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Abstract

Biomineralization in the microbial realm usually gives origin to finely structured
inorganic nanomaterials. Perhaps, one of the most elegant bioinorganic processes
found in nature is the iron biomineralization into magnetosomes, which is per-
formed by magnetotactic bacteria. A magnetosome gene cluster within the bacterial
genome precisely regulates the mineral synthesis. The spread and evolution of
this ability among bacteria are thought to be a 2,7-billion-year process mediated
by horizontal gene transfers. The produced magnetite or greigite nanocrystals
coated by a biological membrane have a narrow diameter dispersibility, a highly
precise morphology, and a permanent magnetic dipole due to the molecular level
control. Approaches inspired by this bacterial biomineralization mechanism can
imitate some of the biogenic nanomagnets characteristics in the chemical syn-
thesis of iron oxide nanoparticles. Thus, this chapter will give a concise overview
of magnetosome synthesis’s main steps, some hypotheses about the evolution of
magnetosomes’ biomineralization, and approaches used to mimic this biological
phenomenon in vitro.

Keywords: magnetotactic bacteria, magnetosomes, magnetic nanoparticles,
magnetite, magnetosome gene cluster, horizontal gene transfer, biomimetics

1. Introduction

Among everything that is known in Microbiology, magnetotactic bacteria
(MTB) are known to perform one of the finest examples of a controlled biominer-
alization process. MTB were first observed in the late 1950s, by the medical Doctor
Salvatore Bellini in the Italian city of Pavia and later described in Massachusetts
by Richard Blakemore in the 1970s [1, 2]. MTB are known to align its motility
axis to the geomagnetic field and use it for orientation. When observed under the
light microscope, MTB present unidirectional swimming to the North or South
Magnetic Poles from an applied external magnetic field (a magnet); this behavior
is called magnetotaxis [3]. This behavior occurs due to the presence of magnetic
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Figure 1.

Transmission electron microscopy of: (A) uncultured coccoid magnetotactic bacteria from Monsimet
Cove, Antarctica. (B) Uncultured coccoid mTagnetomctic bacteria from Punta Ullman, Antarctica.
(C) Magnetovibrio blakemorei strain MV-1'.

nanocrystals—the magnetosomes—, usually aligned in single or multiple chains
within the bacterial cytoplasm (Figure 1), and flagellar propulsion guided by che-
motaxis [3]. In a simple way, chemotaxis in MTB is assisted by bacterial orientation
along Earth’s magnetic field (magnetotaxis). Therefore, magnetotaxis allows MTB
to find the optimum position for survival and growth in a chemically stratified
water column, seeking for an optimum environment where proton motive driving
force reaches maximum potential. For MTB, which are frequently microaerophilic
or anaerobic microrganisms, this environment is near the oxic/anoxic interface [4].
Magnetosomes are composed of a magnetic nanoparticle in most cases
composed of magnetite (Fe;04) and sometimes greigite (Fe;S,) with species
specific shapes and sizes, and enveloped by a phospholipid bilayer with associ-
ated proteins, which constitutes the magnetosome membrane (MM) [3]. The gene
regulation of magnetosome biomineralization (MB) and organization within the
cell will be discussed in more detail in the sections ahead. Based on the total iron
amount within a magnetotactic bacterium cell, MTB appear to play a major role
in the biogeochemical cycling of iron [5]. MTB through magnetosome synthesis,
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Figure 2.
Map of the distribution of known cultured and non-cultured magnetotactic bacteria acvoss de world by
phylogenetic group (see the correspondence between taxa and colors on the bottom left corner of the image).
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assimilate the iron solubilized in the environment to an inorganic crystal. After cell
lysis, the magnetosome is deposited in the sediment, forming what is known as
magnetofossils [6]. Besides, MTB can be ingested by protozoans, and the iron from
magnetosomes is, then, incorporated in the food chain [7]. Apart from iron and
based on their physiology, MTB seem to have relevant roles in other biogeochemical
cycles of sulfur, nitrogen, and carbon [8].

