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ABSTRACT: Biomineralization is mediated by specialized
proteins that guide and control mineral sedimentation. In many
cases, the active regions of these biomineralization proteins are
intrinsically disordered. High-resolution structures of these
proteins while they interact with minerals are essential for
understanding biomineralization processes and the function of
intrinsically disordered proteins (IDPs). Here we used the cavity of
ferritin as a nanoreactor where the interaction between M6A, an
intrinsically disordered iron-binding domain, and an iron oxide
particle was visualized at high resolution by cryo-EM. Taking
advantage of the differences in the electron-dose sensitivity of the
protein and the iron oxide particles, we developed a method to

Particle size

determine the irregular shape of the particles found in our density maps. We found that the folding of M6A correlates with the
detection of mineral particles in its vicinity. M6A interacts with the iron oxide particles through its C-terminal side, resulting in the
stabilization of a helix at its N-terminal side. The stabilization of the helix at a region that is not in direct contact with the iron oxide
particle demonstrates the ability of IDPs to respond to signals from their surroundings by conformational changes. These findings
provide the first glimpse toward the long-suspected mechanism for biomineralization protein control over mineral microstructure,
where unstructured regions of these proteins become more ordered in response to their interaction with the nascent mineral

particles.

B INTRODUCTION

Biomineralization is required for numerous biological processes,
such as the formation of bones and shells, the regulation of ion
concentrations, and the formation of magnetic minerals in
magneto-sensing organs.l’2 Organisms have exquisite control
over the types and morphologies of the minerals they sediment.
This control over the microstructure is mediated by a large
group of highly specialized biomineralization proteins. To
understand the molecular-level regulation of biomineralization
processes, high-resolution structures of these protein—mineral
complexes at different stages of biomineralization are required.
However, there are only a handful of experimentally determined
structures showing protein—biomineral complexes, typically
consisting of only a few (3—8) metal ions.”~> In many cases, the
functional regions of biomineralizing proteins are highly charged
and intrinsically disordered.”’

Direct structural observations of the formation of ordered
structures induced by the interaction with sediments are still
limited. While the structural changes in intrinsically disordered
proteins (IDPs) upon interaction with proteins are well
characterized,® similar effects as a result of interactions with
minerals were mostly deduced from molecular dynamics
simulations and spectroscopic measurements.”'’ The inter-
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action between IDPs and minerals is especially intriguing due to
the binding promiscuity required for recognizing the surfaces of
minerals with diverse sizes and shapes. Visualizing the ordering
of IDPs upon their interaction with minerals will provide direct
evidence for folding upon binding in biomineralization
processes and shed light on the functional role of this effect.
Mms6 is a biomineralization protein, which aids in the
formation of magnetite in the magnetotactic bacteria Magneto-
spirillum magneticum AMB-1. Mms6 is a protein with 133 amino
acids that is predicted to have an N-terminal hydrophobic helix
anchoring it to the magnetosome’s membrane and a highly
acidic C-terminal active segment (M6A) that nucleates and
interacts with the magnetite."' ~'® Consistent with its highly
hydrophilic and negatively charged sequence, M6A is intrinsi-
cally disordered and has a high affinity to ferrous ions.">"” While
the interactions of M6A with the iron ions affect its 3D
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organization and dynamics, they do not lead to the stabilization
of its structure.">™"” Similarly, the structure of self-assembled
micelles of Mms6 is modulated by adding a ferric or ferrous ion
mix."* However, a higher resolution structure determination of
Mms6 in this micellar form is challenging.'® It was suggested
that the main function of Mms®6 is to facilitate the nucleation of
magnetite nanocrystals, which are an essential part of the
magnetosome.15 However, it is unknown how M6A, the Mms6
iron-binding domain, and the forming biomineral interact and
affect each other.

To test how M6A and the nascent biomineral particle affect
each other, we looked for a way to bring a single M6A chain and
a nanometer-scale iron oxide particle to close proximity under
conditions that would allow for the structure determination. To
do so, we developed a novel experimental strategy where M6A is
conjugated to the C-terminus of L-ferritin (Figure 1).

