N

N

Magnetochrome-catalyzed oxidation of ferrous iron by
MamP enables magnetite crystal growth in the
magnetotactic bacterium AMB-1
Matthieu Amor, Daniel Chevrier, Marina I. Siponen, Ramon Egli, Ernesto

Scoppola, Lourdes Marcano, Chenghao Li, Damien Faivre, Fadi Choueikani

» To cite this version:

Matthieu Amor, Daniel Chevrier, Marina I. Siponen, Ramon Egli, Ernesto Scoppola, et al..
Magnetochrome-catalyzed oxidation of ferrous iron by MamP enables magnetite crystal growth in
the magnetotactic bacterium AMB-1. Proceedings of the National Academy of Sciences of the United
States of America, 2024, 121 (50), pp.e2410245121. 10.1073/pnas.2410245121 . hal-04828114

HAL Id: hal-04828114
https://hal.science/hal-04828114v1
Submitted on 10 Dec 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04828114v1
https://hal.archives-ouvertes.fr

O© 00 N Ul hH W N -

=
N = O

WWWWWWWWNNDNNNNNNNNRERERRERRER 2R
NOULPA,WNRFRPOUOUONONULPA WNRFRP OOV UL W

Magnetochrome-catalyzed oxidation of ferrous iron by MamP
enables magnetite crystal growth in the magnetotactic
bacterium AMB-1

Matthieu Amor'?’, Daniel M. Chevrier', Marina L. Siponenl, Ramon Egli3, Ernesto
Scoppola®, Lourdes Marcano™®, Chenghao Li*, Fadi Choueikani’, Damien Faivre""

' Aix-Marseille Université, CEA, CNRS, BIAM, 13115 Saint-Paul-lez-Durance, France

% Univ. Lyon, ENSL, UCBL, UJM, CNRS, LGL-TPE, 69007 Lyon, France
3 Department of Geophysics, Geosphere, Vienna, Austria

* Biomaterials, Hierarchical Structure of Biological and Bio-inspired Materials, Max
Planck Institute of Colloids and Interfaces, 14476 Potsdam, Germany

> Center for cooperative research in biomaterials (CIC biomaGUNE), Basque research
and technology alliance (BRTA), Paseo de Miramon 194, Donostia-San Sebastian
20014, Spain
% Department of Physics & MAGNES, University of Oviedo, 33007 Oviedo, Spain
’ Synchrotron SOLEIL, L’Orme des Merisiers, 91190 Saint-Aubin, France

*Corresponding authors:
matthieu.amor@ens-lyon.fr (MA); damien.faivre@cea.fr (DF)

Keywords: Magnetotactic bacteria, Cytochromes, Magnetite biomineralization,
Magnetotaxis



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Abstract

Magnetotactic bacteria have evolved the remarkable capacity to biomineralize chains of
magnetite [Fe(Il)Fe(Ill),04] nanoparticles that align along the geomagnetic field and
optimize their navigation in the environment. Mechanisms enabling magnetite formation
require the complex action of numerous proteins for iron acquisition, sequestration in
dedicated magnetosome organelles, and precipitation into magnetite. The MamP protein
contains c-type cytochromes called magnetochrome domains that are found exclusively in
magnetotactic bacteria. Ablation of magnetochromes in MamP prevents bacteria from
aligning with external magnetic fields, showing their importance to maintain this biological
function. MamP has been proposed, mostly from in vitro experimentations, to regulate iron
redox state and maintain an Fe(II)/Fe(Ill) balance compatible with magnetite formation via
the iron oxidase activity of magnetochromes. To test the proposed function for MamP in
vivo in the magnetotactic strain AMB-1, we characterized the iron species in chemical
MamP-mediated magnetite syntheses as well as in bacteria unable to produce MamP using a
combination of physico-chemical methodologies. We show that MamP has no apparent
control on the speciation and oxidation state of intracellular iron nor on the Fe(Il)/Fe(III)
balance in magnetite. We propose that MamP promotes magnetite growth by incorporating
Fe(IIl) into pre-existing magnetite seeds, and that magnetite structure and stoichiometry is

maintained by further equilibration with dissolved Fe(Il) in magnetosome organelles.

Significance

Biological organisms can produce crystalline structures via biomineralization.

Magnetotactic bacteria synthesize chains of iron-based magnetic nanoparticles
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(magnetite) in magnetosome organelles to magnetically orient in aquatic environments.
Many proteins are involved in this process to tightly control the nanoparticle properties.
Here, we resolve the function of MamP, a particularly important protein that contains c-
type cytochrome-like motifs specific to magnetotactic bacteria called magnetochromes.
We demonstrate that MamP enables proper growth of magnetite nanoparticles to optimize
the magnetic properties of magnetite, which is critical for magnetic orientation to
maintain the biological function. These results also establish MamP as a promising
candidate for generating isotope anomalies that are used for reconstructing the emergence

of magnetotactic bacteria on Earth.
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Introduction

