Note that in Fig-
ure 6, the fit in k— space is shown together with the full experimental spectra, and not with the
filtered spectra obtained from the back-Fourier transform of the two main peaks (0.5 < R < 3
A). The fact that the fit of the first two peaks follows nicely all the EXAFS oscillations is a
confirmation of the lack of long range order. Attempts to refine the experimental data assuming
an amorphous environment around the absorbing atom were also made (see SI). However, this
led to unsatisfactory fits, indicating that the lack of long range order is not due to a completely

amorphous structure, but rather to the fact that the mineral core consists of nanosize particles,

as will be further discussed.

In the prokaryotic samples, we obtain ~ 6 O at 2.0 A in the first coordination shell and an

Fe-Fe shell at 3.0 A with a coordination number that ranges from 2 for control and Bfr to 3
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for FtnA and PfFtn. There is also an additional Fe-P coordination shell at 2.65 A with a low
number of phosphorus ranging from 0.4 for control and BFr to 0.8 for FtnA and PfFtn. These
findings reflect a ratio Fe:P of ~ 4:1 for the prokaryotic ferritin-like proteins grown in native
conditions, higher than the one reported in reference (/1).

Finally, the Debye-Waller factor, 02, has a small temperature contribution because the spec-
tra were recorded at 70 K, except for the control sample that was measured at room temperature,
and we do not find appreciable difference between them. Thus, their values are ascribed mainly
to the degree of structural disorder. The most remarkable result is that the HoSF reaches a
Debye-Waller factor for the Fe-O shell that is twice that of prokaryotic samples, as clearly re-
flected in the strong reduction of the first peak of ®(R), already pointed out (Figure 6b). The
larger disorder, together with the shorter distance and the lower coordination number found in
Fe-O for the HoSF as compared to the prokaryotic samples could be attributed to the presence
of some Fe-O in a tetrahedral environment as proposed by Michel et al. (24) for inorganically
synthesized ferrihydrite. Also, the analysis of the pre-edge peak of the XANES spectra sug-
gested a more disordered environment for HoSF than for the prokaryotic ferritin-like proteins,
which present a Fe-O shell with lower disorder and an interatomic distance and coordination

number that corresponds to a pure octahedral environment (Rp._o = 2.00 A, Npe_o = 6).

3.4 High Resolution Transmission Electron Microscopy (HRTEM)

Figure 7 shows the images of the bacterial ferritin (FtnA), bacterioferritin (Bfr) and the horse
spleen ferritin (HoSF) together with the Fourier transform of marked nanoparticles and the size
histograms. All nanoparticles present spherical shapes with mean size diameter ranging from
~ 3 to 4 nm being higher the size on the HoSF. Several particles show one or two sets of well-
defined lattice fringes. The Fourier transform of selected areas reveals four lattice spacings,

different for the HoSF and the prokaryotic ferritin-like proteins. The lattice spacing distributions
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Table 1: N, coordination number; R(A), interatomic distance; 02(A2), Debye-Waller factor as
obtained from the fit analysis of the EXAFS spectra of the studied samples: horse spleen fer-
ritin (HoSF), E. coli DHS5« (control) and E. coli overexpressing bacterioferritin (Bfr), bacterial
ferritin (FtnA) and archaeal ferritin (PfFtn). All the strains were grown in Fe supplemented
medium. S? represents the goodness of the fit.

Control Bfr FtnA PfFtn HoSF

Nre_o 5.7 (2) 5.9 ©2) 5.9 () 6.0(2) 5.5(2)

Rpe—o (A) | 2.00(1) 2.00(1) 1.99(1) 2.00(1) | 1.98(1)

U%G_O(AQ) 0.009 (1) 0.007(1) 0.006(1) 0.006(1) | 0.011(2)

Npe_p 0.4 (2) 0.4(2) 0.8(4) 0.8(2) -

Rpe_p (A) 2.68(4)  2.66(5) 2.64(5) 2.65(6) -

a%efp(ﬁf) 0.004 (3) 0.005(4) 0.015(8) 0.009(5) -

Nre_re 2.1(1) 2.0(2) 3.2(5) 2.7(4) 2.7(3)