MTB are an extremely diverse group of Gram-negative bacteria with a variety
of morphotypes (i.e., rods, vibrios, spirilla, coccoid, and ovoid) and species affili-
ated to Proteobacteria (Alpha-, Beta-, Gamma-, Delta-, and Ca. Etaproteobacteria
class), Omnitrophica and Nitrospirae phyla [9]. MTB affiliation to other taxa have
been proposed based on metagenomics studies, but observation of the magneto-
somes was not performed to confirm this matter. This great diversity is reflected in
MTB ubiquity in almost all aquatic habitats across the Earth (Figure 2), including
extreme environments such as thermal trenches and saline-alkaline lakes [6, 10].
More than being interesting species for their unique evolutionary process and
ecological importance, MTB are also proving to be of interest for biotechnological
applications. Their unique physiology makes MTB potential bioremediators of
heavy metals and magnetosomes can be extracted and used as nanotools for mag-
netic controlled drug targeting, contrast agents for magnetic resonance imaging,
enzyme immobilization and many more industrial and biomedical applications [11].

2. Steps of magnetosome biomineralization in MTB

MB is highly regulated at the genetic level [12]. Magnetosome gene clusters
(MGCs) [13], structured as operons, are responsible for MB in MTB. MTB genomes
contain: (i) conserved mam genes, encountered in all MTB; and (ii) restricted genes
encountered in some phylogenetic groups of MTB [14]. Examples of genes restricted
to certain MTB are: (i) mms (from magnetosome membrane specific) genes
found in magnetotactic Proteobacteria; (ii) mad (from magnetosome associated
Deltaproteobacteria), which were first reported in magnetotactic deltaproteobacte-
ria [15] and recently encountered in MTB affiliated to Omnitrophica and Nitrospirae
phyla [9]; and (iii) man (from magnetosome genes in Nitrospirae), which are genes
reported in MTB affiliated to Nitrospirae phylum [16]. Comprehension of MB were
inferred by mam and mms genes deletion in the cultured magnetotactic alphap-
roteobacteria Magnetospirillum magneticum strain AMB-1 and Magnetospirillum
gryphiswaldense strain MSR-1 [14]. Precise man and mad genes roles in MB remain
unclear as they were studied in uncultured MTB [16], thus genetic systems to test
gene function is not available.

As previously described, MTB are capable of biomineralizing magnetosomes, an
organelle with a ferrimagnetic mineral core surrounded by a biological membrane
[3]. A series of complex mechanisms occur in order to transform the environmental
bioavailable iron into a complete and fully functional magnetic organelle. MB
process involves different steps such as iron uptake, magnetosome vesicle forma-
tion, specific protein recruiting, crystal nucleation, redox balance, and pH control
in magnetosome vesicle, size and crystalline morphology control and magnetosome
vesicle docking in the bacterial cytoskeleton [3].

Mam and Mms proteins involved in MB belong to different protein families includ-
ing: TPR proteins (from Tetratrico Peptide Repeat; MamA) [17], CDF transporters
(Cation Diffusion Facilitators: MamB and MamM) [14, 18], serine proteases HtrA-like
(MamE, MamP, and MamO) [14], actine-like proteins (MamK) [19], liposome tubula-
tion protein (MamY) [20], generic transporters (MamH and MamN) [14, 21] and MTB
specific proteins without prior homology in other non-magnetotactic microrganisms
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(MamG, MamF, MamD, MamC, Mam], MamW, MamX, MamY, Mms6, MtxA) [3]. MB
involves four major steps as they are: (i) MM formation (participation of Maml, MamL
and MamAB proteins) [3, 14]; (ii) crystal nucleation (which include MamE, Mms6,
MamB and MamM) [3, 14]; (iii) crystal maturation (participation of MamE, MmsF,
MamGFDC and Mam P, S, T) [3, 14]; and (iv) magnetosome chain alignment within
cell body (participation of MamJ, MamK and MamY) [14, 20]. Mam and Mms protein
functions involved in MB are described in Table 1 and Figure 3.