Biological organisms have evolved the capacity to form crystalline structures from
inorganic ions. This process, termed biomineralization, is widespread among both
prokaryotes and eukaryotes and serve specific biological functions. Magnetotactic bacteria
(MTB) are the only known microorganisms synthesizing intracellular ferrimagnetic
nanoparticles made of either magnetite [Fe(I)Fe(Ill),O4] or greigite [Fe(Il)Fe(Il1),S4] in a
genetically controlled manner (1). They are ubiquitous in all types of aquatic environments,
and are thought to have emerged on Earth at least ~3 billion years ago (2). In MTB, a single
nanoparticle is contained within organelles called magnetosomes, which consist of lipid
vesicles surrounding the magnetite or greigite crystal (3). The nanoparticle size is restricted
to fall within the magnetic stable single-domain range, optimizing the magnetic contribution
of each iron atom. The chain alignment of magnetosomes also maximizes the cell’s
magnetic anisotropy and provides a stable magnetic moment to the bacteria. It is assumed
that magnetosome chains are used for passive alignment along the geomagnetic field to
optimize the search for suitable redox conditions in chemically stratified environments.

In magnetite-forming MTB, genetic factors are responsible for the stepwise magnetosome
formation: the invagination of magnetosome vesicles from the inner cell membrane, the
alignment of magnetosomes along cytoskeletal filaments, the iron delivery to magnetosomes
for magnetite precipitation, and the crystal growth and maturation. The redox state of
intracellular iron has to be tightly controlled to allow for storage, solubilization, delivery to
the magnetosomes, and magnetite formation (3). MamP has been proposed as a key protein
for controlling the Fe(Il)/Fe(Ill) balance in magnetosomes (4, 5). It is highly conserved in

known magnetite-forming MTB (3), and is embedded within the magnetosome membrane.
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MamP comprises two magnetochrome domains (Pfam: PF18509), a c-type cytochrome-like
domain specific to MTB consisting of double CXXCH heme motifs facing the magnetosome
lumen and predicted to function as Fe(Il) oxidases (4-6). Gene deletion of mamP in model
strains severely impairs biomineralization with typically one large magnetite crystal per cell
accompanied by many small (<10 nm) flake-shaped particles (1, 5). Electron microscopy
characterizations of single particles showed that the fraction of these small nanoparticles
possessing a resolved lattice structure are compatible with magnetite, but the presence of
distinct and potentially amorphous iron phases in the small nanoparticle population remains
unclear (5). MamP activity was shown to be magnetochrome-dependent (5). Finally, MamP
is able to form magnetite nanoparticles from ferrous iron only under basic pH conditions in
aqueous solutions by partially oxidizing Fe*" and subsequently allowing Fe*"/Fe’" co-
precipitation similarly to what is commonly observed during chemical precipitation of
magnetite nanoparticles (4, 5).

Major responses regarding MamP function(s) have mostly been obtained in vitro and thus
remain to be elucidated in vivo. For example, the capacity of MamP to maintain a fixed
Fe(IT)/Fe(IIl) ratio close to that of magnetite in magnetosomes has not been demonstrated.
The potential involvement of MamP in maintaining the nanoparticle size within the stable
magnetic single-domain range also remains to be resolved. Finally, the presence of
magnetite precursors, which could be triggered by MamP activity, and their importance for
biomineralization have been largely debated (7-9). In this contribution, we characterized the
mineral phases and iron species in bacterial and magnetite samples through physico-
chemical approaches (electron microscopy, magnetic measurements, X-ray diffraction, X-

ray absorption spectroscopy and X-ray magnetic circular dichroism) enabling measurements
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at the bulk level, thus avoiding biases induced by a limited number of magnetite
nanoparticles and/or bacteria. Four types of samples were analyzed: nanoparticles produced
chemically from Fe*" and Fe’" ions, nanoparticles produced from Fe’" in the presence of
MamP, wild-type MTB and their particles produced biologically, as well as bacterial MamP
genetic knockouts and their nanoparticles. Our results do not support the proposed function
of MamP in controlling the Fe(II)/Fe(Ill) balance for magnetite formation: iron is
qualitatively and quantitatively found in the same chemical species and oxidation states in
mutant bacteria lacking MamP. They rather point towards a MamP-controlled magnetite
growth by partial oxidation of ferrous iron entering magnetosomes and addition of the
resulting Fe(Ill) to pre-existing nanoparticles. The present contribution establishes an
updated function of the magnetochrome domain and shows that detailed characterization of
the mineral products in MTB helps unravelling the biochemical reactions catalyzed by

biomineralization proteins.

Results

Crystal production in chemical and biological syntheses

Inorganic magnetite nanoparticles, hereafter referred to as chemical magnetite, were
synthesized by Fe*"/Fe’" co-precipitation in aqueous solution at constant pH = 9 compatible
with the biomineralization medium (10), following an established method (11) (Fig. S1). X-
ray diffraction (XRD) analyses showed all typical peaks of magnetite (12) and confirmed the
crystal purity in this sample (Fig. 1A). The wild-type magnetotactic strain Magnetospirillum
magneticum AMB-1 (hereafter referred to as WT AMB-1; Fig. S1) yielded the same