Mms6

Metalions

Chimeric Ferritin

Figure 1. Using ferritin as a nanoreactor for probing the interaction
between proteins and forming minerals. An active segment of the
biomineralization protein (yellow) is expressed at the C-terminus of L-
ferritin (blue). Upon metal uptake by the ferritin, minerals (red) are
formed inside its cavity, and the interaction between the minerals and
the biomineralization protein can be analyzed. Only a single functional
loop and a single mineral are presented here for clarity.

Ferritins are arranged as a 24-subunit hollow nanocage
enclosing a volume of ~240 nm?, large enough to harbor ~4500
metal atoms as well as small molecules and peptides.'”*° For
their robust structure and hi§h symmetry, ferritins became a
staple of cryo-EM targets.”' In vertebrates, L-ferritin is
responsible for the nucleation of iron oxide within the hetero-
oligomeric (L and H) ferritin assembly. When soaked in a
solution of Fe?* ions, uniform-size iron oxide atomic clusters
consisting of several Fe ions nucleate inside L-ferritin." This
phenomenon was used to determine the interaction between the
inner surface of L-ferritin and the iron oxide by X-ray
crystallography.™ Building on L-ferritin’s ability to nucleate
iron oxide, we set out to use it as a reaction vessel that could
provide the local environment for studying the interaction of
MO6A with in situ-generated iron oxide nanoparticles while
enabling the structure determination.

Here we report on the structural transformations of M6A in
response to its interaction with nascent biomineral particles.
Using our unique experimental strategy in combination with
cryo-EM and X-ray crystallography, we observed structural
changes in M6A from a disordered state in the absence of
mineral deposits to a stable helix and an extended loop that
strongly interacts with an iron oxide particle. Between these two

extreme conditions, in the vicinity of a smaller iron oxide deposit
we found M6A in a partially structured state where part of the
helix was formed but the extended loop was still disordered.

B RESULTS

The X-ray structure of H-ferritin-M6A was previously
determined,”® and it was demonstrated that ferritin’s C-
terminus, where M6A is conjugated, is inside the nanocage. In
this construct, M6A can potentially interact with the iron ions
that enter the ferritin nanocage. However, M6A was not resolved
by the H-ferritin-M6A X-ray structure. To examine the
molecular details of the interaction between a forming
biomineral and M6A, we cloned it into the C-terminus of
mouse L-ferritin behind a glycine spacer (Figure 1). The
structure of the purified chimeric protein was then solved using
cryo-EM and X-ray crystallography under various conditions.
To monitor the effect of the ferritin scaffold on M6A, we
determined the structure of L-ferritin-M6A after purification
(the “untreated” sample), using cryo-EM (Figure 2). In this

Figure 2. M6A becomes partially structured in the presence of a
biomineral particle. A cut through the EM density map (top left) reveals
the formation of the biomineral particles in the cavity of ferritin (red
box). The ribbon model of mouse L-ferritin (PDB 1LB3>*), fitted to the
map presented as a wireframe, is depicted at the bottom. The extra
helical turn and the extra density found in the untreated sample are
marked by an arrow and a box, respectively.

~3.4 A resolution structure, roughly spherical densities are
attached to the inner surface of ferritin at the suggested L-ferritin
terrihydrite nucleation site,’ which is consistent with the
formation of biomineral particles. As indicated by its elution
volume during size exclusion chromatography (SEC), L-ferritin-
MO6A was purified as a 24-mer nanocage assembly. Given that the
buffers used during purification had no iron (or other transition
metals), it is likely that the mineral particles were formed in vivo
and not during the purification process (Figure S1), supporting
the notion that this extra density is likely an iron oxide particle.
The in vivo ability of L-ferritin-M6A to self assemble was further
demonstrated using ferritin-knockout HeLa cells transfected
with L-ferritin-M6A (Figure $2).** Therefore, this extra density
is likely an iron oxide formed in vivo. However, since ferritins
were shown to promote the sedimentation of a wide range of
substances, the ability to remove this density by chelation and
replace it by a treatment with iron ions had to be confirmed.
In addition to the formation of the biomineral particles, we
found that the C-terminus of L-ferritin and part of M6A became
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partially structured under these conditions, resulting in the
formation of ~2 helix turns in the N-terminal part of M6A. This
result agrees with studies of M6A in solution'” and secondary
structure predictions using JPred”’ that show that M6A is
unstructured in the context of Mms6 (with a weak tendency of
its last two amino acids to form a helix) as well as when it is
conjugated to the C-terminus of L-ferritin. When observed at
low thresholds, the density of M6A extends and overlaps with
the density of the biomineral particle. This finding suggests that
MO6A’s disordered region weakly interacts with the particle and,
as a result, has an increased propensity to sample its vicinity.
However, these structural changes might result from the fusion
of M6A to ferritin or from the interaction with ions inside the
ferritin cage, requiring further examination.