Rpe_re (A) | 3.03(2) 3.042) 3.03(2) 3.03(2) | 3.002)

J%e_Fe(AQ) 0.013(3) 0.010(3) 0.008(3) 0.013(2) | 0.011(1)

Npe-pe - - - - 1.5(2)

Rpe_rpe (A) - - - - 3.45(1)
02 p (A% - - - - 0.005(1)
S? 0.04 0.0604  0.0344  0.0365 | 0.0376

found for the mineral core of the prokaryotic ferritin-like proteins are similar between them but
completely different to that found for HoSF as shown in Figure 7. Even though we cannot
assign a particular core to a given protein, we must remember that the overexpressing strains
present at least 5 times more ferritin-like protein than the wild-type strain.

In the case of HoSF, the Fourier transform can be well ascribed to the simulated patterns
obtained from different ferrihydrite models (23, 24), see Figure 4S in the SI. On the contrary, for
the prokaryotic ferritin-like proteins, the main lattice spacing is found at ~ 2.9 A and in some
cores two systems of fringes at ~ 2.9 A and ~ 2.6 A can also be detected. For these particles,
the lattice spacings and angular relationships found in the Fourier transform do not match with
those models proposed for the ferrihydrite (23, 24). In order to discard the transformation of the
mineral cores under the electron beam, the magnetite, hematite, maghemite and wiistite lattice

spacings and angular relationships were compared against the obtained experimentally, but no
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Juno)n

Figure 7: Left: HRTEM images, Fourier transforms of marked nanoparticles and size his-
tograms, Right: Lattice spacing frequency of horse spleen ferritin (HoSF) and E. coli overex-
pressing bacterial ferritin (FtnA) and bacterioferritin (Bfr).

correlation between them was found.

4 Discussion

The structure and magnetic properties of three native prokaryotic ferritin-like proteins, bacte-
rial ferritin (FtnA) and bacterioferritin (Bfr) of Escherichia coli and archaeal ferritin (PfFtn)
of Pyrococcus furiosus, have been analyzed and compared to the eukaryotic horse spleen fer-
ritin (HoSF). The prokaryotic cores have been studied inside the whole cells for the sake of
preserving their natural attributes.

The percentage of ferritin-like proteins present in the prokaryotic cells as estimated by den-

sitometry shows that in the wild-type E. coli strain (control) the FtnA:Bfr ratio is ~1:1. In the
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recombinant strains this ratio changes, being predominant the overexpressed protein by a factor
of 5. The number of Fe3* ions stored in the cells was estimated by means of a magnetic analysis
and both overexpression and the addition of Fe in the culture medium give rise to an increment
of the amount of Fe3" ions stored in the cells. These findings are represented schematically
in Figure 8 and must be taken into account when discussing the magnetic response and the
structure of the mineral cores of the prokaryotic ferritin-like proteins. Even though, we are
working with the whole cells, the major response, in all the techniques used, would come from
the overexpressed ferritin-like proteins.

As shown by XAS spectroscopy, the ferritin-like protein cores of the three recombinant
prokaryotic cells present the same structure. The structure consists in one Fe-O shell at Rp._5=2.0
A, one Fe-P shell at Rp._p=2.65 A and one Fe-Fe at Ry, r.=3.03 A. We should point out
that even though the interatomic distance of the Fe-O is similar to those found in the litera-
ture (11, 31), the Fe-Fe and Fe-P interatomic distances differ with respect to previous works on
isolated Azotobacter vinelandii bacterioferritin (/1) and native Dps-like protein from Strepto-
coccus suis (31), where the iron was found at ~ 3.5 A and the phosphorus at ~ 3.2 A. However,
a similar structure has been found in plant ferritin from pea seed (Fisum sativum L.) with a Fe-
Fe interatomic distance at 3.08 A (/4). Interestingly, ferritins in plants are located in plastids,
that would have arisen by endosymbiosis of an ancient prokaryotic cell.