diffraction peaks with positions attributed to magnetite, also showing that AMB-1 produced
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magnetite as the sole crystalline product (Fig. 1A). Chemical magnetite yielded broader
peaks due to the smaller crystallite sizes (see below). To test the ability of MamP to produce
magnetite from Fe’*, we performed in vitro syntheses of magnetite nanoparticles (hereafter
referred to as MamP magnetite) in an aqueous solution by mixing MamP and dissolved Fe*"
under anoxic conditions at pH = 9 (Fig. S1). The precipitation solution possessed a dark
green color compatible with a mixture of green rust and magnetite (Fig. S2). The
precipitation solution immediately turned orange upon exposure to air for sample recovery
and drying (Fig. S2), which could be explained by green rust oxidizing into (oxy)hydroxides
such as ferrihydrite and/or goethite likely originating from excess Fe(Il) (see supporting
text). To limit sample oxidation, MamP magnetite was immediately stored in vacuum upon
recovery without rinsing with Milli-Q water. The mineralogical composition of MamP
magnetite samples showed spatial heterogeneities, but the presence of magnetite, halite and
goethite was confirmed by XRD (Figs. 1A, S3 & S4). Sample manipulation with a magnetic
separator (MACSIMAG, Miltenyi Biotec) could not separate magnetite from organic
material and goethite, likely because of magnetite encapsulation in co-occurring material
(Fig. S1). Given that oxidation and dissolution of magnetite occur during digestion of
organic matter and goethite dissolution, MamP magnetite was not further processed to allow
characterization of native magnetic properties (see below and supporting information).
Finally, the crystalline products of mutant AMB-1 bacteria unable to produce MamP
(hereafter referred to as AmamP AMB-1) were determined. The low crystal content yielded
smaller diffraction peaks, with only the most intense (311) reflection of magnetite observed
(Fig. 1B).

XRD peak refinement was used to calculate the magnetite crystallite sizes (Fig. S5).
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MamP generated smaller nanocrystals (8.5 + 1.2 nm) than the pure chemical synthesis (10.8
+ 0.2 nm). The two AMB-1 strains yielded indistinguishable XRD crystallite sizes: 29.2 +
0.3 and 28.2 + 2.3 nm for WT and AmamP AMB-1, respectively. However, magnetic
characterization results discussed below clearly excluded a comparable size for magnetite
produced in the two AMB-1 strains, which is compatible with the lower particle size
reported for AmamP bacteria (1, 13). In addition, X-ray absorption spectroscopy (XAS)
pointed to highly similar iron species and their relative fractions in the two bacterial samples
(see below). It is known that XRD peak refinement is biased towards larger crystallite sizes
when two populations of particles coexist (14). Therefore, the large fraction of nanoparticles

below 10 nm in the mutant strain is likely to have been neglected by XRD.

Iron in chemical and bacterial samples: speciation, coordination, oxidation state and
magnetic properties

Iron speciation was characterized in all samples by X-ray absorption spectroscopy (XAS)
at the Fe L, 3-edges to determine the role of MamP in controlling the iron redox state during
biomineralization. In addition, X-ray magnetic circular dichroism (XMCD) spectra were
acquired using fully polarized photons (right and left polarizations) to further distinguish
iron oxides and species by their intrinsic magnetic properties (materials and methods).
Unless otherwise specified, all data were acquired at a temperature of 3 K.

XAS spectra corresponding to WT and AmamP AMB-1 were strikingly similar, yielding
comparable L;-a and L;-b peak positions and relative intensities (Figs. 2A-2D) (Table S1).
Chemical magnetite alone could not fit the bacterial samples: the L;-b peak and the rising

Ls-a edge were shifted towards higher energies in bacterial samples, indicative of a larger
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weight for the ferric species. In addition, the L;-b/L;-a intensity peak ratio was higher in
bacteria, also indicative of a more oxidized state for iron in the biological samples (15). We
calculated linear combinations of reference samples (Fig. S6) to fit the composition of each
bacterial strain. The combination of iron species best matching AMB-1 samples was a
mixture of magnetite (30 %), maghemite (40 %) and ferrihydrite (30 %) (Figs. 2B & 2D). A
ferrihydrite fraction of 30 % in AMB-1 is in line with the reported values (8, 16, 17).
Magnetotactic strains including AMB-1 are also known to produce non-stoichiometric
magnetite, with an Fe(Il)/Fe(Ill) ratio below 0.5 and pointing to partial maghemitization
(18). Potentially unidentified phases could also contribute to the XAS spectra of bacteria,
but the proposed combination of magnetite, maghemite and ferrihydrite is thus compatible
with the established iron budget of MTB cells as well as distinct XAS data previously
acquired on MTB (17).

Given their oxidase activity, magnetochromes were assumed to contain iron in its
oxidized form (4-6). Over subsequent XAS measurements, the L;-b/L;-a intensity peak
ratios of MamP proteins decreased from 5 to 1.25 showing a progressive reduction of Fe(III)
contained in magnetochromes into Fe(Il) (Fig. S7). MamP magnetite samples did not show
this beam-induced reduction behavior, which could suggest that co-occurring chemical
species protected MamP from beam damage and/or that iron atoms in MamP magnetite
would have incorporated into mineral structures limiting significant beam-induced chemical
change. The acquired spectra of MamP magnetite also showed dissimilarities with chemical
magnetite: the L;-b peak position was shifted towards higher energies and the L;-b/L;-a
intensity peak ratio was higher than chemical magnetite (Fig. 2E) (Table S1). To assess

whether goethite identified from XRD could explain the discrepancies between chemical and
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MamP magnetite, we calculated linear combinations of reference samples (only the first
acquired spectrum for MamP proteins was used as representative reference). Experimental
data obtained from MamP magnetite showed the best fit with a mixing of maghemite (55%),
goethite (37%) and MamP proteins (8%) (Fig. 2F).