Protein Operon Function MTB strain Reference
MamA mamAB Protein recruitment AMB-1 [22]
MamB mamAB Membrane invagination and iron uptake AMB-1/ [14, 18]
MSR-1
MamC mamGFDC Size and morphology control AMB-1 [23]
MamD mamGFDC Size and morphology control AMB-1 [23]
MamE mamAB Protein targeting and redox control AMB-1 [14]
MamF mamGFDC Size control AMB-1 [23]
MamG mamGFDC Size and morphology control AMB-1 [23]
MamH mamAB Iron uptake AMB-1/ [14, 21]
MSR-1
Maml mamAB Membrane invagination AMB-1 [14]
Mam] mamAB Magnetosome alignment MSR-1 [24]
MamK mamAB Magnetosome alignment MSR-1 [19]
MamL mamAB Membrane invagination AMB-1 [14]
MamM mamAB Iron uptake AMB-1/ [14, 18]
MSR-1
MamN mamAB pH control AMB-1 [14]
MamO mamAB Crystal nucleation AMB-1/ [14, 25]
MSR-1
MamP mamAB Redox control AMB-1 [14]
MamQ mamAB Membrane invagination AMB-1 [14]
MamR mamAB Size and morphology control AMB-1 [14]
Mam$S mamAB Size and morphology control AMB-1 [14]
MamT mamAB Size e morphology control and redox AMB-1 [26]
control
MamU mamAB Not defined AMB-1 [14]
MamV mamAB Not defined MSR-1 [18]
MamW mamAB Magnetosome alignment MSR-1 [27]
MamX mamXY Redox control MSR-1 [21]
MamY mamXY Membrane invagination and AMB-1/ [20, 28]
magnetosome alignment MSR-1
MamZ mamXY Iron uptake and redox control MSR-1 [21]
Mms6 mms6 Size and morphology control AMB-1 [29]
MmsF mms6 Size and morphology control AMB-1 [30]
Table 1.

Mam and Mms protein functions inferved by mutant construction in the cultured magnetotactic
alphapreoteobacteria Ms. magneticum strain AMB-1 and Ms. gryphiswaldense strain MSR-1.
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Figure 3.

Thyree major steps of MB in MTB. 1st step: protein recruitment initiating the biominevalization process while
forming the invagination of the magnetosome membrane (MM) and iron uptake. 2nd step: Crystal nucleation,
characterized by the incorporation of iron and oxygen for magnetite biominevalization. Intevestingly, oxygen
for the synthesis of magnetite is derived from water [31]. So far, the sulfur source for the synthesis of greigite has
not been clarified. Magnetosome begins to grow in size while morphology, pH and redox balance ave strictly
regulated. Magnetosomes are aligned in chains within the cell’s cytoskeleton. 3vd step: Magnetosomes continue
to grow under strict regulation until de crystal maturation is complete. OM: outer membrane; IM: inner
membrane, meaning the cytoplasmic membrane.

The advances of molecular biology techniques provided a much greater under-
standing of the MB mechanism over the last years as cultured and environmental
MTB had their genomes sequenced. Magnetite MGCs and magnetite magnetosomes
were studied in magnetotactic proteobacteria affiliated to the classes Alpha-
[32-36], Beta- [37], Gamma- [38, 39], Delta- [40-43], Ca. Eta- [9, 32, 44, 45], Ca.
Lambda- [9] and Zetaproteobacteria [9] and MTB affiliated to Nitrospirae [13, 16,
46-50] and Omnitrophica [49] phyla. Greigite MGC and greigite magnetosomes
were characterized in magnetotactic deltaproteobacteria [51, 52] and MTB affiliated
to Ca. Latescibacteria [8] and Planctomycetes [9] phyla. Culturing environmental
MTB and mutant constructs different from the already known magnetotactic
alphaproteobacteria Ms. magneticum strain AMB-1 and Ms. gryphiswaldense strain
MSR-1 may provide a greater comprehension of the MB mechanism.

3. Evolutionary history of MGCs within Bacteria domain

MGC origin and evolution within the Bacteria domain is a constantly discussed
topic in the literature. The scattering of MGCs and the magnetotactic behavior
raises questions as MTB encompasses high diversity regarding their ecology, metab-
olism, and phylogeny. The first proposed hypothesis was the polyphyletic origin of
magnetite and greigite MB [53]. According to this hypothesis, biomineralization of
greigite and magnetite magnetosomes would have evolved without sharing a last
universal common ancestor of magnetotactic bacteria (LUCA MTB). At that time
MGCs were not discovered. Thus, this assumption relied on the information that the
biochemical and nutritional parameters for greigite and magnetite biomineraliza-
tion are different. Likewise, all known MTB affiliated to Alphaproteobacteria syn-
thesized magnetite magnetosomes, while the ones affiliated to Deltaproteobacteria
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synthesized greigite magnetosomes, thus permitting the inference the polyphyletic
hypothesis. Years later, after the discovery of MGCs, similarities between mam
genes of magnetite and greigite MTB showed a common ancestor for both minerals
synthesis in MTB [54]. It is speculated that greigite MGCs originated after events of
duplication and divergence from magnetite MGCs in sulfate-reducing bacteria like
the multicellular magnetotactic prokaryote (MMP) Ca. Magnetoglobus multicel-
lularis strain Araruama affiliated to Deltaproteobacteria [54].