The results obtained for HoSF are similar to those found in the literature (//—/3) with = 5.5
O atoms in the first coordination shell, and a double Fe coordination shell at 3.0 A and 3.45 A
with average coordination numbers of 2.7 and 1.5, respectively. These results are very similar
to those found for inorganic ferrihydrite (51, 52, 54-56), with an Fe-O path at ~ 1.98 A and two
Fe-Fe paths at ~ 3.05 A and ~ 3.44 A except for some differences in the average coordination
numbers, specially for the outer Fe-Fe shells. However, we must take into account that the

average coordination number is strongly dependent on the size of the nanoparticle (57, 58),
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Figure 8: A simplified representation of the ferritin-like proteins presented in the wild-type
E.coli (control) and the recombinant strains overproducing bacterioferritin (Bfr), bacterial fer-
ritin (FtnA) and archaeal ferritin (PfFtn). Cells grown in non-supplemented (noFe) and sup-
plemented (Fe) medium are drawn. The percentages correspond to the increment of Fe3* ions
registered by comparing the different batches obtained from the magnetic analysis.

because surface Fe atoms are undercoordinated and when decreasing the nanoparticle size, the
number of surface-to-volume atoms increases and as a consequence the average coordination
number, detected by EXAFS, decreases.

Even though the structure of the core biomineralized by the three prokaryotic proteins is
similar, it differs clearly from that of HoSF, as highlighted by EXAFS and XANES spectro-
scopies. One remarkable difference is related to the oxygen coordination shell. In the case
of the prokaryotic ferritin-like proteins, Fe presents an octahedral coordination, with 6 oxygen
atoms at a distance of 2.0 A and low mean structural disorder, o2 = 0.006 A2, independent of
the strain studied. The high symmetry of the oxygen sites is also reflected in the pre-edge of the
XANES spectra, with a double structure and low integrated area. This is not the case of HoSF,
whose structural disorder, 0> = 0.011 A2, almost doubles that of prokaryotic proteins, and, at
the same time, the integrated area of the pre-edge increases, an indication of the symmetry of

the oxygen sites decreasing. All these issues suggest that in the HoSF tetrahedral and octahedral

sites coexist, as it has been recently suggested for inorganically synthesized ferrihydrite (24, 59).
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Another aspect to discuss is the presence of phosphorus in the surroundings of the Fe atoms
forming the mineral core. In the present work, we have not found phosphorus in the native
core of HoSF, but our XAS measurements suggest that phosphorus is present in the native
core of the three prokaryotic ferritin-like proteins analyzed. The presence of phosphorus in
the structure of the mineral core of ferritins has been previously investigated in HoSF (/7) and
in Dps-like protein from Streptococcus suis (31). In those works, the structure of the mineral
core was studied by means of EXAFS spectroscopy, both in native proteins and reconstituted
in media with different Fe:P ratio contents. In the case of native HoSF, the local order structure
found around the Fe atom was that of ferrihydrite (57, 52, 54, 56), similarly to what we have
found in the present work and coincident with other works on HoSF (//-13). However, when
HoSF is reconstituted in a phosphorus-rich medium, the structure changes, appearing a Fe-
P coordination shell at 3.17 A and only one Fe-Fe shell at 3.5 A (11). On the other hand,
the structure of the mineral core of native Dps-like protein, with a Fe-P shell at 3.2 A and
one Fe-Fe shell at 3.52 A (31), changes markedly when the proteins are reconstituted in a
phosphorus-free medium. In this case, the Dps-like protein biomineralizes a core similar to
ferrihydrite, without phosphorus but with two Fe-Fe shells at 3.07 A and 3.41 A. Those results
indicate that the final structure of the mineral core depends on the phosphorus content of the
medium in which the biomineralization takes place, but not on the apoprotein cage itself. The
recurrent presence of phosphorus observed in our native prokaryotic mineral cores could be
thus attributed to the high phosphate content of the prokaryotic cytoplasm as compared to the
mammalian cells. Interestingly, the presence of iron phosphate nanoparticles has also been
reported in mitochondria linked to some human diseases such as Friedreich ataxia (36) and in
the cytoplasm of magnetotactic bacteria during the biomineralization of magnetite nanoparticles
(52, 60).