Iron valence and site occupancy, either tetrahedral (Tq4) or octahedral (Oy), were further
characterized with XMCD (Figs. 3 & S8). Chemical magnetite, WT and AmamP AMB-1
possessed a large magnetic contribution (Figs. 3A & 3B). Following the methodology of
Jungcharoen and co-workers (19), the Fe*" Oy, : Fe’'Ty : Fe’" Oy, peak ratios were used to
show that chemical magnetite stoichiometry slightly deviates from pure magnetite with < 10
% maghemite composition that could have been generated by a limited magnetite oxidation
during sample storage and/or mounting on the sample holder (Fig. 3A) (Table S2).
Importantly, partial oxidation does not alter the interpretation of our experimental results
and XAS linear combinations as stoichiometric magnetite alone could not account for the
XAS spectra. The small degree of oxidation seen in XMCD is consistent with our XAS data
of MamP magnetite and bacterial samples, which can be explained by stoichiometric
magnetite and a contribution of additional ferric iron in octahedral configuration. In the case
of the two bacterial strains, XMCD indicates the coexistence of Fe’" and Fe*' in tetrahedral
and octahedral configurations with a dominant presence of Fe’"Oy, compatible with distinct
oxidized iron phases identified from XAS (Table S2). Still, WT AMB-1 had a Fe’ Ty
contribution comparable to that of magnetite, likely pointing to the higher amount of
magnetite in this strain as compared to AmamP AMB-1 (Figs. S1) (1, 13). Finally, MamP
magnetite showed a lower magnetic contrast, which points to a more dilute nature of

ferrimagnetic materials (Figs. 3D & S1, Table S3). The relative peak intensities indicated a
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high contribution of Fe’*Oy, in line with the presence of goethite identified from XRD
(Table S2).

Paramagnetic and/or antiferromagnetic species should have no net magnetic moment at
room temperature. Accordingly, their XMCD signature is expected to decrease as the
temperature increases. We thus carried out additional measurements of bacterial samples at
300 K to further isolate the XMCD contribution of magnetite from other intracellular iron
species. As expected for paramagnetic species, the magnetic contrast of bacteria decreased at
300 K (Figs. 3B & 3C). The concurrent decrease and increase of the relative contributions of
Fe’* Oy, and Fe’ Ty, respectively, at 300 K is also in line with XMCD specifically probing
magnetite (Table S2). Under these conditions, the XMCD spectra of the two AMB-1 strains
became almost indistinguishable with only the Fe*"Oy, peak slightly larger in AmamP AMB-
1 (variation of the Fe*" Oy, relative contribution between the two strains of less than 1 %, see
Table S2), showing that magnetite stoichiometry in the two bacterial samples was highly

similar.

Magnetic properties and chain structure of magnetite

FORC (first-order reversal curves) analyses were performed to further elucidate the
function of MamP. A FORC diagram represents magnetic hysteresis properties in terms of a
joint distribution p(B., B,) of squared hysteresis loops with half-width B, (also known as
coercivity) and offset field B, (20). XRD indicated magnetite as the sole contributor to the
sample magnetization (Fig. 1), except for MamP magnetite sample also containing the
antiferromagnetic goethite. Goethite is easily distinguishable from magnetite because of its

large coercivity (> 300 mT, ref. 21). Accordingly, this mineral, which is also characterized
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by a spontaneous magnetization > 2 orders of magnitude smaller than that of magnetite (< 1
vs. ~90 Am” kg™, ref. 22), is not expected to contribute to the FORC measurements over the
used field range. The magnetite crystal size of all samples is sufficiently small to ensure that
all particles contain a single magnetic domain with nearly homogeneous magnetization (23).
Accordingly, the FORC diagrams of Fig. 4 are simply interpretable as the joint distributions
of coercivities (B.) and local biasing fields (B,) caused by magnetic interactions (20) for the
fraction of single particles (chemical and MamP magnetite) and chains of particles (WT and
AmamP AMB-1) that are sufficiently large for their magnetization to be stable within the
measurement time. This is known as the stable single-domain fraction (SSD), as opposed to
smaller superparamagnetic (SP) particles, which do not contribute to the FORC diagram
owing to their lack of hysteresis. The SP-SSD limit for magnetite particles is comprised
between ~11 and ~20 nm for shape factors compatible with AMB-1 magnetite (24). Particles
with sizes close to the SP-SSD limit display time-dependent magnetic properties (magnetic
viscosity) resulting in a vertical ridge along B.= 0 (20).