On behalf of that, Lefévre and colleges [55] hypothesized a monophyletic origin
of MGCs concerning magnetotactic proteobacteria. The comparison of 16S rRNA
gene and conserved Mam proteins evolution showed a convergence of both phy-
logenetic inferences. It was suggested that MTB affiliated to Proteobacteria phyla
shared a LUCA MTB and over time, some proteobacteria would have lost the MGC,
resulting in the inability of biomineralizing magnetosomes [55].
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Figure 4.

Geologic time and evolution model proposed for MGC and magnetotaxis evolution. (A) Geologic rule in
million years ago (Mya). LUCA MTB origin (gray arrowhead) is estimated 2.7 billion years ago during the
Avchean eon. The first single-celled form of life originated ~4 billion years ago and the origin of phototrophs,
that permitted great oxygenation in earth, only happened ~2.4 billion years ago. (B and C) Two models for
MGC and magnetotaxis evolution adapted from [9]. (B) LUCA MTB containing magnetite MGC branched
two MTB lineages: (i) MTB affiliated to Proteobacteria (without Delta-), Nitrospirae and Omnitrophica
phyla with recent HGT events responsible for MGC scattering; and (ii) MTB affiliated to Deltaproteobacteria
class that after events of duplication and divergence hosted microbes with magnetite, greigite or both

MGCs. Ancient HGT events would have been responsible for greigite MGC acquaintance in Plantomycetes
and Ca. Lastescibacteria phyla. Adapted from [9]. (C) LUCA MTB containing an unknown MGC after
events of duplication and divergence gave origin for both magnetite and greigite MGC. A monophyletic
origin is proposed for MTB affiliated to Proteobacteria (without Delta- class), Nitrospirae, Omnitrophica,
Planctomycetes and Ca. Latescibacteria phyla and Deltaproteobacteria class. Recent HGT events originating
from MTB affiliated to Proteobacteria (without Delta- class), Nitrospirae, Omnitrophica could have been
responsible for the scattering of MGC and magnetotactic behavior. Adapted from [9].
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Opposing all previous statements, a considerable number of authors proposed
the importance and influence of horizontal gene transfer (HGT) events on the
evolution and scatter of MGC in Bacteria domain [9, 13, 56-59]. In light of these
events, different non-MTB would have received MGCs by HGT, granting them the
capacity of biomineralizing magnetosomes [9].

The origin of MB was dated, by molecular Bayesian clock, before the divergence
of the Nitrospirae and Proteobacteria phyla during the Archean eon [13]. The
divergence happened 2.7 billion years ago before the appearance of phototrophs
and Great Oxygenation at the time of Paleoproterozoic on the Proterozoic eon
(Figure 4). This hypothesis is supported by: (i) low pressure or absence of O, in the
atmosphere and anoxic oceans in Archean [60]; (ii) abundant dissolved Fe* as con-
centrations of 40 to 120 pmol/L [61]; (iii) presence of primary electron donors of
Earth early ecosystems such as H,, H,S, S°%, Fe**, CH,, NH,* and CH,0 [62]; and (iv)
presence of primary electron acceptors of Earth early ecosystems such as CO,, CO,
SO,*, NO, NO,” and NO;™ [62]. These conditions favored the survival and growth
of MTB [13]. Known examples of such conditions that are in accordance with avail-
able resources of primitive Earth are: (i) microaerophilic or anaerobic respiration in
all known MTB; (ii) chemolithoautotrophy as MTB are capable of CO; fixation by
Calvin-Benson-Bassham cycle, the reverse tricarboxylic acid cycle, or the reductive
acetyl-CoA pathway [63]; (iii) capacity of denitrification of NO, NO, and NO;
[16, 49]; (iv) capacity of oxidizing H,S via sulfur oxidation pathway [16, 49]; (v)
water temperature ranging from 26 to 85°C [64, 65] compatible with MTB growth
as there are psychrophilic [66], mesophilic [8] and moderately thermophilic MTB
[47]. Alongside these conditions, Earth’s magnetic field originated 4.2 billion years
ago enduring several inversions until the present time [67]. Considering this pan-
orama, it is plausible that MTB and the geomagnetic fields have coevolved selecting
the ones capable of undergoing all the continuous biotic and abiotic variations [13].