To determine whether the extra density found in the
untreated sample is an in vivo-formed mineral and whether
this mineral impacted the M6A folding, the protein was treated
with an acetate wash to chelate its metal content, and its
structure was determined again by cryo-EM and X-ray
crystallography. The extra density found in the untreated
protein was absent from the cryo-EM and X-ray crystallography
maps (at 3.0 and 1.7 A resolutions, respectively) of the “acetate-
washed” ferritin-M6A (Figures 3 and S3). Therefore, the

Figure 3. Without mineral particles M6A is unstructured. No sediment
densities were found in the map of the acetate-washed protein (top),
and the extra helical turn of M6A could not be observed (the ribbon
diagram of mouse L-ferritin (PDB 1LB3) is presented to guide the eye).

spherical densities observed in the untreated protein were
indeed of biomineral particles. Moreover, the extra helical turns
of M6A that were found in the untreated protein were absent in
the acetate-washed protein, indicating that the partial
stabilization of M6A is correlated with the formation of the
biomineral particles and cannot be explained by the scaffolding
effect of ferritin.

To control the nature of the sediment, we next introduced
iron ions into L-ferritin-M6A by incubating the acetate-washed
ferritin cages in a buffer supplemented with FeCl, to allow for de
novo iron oxide mineralization inside ferritin-M6A. The FeCl,-
treated protein structure (“refilled”) was determined by cryo-
EM, giving rise to a ~2.7 A resolution map (PDB 6ZHS). The
resulting map had a large additional density protruding from the
4-fold symmetry axes of ferritin that extended along its inner
surface toward the 2-fold symmetry axes (Figure 4). The density
near the 4-fold axes, which is where M6A starts, clearly appeared
as a helix, and spherical features near the 2-fold symmetry axes

Figure 4. Cryo-EM map of the refilled sample. A cut through the EM
density map (top) reveals a large density positioned where the
biomineral particles in the untreated samples were found (red box).
The density of M6A protrudes from the C-terminal end of ferritin (red
arrow) and continues in the vicinity of the iron oxide particles (the
ribbon diagram of mouse L-ferritin (PDB 1LB3) is presented to guide
the eye).

were likely iron oxide particles. Therefore, some of the structural
features of the map could be directly interpreted. However,
tracing M6A with an atomic model around the iron oxide
particle was challenging due to its irregular shape and close
contacts with the protein.

We realized that the differences in the electron-dose
sensitivity of the protein and the iron oxide particles could
assist in telling the protein apart from the mineral” To
distinguish between them, we developed a “radiation damage-
assisted single-particle analysis” protocol (the detailed protocol
is found in the Supporting Information), which utilizes the
differences in the electron-dose sensitivity of the organic and
inorganic phases of the structure (Figure 5).2°"* The 3D map
of the refilled sample was reconstructed twice without changing
the alignment parameters that were determined during the initial

Dose weighted
particles

Dose weighted
3D map

®

3D
reconstruction

S

Alignment
parameters
(%y,0,0,¥),
(%Y,9,0,¥),
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Figure 5. Radiation damage-assisted single-particle analysis. The
alignment parameters (shifts and Euler angles) were determined by
the 3D refinement of the dose-weighted particles. These parameters are
used for reconstituting the “regular” dose-weighted high-resolution
map. High-dose (i.e., late frames) sums of the particles were produced
from the movies of the same-aligned particles. The high-dose 3D map
was reconstructed by applying the reconstruction parameters that were
determined for the dose-weighted particles on the high-dose sums of
the particles.
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dose-weighted refinement. The maps were reconstructed, once
using the early frames (0—40 e”/A?), and once using the late
frames (40—80 e™/A?) of each particle. As expected, due to their
higher radiation sensitivity the protein chains were diffused and
absent in most of the regions of the late-frames map, highlighting
the electron densities of the iron oxide particles.