The FORC signature of chemical magnetite (Fig. 4A) was very similar to that of
thermally activated spin glasses, which are systems of magnetic spins with disordered
magnetic couplings subjected to thermal perturbations (25). In the case of chemical
magnetite, spins were represented by the magnetic moments of individual crystals, and
disordered magnetic couplings arose from magnetostatic interactions within closely packed,
random clusters (Fig. S1). Magnetic viscosity was also indicated by the presence of a
vertical ridge along B, = 0. MamP magnetite had a similar signature (Fig. 4B). However, the
vertical spread of the FORC distribution was significantly reduced in comparison to

chemical magnetite, converging to a horizontal ridge running slightly above B, = 0. This so-
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called central ridge (CR), which, in its sharpest version, is clearly visible in the AMB-1
samples (Figs. 4C & 4D), is the characteristic signature of isolated SD particles or linear
chains of such particles (20). Its presence is consistent with a more dispersed nature of
MamP crystals than chemical magnetite (Fig. SI1). We tentatively propose that MamP
magnetite passively nucleated on the surface of the organic materials, which increased the
number of nucleation events (smaller particle sizes for a given amount of iron) and
prevented particle clustering. The smaller particle size of MamP magnetite could also be
explained by the lower iron concentration used in the in vitro syntheses, which was required
to enable a sufficient fraction of ferrous iron to be oxidized given the quantity of MamP
proteins that could be produced (see materials and methods). The much closer hysteresis
loop of MamP magnetite relative to chemical magnetite clearly indicated that most particles
are SP (Fig. S1).

FORC diagrams of MTB are dominated by the presence of a sharp central ridge, along
with a symmetric pair of positive and negative lobes in the lower quadrant, which are the
typical signatures of isolated SSD particles or chains of particles. In contrast with chemical
and MamP magnetite, hysteresis loops are much more opened, as expected for SSD particle
assemblages (20). WT AMB-1 showed all features characteristic of MTB cultures (Fig. 4D),
including a faint vertical ridge reflecting a minor contribution of viscous particles that are
commonly observed in MTB cultures (26). The magnetic properties of AmamP AMB-1 were
qualitatively similar to that of WT AMB-1 (Fig. 4C), including a vertical ridge from viscous
particles. The only significant difference between the two samples was the lower coercivity
of AmamP bacteria (B, = 8.1 mT vs. 17.8 mT), which was also reflected by the median of

the CR coercivity distribution (~14 mT vs. ~32 mT). This difference can be explained by a
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combination of (i) a lower average particle size, (ii) higher shape factors, and (iii) a lower
superimposed axial anisotropy from the chain structure, owing to the much larger in-chain
distances between individual crystals (27).

For any size distribution crossing the SP-SSD boundary, only a small fraction of the
particles contributes to the vertical ridge. Therefore, this ridge cannot be used as a
quantification of SP magnetite. Given the single-domain nature of the investigated materials,
the remanent saturation (M,,) to saturation magnetization (M;) can be used to estimate the
SSD fraction, considering M,/M; = 0.5 for the 100% SSD endmember in the case of well-
dispersed particles, and M,/M; = 0 for the SP endmember (28). WT AMB-1 possessed an
M,./M; ratio (0.470) close to but lower than the ideal value of 0.5 for chains of stable single-
domain particles, confirming the presence of some growing superparamagnetic magnetite in
MTB cultures (26, 28). The decrease of M,/M; to 0.443 in AmamP AMB-1 was consistent
with a relative increase of SP magnetite in this strain. Assuming M;/M; to be a linear
combination of the SSD and SP endmembers, we estimate the volume fraction of SP
magnetite to be ~6 % and ~11 % in WT and AmamP AMB-1 respectively. To further
validate results obtained from FORC, the particle size and shape factor (S, defined as S =
width/length) of magnetite produced by bacteria was measured from electron microscopy
(Fig. 5 & Table 1). The mean length of magnetite produced by WT and AmamP bacteria was
39 and 21 nm respectively, in good agreement with publications investigating WT and
AmamP AMB-1 as well as distinct magnetotactic strains (5, 13, 29-31). Particle size
obtained from XRD was lower in both cases, which has previously been reported (32). The
explanation for this discrepancy is that XRD is sensitive to an effective volume measured in

a specific vector, while particle sizes with electron microscopy are calculated from a
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projected three-dimensional structure. Overall, electron microscopy observations of AMB-1
bacteria are compatible with FORC considering the potential biases induced by two-
dimensional projections of three-dimensional objects, and yielded ~2 % (WT AMB-1) and
~14 % (AmamP AMB-1) of SP magnetite (see supporting text). This demonstrates that all
flake-shaped particles in AmamP AMB-1 correspond to magnetite. Chemical and MamP
magnetite had much lower M,,/M; ratios of 0.085 and 0.012, respectively, in line with both
small magnetite sizes contained within the SP domain and the clustered particle organization

(28, 33).

Discussion

Magnetite biomineralization in MTB is a remarkable process requiring the action of
numerous proteins. Among them, MamP is one of the few magnetosome proteins highly
conserved in magnetite-forming MTB, illustrating its importance (3). MamP is abundant in
the magnetosome membrane (34), with magnetochrome domains facing the magnetosome
lumen (4, 6). Iron is known to be homogeneously delivered to all magnetosomes in the form
of labile Fe*" crossing the magnetosome membrane, and this mechanism is not impaired in
AMB-1 cells lacking MamP (13, 35). Our experimental results allow the proposal of a
model for MamP function in AMB-1 magnetite biomineralization (Fig. 6), and enables
speculation about MamP function in diverse MTB. According to this model, Fe(Il) first
entering empty magnetosome vesicles is nucleated as magnetite through the action of
nucleating proteins. For instance, MamO has been shown to be required for the initiation of
magnetite biomineralization by directly binding iron atoms (36). In addition, templating