Large scale metagenome approach of MTB diversity demonstrated two possible
routes concerning MGC evolution over time [9]. It is hypothesized that a LUCA
MTB contained magnetite or an unknown MGC followed by events of MGC dupli-
cation, divergence, and loss combined with ancient and recent HGT events could
explain the scattering of the magnetotactic behavior in the Bacteria domain [9]
(Figure 4). The unending studies regarding MTB diversity and ecology are indis-
pensable for an accurate decipherment of MGC evolution in the Bacteria domain.

4. Influence of the medium on biomineralization

The fact that related magnetotactic strains synthesize magnetosomes with sig-
nificant differences in sizes and elongation is a clue that, despite a rigorous genetic
control, environmental factors may influence the characteristics of the biomineral-
ized nanocrystals [68]. Extensive experiments performed in cultures of MTB have
pointed out temperature, pH, iron concentration, oxygen concentration, external
magnetic fields, and nutrient concentrations as important factors driving physical
changes in magnetosomes [69].

Ferric iron concentrations exert an important influence on the magnetic proper-
ties of Magnetospirillum magnetotacticum strain MS-1 cells due to alterations within
biogenic magnetite [70]. The coercive force (Hc), probably the most important
criterion in the selection of magnetic nanoparticles for technological applications,
is significantly affected [70]. The Hc was increased from 216 Oe when cells were
cultured at 12 pM Fe’* to 238 Oe at 68 pM [70].

In another study, it was shown that reducing conditions leads to an increase in mag-
netosomes crystals of Ms. magneticum strain AMB-1 in culture [71]. An oxidoreduction
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potential of 0 mV (neutral condition) led to a crystal diameter of 31.5 + 1.3 nm, which
augmented to 372 + 0.6 nm when the culture was carried out at -500 mV (reducing
condition) [71]. The reducing condition also caused an increase in the total magnetite
mass per cell as 9.1 + 1.9 magnetosomes were observed per pm (cell length), in contrast
to 5.48 + 1.3 in neutral condition.

The evidence that characteristics of biogenic magnetite can be modified is
of great interest for practical applications because certain purposes may require
specific particle properties. Therefore, the knowledge of the interplay between
environmental conditions and process regulation by biomolecules in biomineraliza-
tion can help develop methods for the in vitro biomimetic preparation of magnetic
nanoparticles with tunable properties.

5. Microbes inspire chemistry: biomimetic synthesis of artificial
nanoparticles

Understanding MB is key not only for the in-depth learning of microbial physi-
ological phenomena, but it can teach us valuable insights for the fabrication of tech-
nological materials. Magnetic nanoparticles have emerged as functional materials
since the 1940s, when iron oxide powders, with crystals ranging from 60 nm to 1 pm,
were used to impregnate recording tapes [72]. In that media, recorded information
was engraved through changes in magnetization of the impregnated nanoparticles.
Similarly, the biogenic magnetosomes can carry paleomagnetic signals, which can
be detected, for instance, through the measurement of their magnetic properties
in marine sediments [73]. The roles of bacterial magnetite as magnetofossils is only
possible due to their stable single magnetic domain, caused by their controlled size
range (20-100 nm) [73, 74]. This magnetic property also permits the utilization of
biogenic nanomagnets in research on anticancer and antimicrobial therapy—as drug
carriers, contrast agents, and hyperthermal agents—, enzyme immobilization—as
recyclable supports—, cell labeling and other applications [11].

Biological materials are precisely arranged at the nanoscale. Hence, biomimetics,
which is the art of imitating biological process to architecture novel materials, is
proving profitable for nanotechnology industries [75]. One of the foundations of
biomimetics is the biodiscovery and bioengineering of surface-binding proteins
and peptides [76]. The regular structures present in such biomolecules enables the
recognition and the interaction with atomic patterns on the surface of synthetic
polymers, semiconductors, and metal oxide crystals [76]. In the case of metal
oxides, these interactions occur basically via non-covalent weak bindings like
hydrogen bonds and electrostatic dipoles.