As shown, the structure of the prokaryotic mineral cores and the HoSF display remarkable
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differences, but they also share some similarities, among which stand out their spherical shape
their spherical shape and the lack of medium/long range order. As corroborated by HRTEM
and EXAFS, the cores lack medium/long range order because of their nanometric size, but they
are not amorphous as they exhibit clear short-range crystalline order.

Finally, regarding the magnetic properties of the protein cores, while HoSF cores retain
an antiferromagnetic order, the prokaryotic ferritins are purely paramagnetic. The loss of the
antiferromagnetic order observed in the prokaryotic ferritins can be explained in the light of the
structural results. Because both prokaryotic and HoSF cores are crystalline, the loss of magnetic
order can not be attributed to structural disorder but rather to a weakness of the Fe-Fe exchange

interaction due to the presence of phosphorus atoms (617).

5 Conclusion

We have studied the structure and the magnetic response of prokaryotic (bacterial ferritin, ar-
chaeal ferritin and bacterioferritin) ferritin-like proteins, in native conditions, and compared the
results with the horse spleen ferritin. All proteins biomineralize spherical crystal nanoparticles.
The structural and magnetic properties of the three prokaryotic ferritin-like proteins studied are
very similar, but differ remarkably from HoSF. One important difference is the local symmetry
around the Fe, being octahedral for the prokaryotic cores and with higher disorder in the case
of the HoSF which suggest a coexistence of octahedral and tetrahedral environment around the
Fe. Another remarkable difference is the presence of phosphorus in the prokaryotic cores, ab-
sent in HoSF. The presence of phosphorus changes the short-range structural order around the
Fe atoms in prokaryotic cores to a Fe oxy-hydroxide phosphorus rich phase different from the
ferrihydrite-like structure observed in HoSF. The presence of phosphorus does also explain the
breakdown of magnetic order observed in the prokaryotic cores, attributed to a weakening of

the Fe-Fe exchange interaction.
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1 EXAFS analysis

We have measured the XANES spectrum of the Felll-citrate. As it can be observed in figure 1,
the XANES is completely different to that measured in prokaryotic samples.

We have also measured the XAFS spectra of the wild-type E. coli (control) grown in non-
supplemented and iron supplemented media. Even though the repletion in both cases could be
different, the XANES and EXAFS spectra are similar, see figure 2. As expected, we do not

detect any change on the structure.
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Figure 2: XANES spectra (left) and EXAFS spectra (right) of non-overexpressing E. coli DH5«
(control) grown in non-supplemented and iron supplemented media
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EXAFS spectra of the studied samples have been fitted to the expression: (/)
) o205k =20 [k
kx(k) =) SoN;f(k, W)Tsm[zmj + ¢;(k, )] (1)
j j
The sum expands over all the species of backscattering atoms at the same distance I?; of the
central atom with variance 032. (Debye-Waller factor) around the absorber, and [V; is the number

—2I'/k i3 a mean

of such atoms. The scale factor S? is related to the many body effects and e
free path term that takes into account the inelastic losses of the photoelectron. f;(k, ) is the
magnitude of the effective curved-wave backscattering amplitude for the jth type of atoms and
¢j(k,m) = (20(k) — m) + ®;(k), where the first and second terms represent the modification
in the phase shift of the ejected photoelectron wave function by the potential of the central
absorbing and backscattering atoms, respectively. In our case, the central atom is Fe and two
types of scattering atoms have been taken into account: O and Fe and additionally P for the
prokaryotic ferritins. The corresponding backscattering parameters f(k, ), and ¢(k, 7) have
been theoretically generated with the FEFF6.0 codes. (2) The fitting has been performed on
the R space in 0 A< R < 3.5 A. The fitting procedure consists on the minimization of the

difference between the Fourier filtered experimental data x [, (k) and the model function x, (k).