proteins such as MamC could promote nucleation and initial growth of magnetite seeds (37).
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The small size of magnetosome vesicles at the stage of crystal nucleation (38) also increases
the magnetite saturation index to thermodynamically favor Fe2+(aq) precipitation into
magnetite under the basic (7.5 < pH < 9.5) and reductive (-0.25 < Eh <-0.60 V) conditions
in magnetosomes (10). Subsequently, MamP enables magnetite growth via magnetochromes
(5) by partially oxidizing ferrous iron entering the magnetosome and incorporating Fe(III)
into the pre-existing nanoparticles. The absence of magnetosome vesicles confining iron into
a restricted volume in the in vitro syntheses also explains the lower particle sizes achieved in
MamP magnetite as compared to those observed in WT AMB-1, which allows iron oxidized
by MamP to freely react with ferrous iron and increases the number of nucleation events in
the entire solution volume. Nucleation of magnetite in AmamP AMB-1 suggests that MamP
activity does not induce the formation of magnetite precursors, although alternative
biomineralization pathways might be triggered in the absence of MamP (8). Still, magnetite
crystals produced in AmamP AMB-1 did not yield shape factors compatible with those
found in WT bacteria, which points to a lower particle elongation in bacteria lacking MamP
(Fig. 5 & Table 1). Even if no direct experimental evidence for asymmetrical distribution of
MamP in magnetosome vesicles exist, the only hypothesis we can propose to resolve these
observations is that MamP is anchored on one side of the magnetosome vesicle only, and
thus adds iron to magnetite on one side of the nanoparticle, which decreases the shape factor.
We note that MamP is required to generate ferric iron species (i.e., magnetite) in the in vitro
syntheses: no oxidation of Fe(Il) occurs in the absence of MamP (4, 5). Combined with the
iron oxidase activity predicted for MamP magnetochromes (4, 6), these evidences strongly
support Fe(Ill) to be the product of MamP activity. As a result, hemes contained in

magnetochromes would become reduced and electron transfer to putative electron acceptors
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would be required to enable further iron oxidation by MamP. The presence of a respiratory
chain in the magnetosome membrane could provide a satisfactory mechanism to fulfill such
electron transfer (6). Oxidized compounds including nitrates could also serve as electron
acceptors (39). Alternatively, no secondary oxidation of MamP would be required to
promote further iron oxidation if newly synthesized MamP proteins are addressed to
magnetosomes at a sufficient rate to sustain magnetite expansion. Finally, residual Fe(Il) in
the magnetosome vesicle becomes available for adsorbing on the growing nanoparticle. In
this case, the magnetite lattice serves as a template so that adsorbing Fe(Il) further
precipitates into magnetite to preserve the crystal structure. This mechanism has been
evidenced in Fe(Il)-oxidizing bacteria which can trigger magnetite expansion through iron
oxidation only when magnetite seeds are initially present (40). Electron transfer from
adsorbed Fe(Il) to the particle core could also occur to keep the Fe(Il)/Fe(Ill) ratio
homogeneous and consistent with magnetite (Fig. 3C), again similar to what has been
observed during iron oxide biomineralization in iron-metabolizing bacteria (41).

We note that 10 % of magnetite crystals in AmamP AMB-1 possessed sizes compatible
with stable single-domain particles similar to those of WT AMB-1 (Fig. 5 & Table 1). Such
observation demonstrates that, in some cases, magnetite grows up to fully mature sizes
without MamP. This shows that the small nanoparticle size in AmamP bacteria cannot be
explained by a small vesicle volume restricting magnetite expansion (38). Still, these mature
particles in AmamP AMB-1 displayed higher shape factors (Fig. 5) than WT AMB-1
magnetite pointing to a more isotropic growth when MamP is lacking. The presence of only
a few large crystals in AmamP cells can be explained by kinetic effects: magnetite is

predicted to be the thermodynamically stable phase when considering dissolved Fe(Il) under
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the expected chemical conditions encountered in magnetosomes (10). MamP can act as a
catalyst to increase the reaction rate of magnetite formation. Such kinetic effects are
supported by a positive linear correlation between the number of large crystals and the
number of total particles in a single AmamP cell (Fig. 7) (i.e., more large crystals when the
intracellular iron concentration is expected to be high, ref. 37). Alternatively, distinct
magnetosome proteins can possess redundant functions with MamP to partially maintain
iron oxidation for magnetite growth. Magnetochrome-containing MamT and MamX are
obvious candidates, although gene deletion of mamX in the MSR-1 strain generated oxidized
products, suggesting an iron reductase activity for MamX (43). In addition, MamT was
proposed to regulate the magnetosome vesicle size (44). Interplay between magnetosome
proteins is supported by the recent finding of magnetosome genes also regulating the
nanoparticle elongation in AMB-1 (45). These two scenarios (kinetic effects and proteins
with redundant function) are not mutually exclusive.