In chemical syntheses, the shape- and size-controlled nanoparticles generally
are obtained with high temperatures and organic solvents [74]. These consumptions
are related to high production costs and environmental impacts during the life cycle
of the nanoparticles [74]. One of the simplest and widely utilized techniques for
making iron oxide nanoparticles is coprecipitation [74]. In this technique, ferrous
and ferric salts are dissolved, and the cations are precipitated in an alkaline aqueous
medium. For the synthesis of magnetite, a fixed molar proportion of 2:1 (Fe**/Fe*"),
is precipitated, following the stoichiometry:

2Fe* +Fe?* +80H — Fe,0, +4H,0

This molar proportion is mandatory because it is the same ferrous/ferric ratio
within magnetite [77]. In MTB, iron is accumulated inside the magnetosome vesicle
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in it ferrous form before being oxidized to ferric ion by magnetochromes—oxi-
dizing domains of MamP, MamX, MamT and MamE [77]. This is an example of
naturally occurring partial oxidation of ferrous ion. Partial oxidation is also used
to obtain artificial, biomimetic magnetite [78]. In this case, the ferrous cation is
precipitated to form ferrous hydroxide (Fe(OH),). After that, a strong oxidizing
agent, usually nitrate, partially transform Fe’* to Fe**, leading to magnetite:

Fe* +20H — Fe(OH)2
3Fe(OH), +NO; —> Fe,0, +3H,0+NO,

While coprecipitation leads to nanoparticles of an irregular shape, partial
oxidation magnetite has a well-defined faceted morphology and a larger size [78].
Due to its low solubility, Fe(OH), tends to form larger precipitates. This is not the
case for the coprecipitation of Fe’* and Fe**, which tends to form multiple, smaller
precipitates [78].

Complementary to oxidation control, the surface interaction of the forming
magnetic crystal with biomolecules is the main strategy for synthesizing magne-
tosome-like nanoparticles. A summary of biomolecule-supplemented chemical
syntheses of magnetic nanoparticles is in Table 2.

MamC protein from Magnetococcus marinus strain MC-1 has an effect of enlarg-
ing magnetite precipitates [79, 84]. Due to its effect over synthesis, this protein
has been expressed for use in different biomimetics studies (Figure 5). Different
coprecipitation experiments have shown an increase from ~10-25 nm, in control
synthesis, to ~30-40 nm, when recombinant MamC from strain MC-1 is added in
concentrations over 10 pg/mL [79, 84].

In another study, Ms. magneticum strain AMB-1-derived Mms6 displays a nega-
tive effect on average particle size — 20 nm length down from 32 nm in the control
experiment — in partial oxidation and coprecipitation-derived magnetite [80].
Instead, its addition to the reactional medium narrows size distribution regardless
of the chemical route. The presence of recombinant Mms6 derived from strain
AMB-1 imprints the cubo-octahedral morphology of the naturally occurring mag-
netosomes onto chemically precipitated crystals. From experiments using mutant
clones of strain AMB-1, it has been demonstrated that the anionic residues Asp123,
Glul24, and Glul25 effectively participate as key residues of Mms6 for defining
crystal morphology are in the protein binding to magnetite [88]. The interac-
tions between these C-terminal side-groups and the magnetite surface ultimately
respond for the strong morphology and size controlling character of Mms6 either in
biologic or biomimetic mineralization [89].

To modulate/improve magnetite chemical synthesis by the use MB proteins,
magnetite-interacting components (MICs) of three magnetite-associated proteins
(MamC, Mms6, and Mms7) have been subjected to NMR studies to investigate their
affinity and binding to the ferrous ion during coprecipitation [81]. In all cases, it
has been a clear role of aspartate and glutamate residues to the affinity to the cation
[81]. The strong binding of ferrous cation to four anionic residues is related to
confinement of iron by Mms6- and Mms7- MICs and, consequently, to the initiation
of magnetite nucleation by these proteins. Besides ferrous ion, Mms6 glutamate
residues positions 44, 50, and 55 at C-terminal region shows a strong binding
affinity to ferric ion [90]. MamC-MIC, in turn, displays a weaker iron-binding but
a stronger effect on magnetite size [81]. Thus, the ionotropic (i.e. iron-affinity)
effect of MamC does not give sufficient ground for the role of this protein in
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Additive(s) Synthesis Size (nm) Shape Ms (emu/g) References

Magnetosomal proteins

MamC CP 30-40 Rhomboid — [79]

Mms6 PO 20.2+4.0 Cubo- — [80]
octahedral

MamC-MIC CP 261+ 0.61 Cuboid — [81]

Mms6-MIC 199+ 0.36 Rhomboid —

Mms7-MIC 18.54 £ 0.29 Cuboid —

MmsF CP 36 Rounded 129 [82]

MamF 25 Irregular 44

Active loop of MmsF CP 50 +13 Cuboidal 90 [83]