Using a difference map between the low- and high-dose maps
to guide the model building, we modeled the structure of most of
MBO6A, revealing its interaction with the forming iron oxide
particles. The resulting structure had 12 pairs of almost spherical
particles. The particles in each pair were located on both sides of
the octahedral ferritin cage 2-fold symmetry axes (Figure 6a).

Figure 6. M6A becomes structured in response to the formation of iron
oxide particles. (a) The density of a large iron oxide particle (red) was
revealed by the radiation damage-assisted single-particle analysis. M6A
forms a helix and an extended loop that wraps around the iron oxide
particles. (b) Comparison between the atomic models of M6A of the
untreated (blue) and refilled (yellow) conditions. The segment of L-
ferritin that precedes M6A is presented by washed shades (pink, acetate
washed; light blue , untreated; and light yellow, refilled). Note the
change in the orientations of Glul87 and Ser191.

The iron oxide particles were considerably larger (~225 A®,
fitting 10—13 iron ions) than the iron oxide clusters previously
found in wild type (wt) L-ferritin.* The interaction with M6A
shifted the iron oxide particle by one a-helix turn away from the
wt iron nucleation site, located near the middle of the second
helix of L-ferritin.” Hence, out of the four negatively charged
amino acids that coordinate the Fe ions in wt-L-ferritin (ES4,
ES7, ES8, and E61), only two are in contact with the M6A-
stabilized iron oxide particle (ES4 and ES7). M6A becomes
partially structured when it interacts with the iron oxide particle
and wraps around it. This M6A conformation consists of a helix
followed by an extended loop. We could not fully trace M6A’s C-
terminus due to possible flexibility in the vicinity of the particle,

which limited the accurate assignment of these residues.
Nevertheless, the density of the loop was clearly apparent. The
MBO6A helix interacts with the iron oxide particle through its
glutamate 187 (E187) amino acid, and the loop interacts with
the particle through its aspartate 192 amino acid and two
glutamates, 194 and 196 (i.e, E118, D123, E12S, and E127 in
the Mms6 sequence, respectively) (Figure 6b). Most of the
interactions with the iron oxide particle are mediated by the
loop, either by transient interactions, as found in the untreated
sample, or by more stable interactions in the refilled sample.
Therefore, the stabilization of the helix is nonlocal, where
interactions with the iron oxide particle in the C-terminal part of
MBO6A induce a conformational change of its N-terminal part.

B DISCUSSION

In this work, we followed the structural changes of M6A in
response to the formation of iron oxide particles in its vicinity.
The structure determination of biomineralization proteins while
in complex with minerals is challenging due to incompatibilities
between structural methods and the conditions required for the
formation of these complexes. For example, growing sediments
of more than a few ions while maintaining intact protein crystals
is challenging and limits high-resolution X-ray crystallography
studies. Similarly, biomineralization proteins tend to form
nonuniform and nonstoichiometric higher-order structures
when interacting with protein—mineral complexes.” These
diverse morphologies, which are typical to biomineralization
processes, are incompatible with sample preparation and image
analysis methods used in high-resolution cryo-EM studies.
Conjugating M6A to the C-terminus of L-ferritin allowed us to
circumvent these obstacles.