Overall, the results described in this work modify the established scheme defining MamP
as a regulator of the Fe(Il)/Fe(Ill) balance in AMB-1 cells and their magnetosomes.
Magnetic characterizations and XAS analyses demonstrated that iron speciation and
oxidation state remain qualitatively and quantitatively unchanged upon mamP gene deletion
(Figs. 2 & 4). Furthermore, XMCD pointed to magnetite with highly similar
Fe’ Op:Fe’"T4:Fe* Oy, ratios in the two bacterial strains and their magnetite nanoparticles
(Fig. 3C; Table S2). The present contribution establishes MamP and its magnetochromes as
key factors controlling magnetite crystal growth in AMB-1 up to sizes falling within the
stable single-magnetic domain required to generate large magnetic moments and enabling

interactions with external magnetic fields. Future studies should determine whether distinct
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magnetochrome-containing proteins such as MamT or MamX possess a similar function.

Methods

Cultivation of AMB-1 strains

Magnetospirillum magneticum AMB-1 (ATCC 700264) was cultivated following the
protocol described by Komeili and co-workers (46). The sole iron source provided to AMB-
1 cultures corresponded to Fe(IlI)-citrate at 100 uM. AmamP AMB-1 cells were provided by
Pr. Arash Komeili. They were produced following a published protocol (1), and cultivated in

the same experimental conditions as wild-type AMB-1.

Cloning, protein production and purification

The DNA sequence corresponding to residues D26-Q260 of magnetotactic ovoidal
bacterium MO-1 mamP gene was sub-cloned into the plasmid pET26b+ (Novagen), as
previously published (4). The detailed procedure for MamP production is provided in the

supporting information.

Synthesis of chemical and MamP magnetite samples

Production of magnetite nanoparticles was performed using a titration device (Metrohm) as
already described (11). For chemical magnetite, an iron chloride mixture ([Fe(I)Cl;] = 0.33
M and [Fe(III)Cls] = 0.66 M) was added to an NaOH solution (pH = 9) at room-temperature
to match the magnetite stochiometry. The pH decrease associated with the release of protons
from magnetite precipitation was compensated by adding additional NaOH solution (1 M) to

keep the pH constant. The iron mixture, NaOH solution and magnetite synthesis solution
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were kept under constant anoxic conditions by flushing N, to prevent oxidation. Magnetite
samples were then recovered by centrifugation (8 000 rpm, 15 min), rinsed twice with Milli-
Q water and dried in a dessicator to remove secondary minerals (e.g., halite) precipitating
from the sodium and chloride reactants reacting upon drying. MamP magnetite was
produced following a similar protocol by adding an Fe(II)Cl, solution (0.1 M) as the sole
iron source and MamP proteins (2 mg per mL) as the Fe(Il)-oxidizing agent following a
protocol previously established (4). All samples were kept under anoxic conditions before

analyses.

Transmission electron microscopy

Nanoparticles and bacterial samples were deposited on carbon-coated copper grids adapting
a protocol described elsewhere (1). Chemical magnetite and bacteria were rinsed with Milli-
Q water to remove salts precipitated from synthesis solutions and growth media. Samples
were observed with a FEI Tecnai G2 Biotwin microscope operating at 100 kV. Particle sizes

were measured with the ImageJ software.

X-ray Diffraction (XRD)

XRD measurements were performed at the pSpot beamline at BESSY II synchrotron facility
(Helmholtz Zentrum fiir Materialen and Energie, Berlin, Germany) (47). Measurements
were carried out using a B34C/Mo Multilayer (2 nm period) monochromator and an energy
of 15 keV. A sequence of pinholes was used to select a 100 x 100 pm? spot size. The data
were normalized on primary beam intensity, and the background was subtracted.

Transmission through the sample was calculated from an X-ray fluorescence signal collected
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from a lead beamstop using a RAYSPEC Sirius SD-E65133-BE_INC detector equipped
with an 8 pm beryllium window, where the primary beam intensity was monitored using an
ion chamber. Diffraction data were collected by an Eiger 9 M detector with 75 x 75 um?
pixel area. Further data processing and reduction were done using the directly programmable
data analysis kit (DPDAK) (51). Diffraction patterns were radially integrated and the

scattered intensity [(Q) was calculated as a function of the momentum transfer Q, defined as

0= an(2) 0
with A and 0 being the photon wavelength and the scattering angle, respectively. The sample
to detector distance was set to 189 mm and calibrated using quartz powder (NIST, standard
reference material 1878a). Determination of peak position and particle size was performed
following an established methodology with an in-house Python-based script exploiting the
scipy library. Fits were performed by assuming a Pseudo-Voigt distribution and by taking
into account experimental errors and instrumental broadening. All observed magnetite XRD
peaks were fitted, but only those corresponding to the (311) magnetite reflection were taken
into account in the present submission given that only such peak could be observed in
AmamP AMB-1. For each sample, crystallite sizes were calculated from 360 XRD spectra

(except for AmamP AMB-1, which used 72 spectra).