Active loop of Mms13 34+12 Irregular 93

MamC + Mms6 CP 30 £10 Rhomboid — [84]

Aminoacids

Lysine CP 21+7t029+7 Rhomboid 67 (for [85]

(0.1to 10 mM) 10 mM Lys)

Arginine 16 +7t019+6 — 36 (for

(0.1to 10 mM) 10 mM Arg)

Polyaminoacids and polypeptides

Polyarginine CP 3525 Irregular — [86]
Polyaspartate PO 76 +1.5 Rounded 78 [78]
14-mer peptide CP 735+37 Irregular 489 [87]
(magnetite-

binding domain +
ovarian cancer
target) + ginger
extract

M, = magnetization saturation at 300 K; CP = coprecipitation; PO = partial oxidation; MIC = magnetite-
interacting component.

Table 2.
Summary of methods for chemical synthesis of biomimetic magnetic nanoparticles.

biomineralization [84, 91, 92]. MamC must exert a template effect in magnetite
formation [84]. In the MM, MamC is constituted by two transmembrane domains
connected by alpha-helical looping, which contacts the forming magnetite within
the magnetosome vesicle lumen [92]. The distance between iron-interacting residues
Glu66 and Asp70 of the alpha-helical looping matches the iron interatomic distance
within the magnetite surface plane. The alpha-helical conformation of the MamC-
MIC ensures the proper positioning of the points of interaction with iron [91]. The
complementary roles of MamC and Mms6 can be combined in a biomimetic synthe-
sis, yielding large magnetosomes (30 + 10 nm) with well-defined crystal faces [84].
Other MM proteins are also good candidates for use in biomimetics. MamF
controls the size monodispersity of nanocrystals. In aqueous solution, this protein
forms a self-aggregative proteinosome of approximately 36 nm [82]. When used
as an additive in coprecipitation, homogeneously sized nanocrystals are obtained.
Asin MamC, Mms13 and MmsF have their active loops located between the two
transmembrane domains [83]. These active loops were expressed in a chimeric
coiled-coil scaffold protein, which was called Mms13cc and MmsFcc. The MmsFcc
construct regulated the cuboidal morphology of the produced nanocrystals.
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Figure 5.

Biomimetic route for making size- and shape-controlled magnetite nanoparticles [79]. MamC is a 12.4 kDa
magnetite-interacting transmembrane protein found in different species of MTB. The gene encoding this protein
in Mc. marinus strain MC-1 (mamC) was cloned in a pTrcHis-TOPO plasmidial expression vector. It was,
then, transformed into Escherichia coli TOP10. The transforming E. coli can be cultivated in a large-volume
(1-10 L) bioreactor and express the recombinant MamC. After mass-cultivation, expressed MamC, which is
found in intracellular inclusion bodies, is recovered and then purified. MamC can be used as an additive for
the coprecipitation of ivon to synthesize nanometric magnetite. In this synthesis, MamC binds and stabilizes
crescent magnetite nuclei. This interaction ultimately vesults in nanocrystals of narrowly distributed size and
uniform morphology.

Taking the inspiration of the interaction between anionic residues and nascent
magnetite, the addition of acidic polypeptides is an alternative to recombinant
proteins [78]. In the presence of poly-aspartate, partial oxidation synthesis resulted
in narrower size distribution of nanocrystals [78]. Using a classical partial oxida-
tion synthesis, 65% of magnetite nanoparticles assumed a facetted shape with a
size distribution between 20 and 60 nm. When the synthesis was supplemented
with poly-aspartate, a drastic change of the morphology occurred, with 85% of
the nanoparticles showing a more rounded shape. However, the size distribution
became significantly narrower, with most particles ranging 15-30 nm.

As discussed, biomimetic synthesis of magnetite with recombinant magneto-
some proteins involves electrostatic interaction between anionic aminoacids with
iron cations. Nevertheless, the use of cationic polymers and aminoacids also has
been proven successful in imitating characteristics of magnetosomes into artificial
magnetite. In those cases, the one accepted chemical mechanism is the dipole
stabilization of the negatively charged surface of magnetite crystals by positive
side groups, namely amino and guanidine, present in alkaline aminoacids [85, 86].
This phenomenon is supported by the phosphatidylethanolamine composition of
the magnetosome vesicle, which exposed positively charged amino groups to the
nucleation sites [86, 93].