Ferritins are oligomeric proteins with a cage-like structure,
which perform iron binding and storage functions in numerous
organisms. Their ability to sequester metals has inspired many
nanotechnological studies aimed at utilizing ferritin as a platform
for MRI applications, controlled drug release, the leaching of
ions from the environment, and as an artificial mineralization
tool."”**** Here, we used ferritin as a scaffold for positioning
MBO6A near an artificially nucleated iron oxide nanoparticle, and
tested their interactions. To control the direct effect of the inner
surface of L-ferritin on the structure of M6A, we solved the
structure of L-ferritin-M6A without sediment precipitates (the
acetate-washed sample) by cryo-EM and X-ray crystallography.
In both structures (Figures 3 and S3), the density of M6A was
absent, confirming that it was unstructured under these
conditions as expected from secondary structure predictions
and previous studies.”>~'” Because ferritin and its mutants can
recruit a wide range of metals, we expect that this strategy will be
applicable for a wide range of systems, especially ones that bind
divalent cations.

To analyze our results, we developed an image processing
protocol for assisting the molecular model building in cases
where the protein—nanomineral interface is hard to discern in
the density maps. Using this method, we determined the
structure of the M6A/iron oxide particle complex formed by
incubating L-ferritin-M6A in an FeCl,-supplemented buffer.
Under these conditions, a relatively large iron oxide particle was
formed (10—13 Fe ions). More than half of the particle’s surface
area is in contact with M6A4, indicating strong binding. Most of
the interactions between the M6A and the iron oxide particle are
mediated by negatively charged amino acids, suggesting that the
particle’s surface is positively charged.

https://dx.doi.org/10.1021/jacs.0c07565
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A comparison between the untreated and the refilled
structures shows that when the iron oxide particle is larger,
M6A is more structured. This result may explain previous
observations of the effect of magnetite on the structure of Mms6
and the finding that Mms6 facilitates the early stages of sediment
formation.'” However, in contrast with its in vivo function, the
iron oxide particles in our study are likely not magnetite.
Consequently, the interaction between M6A and the iron oxide
particle seems to be nonspecific. This result is in line with other
studies, which demonstrated the ability of IDPs to interact with
substrates in a nonspecific manner.®

The conformational changes of M6A demonstrate that
proteins that are in direct contact with the forming biominerals
can sense and respond to the geometry of the minerals. The C-
terminal loop of M6A becomes more localized due to its
multiple interactions with the iron oxide particle. In contrast, the
N-terminal segment, which does not interact with the particle in
the untreated sample and has only a limited interaction with the
particle in the refilled sample, is stabilized and forms a helix. The
stabilization of this helix can be explained by classical biophysical
helix—coil transition models’' that capture the cooperative
nature of the helix formation. Under such a scheme, the partial
localization of the C-terminal loop can lead to the stabilization of
a helix away from the particle, therefore propagating a signal
from the C-terminal to the N-terminal side of M6A. Highly
charged intrinsically unstructured regions are found in many
biomineralization proteins.” Therefore, it is likely that a similar
effect can be found in other biomineralization systems.

The response of M6A to the sediments can function as a
mechanism for controlling the microstructure. The interaction
of the C-terminal region of M6A with the iron oxide particle can
directly affect its geometry by dynamically altering its surface
energy and the diffusion rate of ions. Alternatively, the
stabilization of the helix at the N-terminal side of M6A due to
the interactions of its C-terminal loop with the iron oxide
particle may act like a sensor that mediates the modulation of
other parts of the biomineralization machinerzf. This observation
suggests an extension of the fly casting model’” to a “fly-sensing”
scenario where transient cues at the contact site with the
sediment are transmitted to the rest of the protein.

B MATERIALS AND METHODS

Protein Expression and Purification. The gene encoding the
ferritin light chain 1 (Ftl1) and the magnetite biomineralization protein
Mms6 Aspl16—Glul27 was synthesized in a frame with Gly as a linker
between the two proteins and subcloned into a pET28a Escherichia coli
expression vector (Novagen) between the Ndel and BamHI restriction
sites. In this construct, a 6-His tag was fused at the L-ferritin-M6A N-
terminus with a thrombin cleavage site (done by Biomatik®,
Cambridge, Ontario N3H4R7, Canada).