X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD)
analyses
XAS and XMCD measurements were performed at Soleil synchrotron facility (DEIMOS

beamline equipped with a total electron yield detection method at 1 meV energy resolution)
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at 3 K and under a magnetic field of 6 T. The beam size was 800x800 um?’. Ferrihydrite
reference material was precipitated following published methods (49). Its XAS and XMCD
spectra match with previously published works (50, 51). Maghemite was obtained from
oxidation of chemical magnetite by heating at 120 °C in an oven for 48 h. Goethite XAS
reference was provided by Dr. Victoria Coker (see ref. 47). Finally, Fe(Ill)-phosphate
(tetrahydrated) powder was purchased from Sigma-Aldrich. All samples were stored under
anoxic conditions for transportation to Soleil synchrotron. The DEIMOS beamline possesses
a glove box for sample manipulation and mounting on sample holder in an oxygen-free
environment. Samples were spread onto carbon tape on copper sample holders, which were
then transferred to the superconducting magnet for loading in and acquisition of XAS and
XMCD spectra. Data were obtained as previously described (53) by flipping both the
circular polarization (left or right) and the orientation of the magnetic field being either
parallel or anti-parallel to the photon propagation vector. XAS data were obtained by
averaging two spectra corresponding to the left and right polarizations respectively, while
XMCD spectra were calculated as the difference between the two when the magnetic field is
applied in the direction of the incoming beam (perpendicular to the sample). XAS linear
combinations were calculated with the Athena software using the Ifeffit package. The merit
of goodness-of-fit (R-factor) was used to determine the best fits with lowest number of
components (i.e., an additional component is only added to the fit if the goodness-to-fit
value improves more than 10 %). XMCD spectra were fitted with theoretical spectra for

each individual iron components (54).

First-order reversal curves (FORC) measurements
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Magnetic properties of magnetite and bacterial samples were characterized with high-
resolution FORC analyses using a vibrating-samples magnetometer (Lakeshore 8600 VSM).
Samples were transferred in 1.5 mL-Eppendorf tubes and dried at room-temperature in a
dessicator. High-resolution FORC measurements were performed in steps of 0.2 mT for all
samples except chemical magnetite (0.4 mT), using a stepwise approach to the reversal field
to avoid overshooting artifacts (55), and a pause of 3 s at reversal. Measurements have been
processed with VARIFORC (56) using a variable smoothing approach that grants maximum
resolution along B.= 0 and B, = 0, for a correct characterization of the vertical ridge and the

central ridge.
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Figure legends

Fig. 1 X-ray diffractograms of (A) MamP magnetite and WT AMB-1, and (B) AmamP
AMB-1. Chemical magnetite is given as a reference on both panels. All peaks can be
attributed to magnetite - M, goethite - G and halite - H. Inset on panel (B) highlights the

(311) magnetite reflection in AmamP samples.

Fig. 2 (A, C, E) Fe Ls;-edge X-ray absorption spectra of chemical magnetite (black),
MamP magnetite (light brown), WT AMB-1 (blue) and AmamP AMB-1 (red). (B, D)
Linear combinations fitting the spectra of WT AMB-1 (blue) and AmamP AMB-1 (red):
magnetite = 30%, maghemite = 40% and ferrihydrite = 30%. (F) Linear combination
fitting the spectrum of MamP magnetite: maghemite = 55 %, goethite = 37 % and MamP
proteins = 8 %. The Fe L;-edge spectra of all samples and references are also provided in

supporting materials (Fig. S9).
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Fig. 3 Fe L;-edge X-ray magnetic circular dichroism spectra of chemical magnetite
(black), MamP magnetite (light brown), and bacterial samples (i.e., WT AMB-1 in blue
and AmamP AMB-1 in red) acquired at 3 and 300 K. The Fe L,-edge spectra of all

samples and references are also provided in supporting materials (Fig. S10).

Fig. 4 First-order reversal curves diagrams of (A) chemical magnetite, (B) MamP
magnetite, (C) AmamP AMB-1 and (D) WT AMB-1 cells. Quantile contours enclose
regions associated with a fraction 1 — Q of the total magnetization represented by the
diagram. Insets show the major hysteresis loop, which is the envelope of all
measurements. Numbers near the contours inside the plots are quantiles < 10 % that

cannot be resolved in the color bar.

Fig. 5 (A-B) Transmission electron microscopy of (A) wild-type and (B) AmamP AMB-
1. Inset in (A) highlights magnetite in WT AMB-1 (scale bar = 100 nm). Inset in (B)
magnifies small particles (scale bar = 50 nm). (C-D) Size of magnetite nanoparticles in
(C) WT and (D) AmamP AMB-1 measured by transmission electron microscopy. S refers

to the shape factor describing the particle elongation and calculated as S = width/length.

Fig. 6 Proposed model for MamP function in magnetite biomineralization. Eh: redox

potential. Fe(Il),q: aqueous Fe(Il) species. Fe(Il)sor: Fe(Il) adsorbed on the magnetite

nanoparticle. See main text for a detailed description of the model.
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723  Fig. 7 Number of WT-like nanoparticles in AmamP AMB-1 represented against the

724  number of total nanoparticles observed in the same cells with electron microscopy.
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Table 1. Size and volume of superparamagnetic (SP, length < 18 and 25 nm for WT and AmamP AMB-1,
respectively, see main text) and stable single-domain (SSD) magnetite nanoparticles synthesized in WT and AmamP
AMB-1 and measured from electron microscopy.

WT AMB-1 AmamP AMB-1
SP SSD SP SSD
Mean length (L) (nm) 15 41 12 46
Shape factor (S) 0.79 0.78 0.85 0.86
Mean volume}per particle 1102 21 944 657 37287
(nm’)
Fraction of the total
number of particles in the 25 75 90 10
cell (%)
Fraction of the total 5 08 14 36

volume (%)