In one experiment performed at the Max Planck Institute of Colloids and
Interfaces, Germany, a wide array of randomly-generated peptides was expressed
in phage display and had their binding capacity tested against a magnetite powder
[86]. The primary structure of magnetite adhering peptides was then compared to
the proteomes of several MTB species, but no significant similarity was spotted.
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However, of the five magnetite-interacting peptides identified in that study, three
had arginine as half the residues in the sequence. The cationic poly-arginine was
used as an additive to the iron precipitation. The resulting nanoparticles possessed
a fine size distribution (30-40 nm), reproducible — despite irregular — morpholo-
gies and colloidal stability. These characteristics were not achieved in the control
of conventional precipitation. Poly-arginine also improves the tuneability of the
biomimetic synthesis. In the presence of the additive, the average diameters of
the magnetite precipitates could be adjusted from 10 to 40 nm when the reaction
occurred in pHs from 9 to 11, respectively [94].

As polyaminoacids, single aminoacids can promote control over magnetic
nanoparticle syntheses [85]. When arginine and lysine were tested for that pur-
pose, the latter was able to control the particle size according to its concentration
(Table 2) [85]. The side-chain amino group in lysine can perform a steadier stabili-
zation of the anionic oxyhydroxide precursor of magnetite. Then, further growth of
lysine-stabilized nuclei enables a larger crystal size with a better-defined hexahedral
shape. The control over size and shape also reflects in the magnetic properties of the
nanomaterial. The obtained nanoparticles displayed a superparamagnetic behavior,
with a large magnetic moment and magnetization saturation (67 emu/g).

Not only is the size dispersity and morphology better controlled in biomimetic
synthesis, but the colloidal stability of bioinspired nanomagnets is generally
improved. The magnetic core of bare nanomagnets exerts an attractive force, possibly
leading to instability to the colloidal suspension [78, 85]. When peptides are added
to the precipitation media, functional groups of the same charge become exposed on
the nanoparticle surface and counterbalance the attractive force with electrostatic
repulsion [78, 85]. Due to the interaction of cationic amino groups with magnetite,
carboxyl groups become exposed during coprecipitation with lysine [85]. Thus,
the zeta-potential of those nanoparticles was -31 mV at physiological pH, while the
control nanoparticles showed a 0 value. The synthesis of magnetite supplemented
with poly-aspartate led to nanoparticles with surface-exposed carboxyl groups [78].
Therefore, the measured zeta potential was approximately -30 mV. Because suspen-
sion stability in aqueous media is crucial for biomedical applications, the colloidal
stability obtained in biomimetic nanoparticles is a fundamental property.

The knowledge gained from biomimetic approaches was used to construct a
double-stimuli-responsive nanoformulation consisting of a nanomagnet bound
to the antiproliferative drug oxaliplatin [95]. The nanocrystal was synthesized by
co-precipitation of iron ions in the presence of recombinant MamC. The magnetite-
oxaliplatin bond was stable at pH 7.2. In acidic pH, the release of oxaliplatin was
triggered. This release was further boosted by the application of an alternating
magnetic field and the cytotoxicity against colorectal cancer cells was improved
[95]. The responsive to alternating magnetic fields also enables MamC-derived
magnetic nanoparticles to be used in hyperthermia treatments [96]. A 25 mg/mL
suspension of the biomimetic nanoparticles exposed to an alternating field of 226
Oe at 2280 kHz frequency can cause a temperature increase of 16.7 °C (specific
absorption rate = 47 W/g).

Another functional magnetic nanoparticle was coprecipitated in the presence
of a bifunctional polypeptide and ginger extract [87]. The fourteen-residue-long
polypeptide was designed from two heptapeptides: a magnetite binding domain
and a cell-targeting domain with specificity to ovarian carcinoma cells. The metal-
reducing and chelating activity of the ginger extract leads to nanoparticles averag-
ing 10 nm in length and 48.9 emu/g of magnetization saturation. When different
cell lines — A2780 (ovarian carcinoma) and L929 (mouse fibroblast) — were treated
with the functional nanoparticle, the first group exhibited a particle uptake almost
5 times more intense.
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6. Conclusion

In this chapter, we have summarized how the basic-science knowledge gained
through molecular biology, phylogenetics, and metagenomics of MTB can be
translated into tools of technological interest. Although the authors had not the
pretentiousness of gathering extensive information available on the topic, the
chapter evidences how cross-disciplinary research is crucial for understanding and
applying such a complex biological phenomenon. This is especially true in a field in
which intriguing discoveries are made at a fast pace.
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