For protein expression, the plasmid was introduced into E. coli BL21
strain cells in a Luria broth (LB) medium containing kanamycin (100
mg/mL) at 37 °C and 180 rpm. Protein overexpression was induced by
the addition of isopropyl-p-thiogalactopyranoside (IPTG) to a final
concentration of 0.3 mM when the cell culture reached an optical
density of 0.6 at 600 nm. After induction, cells were allowed to grow for
an additional 16 h at 20 °C and 180 rpm. The cells were harvested by
centrifugation (8000 X g) for 25 min at 4 °C. Cells were resuspended in
a lysis buffer (20 mM Tris-HCl pH 8, 200 mM ammonium sulfate, 20
mM imidazole, 10% glycerol, and 2 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP)) and incubated with DNase I (10 mg/mL) and
a protease inhibitor cocktail (100 mM phenylmethylsulfonyl fluoride
(PMSE), 1.2 mg/mL leupeptin, and 1 mM pepstatin A) at a ratio of
1:1000 with the binding buffer for 20 min at 4 °C, followed by either
disruption by two cycles in a French press pressure cell at 207 MPa or

homogenization (CS homogenizer, Avestin). Cell debris were
separated by centrifugation at 19000 g for 60 min at 15 °C. L-
Ferritin-M6A was purified from the supernatant fraction by a
homemade gravity Ni-NTA column (2.5 cm diameter, Econo-Column
Chromatography Columns, Bio-Rad; Ni-NTA His Bind Resin; Lot no.
MO0063428, Novagen) equilibrated with lysis buffer. The protein was
washed with two different wash buffers, wash buffer I (20 mM Tris-HCl
pH 8, 500 mM ammonium sulfate, 40 mM imidazole, 10% glycerol, and
2 mM TCEP) and wash buffer II (20 mM Tris-HCl pH 8, 200 mM
ammonium sulfate, 20 mM imidazole, 10% glycerol, and 2 mM
TCEPs). Elution was performed using an elution buffer (20 mM Tris-
HCI pH 8, 200 mM ammonium sulfate, 5% glycerol, 2 mM TCEP, and
50 mM ethylenediaminetetraacetic acid (EDTA)). The eluted protein
was concentrated, and the buffer was replaced with the SEC buffer (see
below) and further concentrated using an Amicon Ultra filtration unit
10 000 MWCO (Millipore Sigma, Darmstadt, Germany). Several SEC
buffers were tested to obtain the assembled nanocage L-ferritin-M6A.
The final SEC buffer was 20 mM Bis-Tris pH 5.8, 500 mM KCI, and
10% glycerol. The L-ferritin-M6A was applied to a column of HiLoad
26/60 Superdex 200 (GE Healthcare Biosciences) equilibrated with the
SEC buffer (Figure S1). The purified nanocage L-ferritin-M6A was
then concentrated to 15—20 mg/mL, flash-frozen in liquid nitrogen,
and stored at —80 °C. The protein concentration was determined by
UV absorbance at a wavelength of 280 nm using a molar extension
coefficient of 12950 (M-cm)™'. The final protein purity was
determined by SDS—PAGE and Coomassie staining to be around
95% (Figure S1).

L-ferritin-M6A without the His tag (L-ferritin-M6A-H) was purified
as described with an additional step of thrombin cleavage. Bovine
thrombin (10 U/ml; 9002—04—4, Fisher Bioreagents) was added to the
L-ferritin-M6A protein washed with the SEC buffer for 16 h under
rotation at 20 °C.

Preparation of Proteins at Different Iron-Loading States.
Proteins for cryo-EM imaging were prepared in the following three
different states: (I) purified nanocage L-ferritin-M6A (“untreated”),
(II) purified nanocage L-ferritin-M6A after a sodium acetate treatment
(“acetate-washed”), and (III) purified nanocage L-ferritin-M6A after a
sodium acetate treatment followed by iron loading (“refilled”). To
ensure that the imaging of all three states was performed under the same
conditions, the last step prior to the plunge freezing of cryo-EM samples
was the transfer, by dialysis of 16 h at 20 °C, of the protein into a cryo-
EM imaging buffer (20 mM Bis-Tris pH 5.8, 500 mM KCl, and 0.5%
glycerol), followed by the dilution of the protein to 0.1 mg/mL.