The function to minimize is defined as

Zf\;[k?)(gp(ki) - kz'QXth<ki)]2
S [k2XE, ()2

In order to improve the reliability of the fits, the four samples have been fitted simultane-

§2 =

2)

ously as implemented in the IFeffit and Artemis softwares (3,4). The parameters SZ and AE for
each path were left free in the fitting procedure but were common for all the samples, resulting
in a value of 52 = 0.8. Results have been checked with the additional XAFS software Viper (5).

An attempt of fitting the EXAFS data to an amorphous function was made. In this case, the
corresponding fitting expression in the framework of a the dense random packing model of hard

spheres (6) is:
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) o207k =2 /k 1
hx(k) =D SENif () —
J

i1k,
3)

In this model, ?; is the distance between the centers of two touching spheres, and op; is

sin [2kR; + arctan (2kopy) + ¢; (k)]

the root mean square deviation of the distance between the absorbing atom and the neighbour
j. This expression has proved to be very useful in the analysis of amorphous alloys, such as

(Fe,Coy 4)7551,B,s ., Co-P or Fe-B (7-10).

2 Transmission Electron Microscopy (TEM)

In figure?? we show the TEM images taken at a PHILIPS CM120 microscope at the University
of Basque Country, working at 120 kV for the wild-type E.coli (control), overexpressing bacte-
rial ferritin (FTnA) and bacterioferritin (Bfr) grown in iron supplemented media. TEM analysis
show isolated dense spots all over the cytoplasm in FtnA overexpressing cells and dense aggre-
gates closed to the cytoplasmic membrane in Bfr overexpressing cells. However, this kind of
dense spots and aggregates are not seen in the non-overexpressing E. coli DH5«. For HRTEM
analysis we have focused on this particular events.

The lattice spacings and angular relationships obtained by the Fourier transform of HRTEM
images of the HoSF have been compared with the theoretically generated patterns obtained from
the defective free ferrihydrite model proposed by V.A. Drits and co-workers (/7), Figure 4.
Two possible zone axis, [1,1,1] and [0,1,1] have been correlated with the experimental data.
Both of them possess four reflections with lattice spacing (2.43 A, 2.39 A) near the calculated
value (2.47 A), and two more with higher lattice spacing (2.50 A) near the 2.56 Avalue. The
experimental angles (62° and 60°) also match with the theoretical ones (61.16° and 57.88°).

The deviations between the experimental and theoretical data could be explained taking into
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Figure 3: TEM images of the non-overexpressing E.coli (control), overexpressing bacterial
ferritin (FTnA) and bacterioferritin (Bfr). The cells were grown in iron supplemented medium.
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account that the ferritin cores are not exactly oriented in a zone axis. There is no possibility to
identify exactly the zone axis in which the cores of the HoSF are oriented. Two HRTEM images
in different zone axis, taken in the same HoSF core, are needed for this purpose. Nevertheless,
the experimental and simulated patterns indicate that the nature of HoSF cores in related to the
ferrihydrite.

The Figure 5a shows the Fourier transform of the bacterial ferritin core. The lattice spacings
and angles between them are clearly different from those obtained for the HoSF. The Figure 5b
indicates the mean spacing values and angle relationships between the spots observed in the

Fourier transform image for the bacterial ferritin core.

3 Magnetic characterization

In a case of a paramagnet compound, Fe3* should contribute with 5 .3 which corresponds to a
magnetic moment given by J = 5/2 and g = 2 (u= gJ up) In fact, this point has been confirmed

by the fact that the magnetic data, M(H) and M(T), follow nicely a Brillouin function given by:

2J+1

M = M,
09

coth <2J—|— 1gJ/LBH> 1 ( 1 gJugH

_ 2 coth (L9EBEN Ly 4
57 kaT 27 “C\oT ElT >+X “)
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