The acetate-washed protein was prepared by diluting the purified
nanocage L-ferritin-M6A (i.e., the untreated protein) to 10 mg/mL in
the SEC buffer and supplementing the sample with 0.5 M sodium
acetate buffer, resulting in final concentrations of 0.25 M sodium
acetate at pH 4.6 and S mg/mL protein, followed by incubation for 6—8
h.

The refilled protein was prepared by transferring the acetate-washed
protein at a concentration of 5 mg/mL by dialysis back to the SEC
buffer, followed by a further dilution of the protein to 0.1 mg/mL and
incubation in the SEC buffer supplemented with FeCl, to a final
concentration of 0.044 mM FeCl,. The 1 mM FeCl, stock solution used
in this experiment was freshly prepared by adding FeCl, (F1632161 113
MERCK, Darmstadt, Germany) to the N,-purged SEC buffer.

X-ray Crystallography. Purified L-ferritin-M6A and L-ferritin-
MG6A-His were crystallized by the sitting-drop vapor diffusion method
at 20 °C. To form the drop, 0.5 yL of protein was mixed with 0.5 uL
reservoir solutions. The crystallization trials were performed with L-
ferritin-M6A or L-ferritin-M6A-H concentrated from 2 to 15 mg/mL at
20 °C in the SEC buffer. The initial crystallization conditions were
examined using commercial screening kits from Hampton Research
(Index) and Molecular Dimensions (structure screen I + II HT), and
many conditions were scanned without data collection. The finest
crystal appeared after 3 months in a well containing L-ferritin-M6A-H
(15 mg/mL) in structure screen conditions no. 4 (0.1 M sodium acetate
pH 4.6 and 2 M sodium formate). Details of X-ray crystallography data
collection and analysis are provided in the Supporting Information.
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Cryo-EM. Cryo-EM samples were prepared by plunge freezing into
liquid ethane. The protein solution (2.5—3 uL) at a concentration of 0.1
mg/mL was deposited on glow-discharged Quantifoil R1.2/1.3 holey
carbon grids (Quantifoil Micro Tools GmbH, Germany), and the
sample was manually blotted for 4 s and vitrified by rapidly plunging it
into liquid ethane using a home-built plunging apparatus. The frozen
samples were stored in liquid nitrogen until imaging.

Samples were loaded under cryogenic conditions and imaged under
low-dose conditions on a Tecnai F30 Polara microscope (FEIL
Eindhoven) operated at 300 kV. Data sets were collected with
SerialEM™® using a homemade automated data collection script.**
Imaging was done by a K2 Summit direct electron detector fitted
behind an energy filter (Gatan Quantum GIF) set to +10 eV around the
zero-loss peak. The calibrated pixel size at the sample plane was 1.1 A.
The detector was operated in a dose fractionated counting mode at a
dose rate of ~8 e”/pixel/s. Each dose-fractionated movie had 50
frames, with a total electron dose of 80 /A2 Data was collected at a
defocus range from —1.0 to —2.5 um.

Dose-fractionated image stacks were aligned usinég MotionCorr2,*
and their defocus values were estimated by Getf.*® The sum of the
aligned frames was used for further processing by Relion3.0.>” Particles
were autopicked based on a template produced from a small subset of
manually picked particles. The picked particles were processed by an ab
initio 2D classification, followed by a manual inspection and the
selection of the class averages. Classes were selected based on the shape
and number of particles. All selected classes had clear signatures of
secondary structure elements. The initial 3D reference was prepared
from the data set of the untreated sample. Final maps were obtained by
3D refinement, imposing an octahedral (O) symmetry. The resolution
was assessed by Fouriers shell correlation. The different stages of image
processing of each EM structure are summarized in Figures S4—S6 and
Table S2.

While the results presented here were obtained by assuming an
octahedral symmetry, reprocessing the data with no symmetry
assumption gave similar results (EMD-11365). Thus, in the case of
the refilled map, while we cannot rule out some variability between the
iron oxide particles, our results suggest that they are the same.
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