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Biomineralization of Iron Oxide

Various organisms possess a genetic program that enables the con-
trolled formation of a mineral, a process termed biomineralization.
The variety of biological material architectures is mind-boggling and
arises from the ability of organisms to exert control over crystal
nucleation and growth. The structure and composition of biominerals
equip biomineralizing organisms with properties and functionalities
that abiotically formed materials, made of the same mineral, usually
lack. Therefore, elucidating the mechanisms underlying biominerali-
zation and morphogenesis is of interdisciplinary interest to extract
design principles that will enable the biomimetic formation of func-
tional materials with similar capabilities. Herein, we summarize what
is known about iron oxides formed by bacteria and mollusks for their
magnetic and mechanical properties. We describe the chemical and
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biological machineries that are involved in controlling mineral
precipitation and organization and show how these organisms are able
to form highly complex structures under physiological conditions.

1. Introduction
1.1. Biomineralization

Biomineralization is typically the formation, by organ-
isms, of purely inorganic or composite (inorganic—organic
mixture) materials named biominerals. There is a large
variety of biomineral types and associated organisms, which
was recognized very early by mankind, who used biological
materials as tools. The discovery of the full diversity of
biominerals only came with the development of microscopic
and analytical tools, and at the end of the 19th century, in the
work of Haeckel,"! an extensive list could be generated. A
more modern list appeared about a century later in the
seminal work of Lowenstam.””! The list of biomineral classes
includes sulfates, carbonates, phosphates, oxides, hydroxides,
and sulfides, to name a few. Skinner presented a long list of
biominerals and the reader who is interested in the variety of
biominerals is referred to her Review.”! The types of
organisms that form these biominerals can be found, for
example, in the book by Lowenstam and Weiner,* even if
further biomineralizing organisms have been studied in the
meantime.

The term biomineralization is not limited to the formation
of hard matter in the solid-state and the mixing of inorganics
with organics to achieve properties otherwise unattainable
with a pure mineral phase. In other words, biomineralization
also encompasses how the organisms structure their mineral
inclusions to obtain a function that otherwise would not have
been possible by simply controlling the physics and chemistry
of the transport and deposition of elements. Recent research
in the field has concentrated on how these biological
materials are structured, with a specific emphasis on the
hierarchical organization and its role on function.’! In
addition, biologists are searching for biological determinants,
typically genes and proteins that are responsible for the
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controlled deposition of the biomaterials and the associated
materials properties.

A striking point from a mineralogical point of view is that
in biomineralization the organisms are not limited to con-
trolling the mineral nature based on given elements. A given
polymorph can be selectively formed by biomineralization
even if it is thermodynamically less stable than another. A
typical example is the formation of vaterite or aragonite in
certain mussel shells instead of thermodynamically more
stable calcite.® Tn addition, biological organisms can tune the
morphology of their mineral in a way that defies crystallo-
graphic symmetries. For example, magnetotactic bacteria
form elongated crystals of magnetite, a spinel mineral that is
known to crystallize in a cubic system for which anisotropic
crystals are not expected.! The terminology “biomineral”
also encompasses particulate matter with only short-range
ordering, such as silica formed by diatoms.

Biomineralization is intrinsically interdisciplinary since it
links the living world of organisms and their soft, mostly
organic tissues with the inanimate geological world of rocks
and their hard, mostly inorganic materials.”! Biomineraliza-
tion is a large source of inspiration for chemists, materials
scientists, and engineers, who can learn how to form func-
tional materials with a restricted amount of chemical ele-
ments and at environmental and/or physiological condi-
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tions.’™”! The elucidation of the structure—function relation-
ship in biological materials allows design principles to be
extracted that in turn can be used as novel concepts in
materials science and engineering.”!

The literature on insitu experiments involving mineral
deposition in the presence of proteins, polymers, and at
various surfaces is abundant for calcium minerals (see for
example Ref. [9d]). However, iron is one of the most
abundant elements in the Earth’s crust and it has long been
and still is the basis of several materials formed by humans.
Steel as an example of iron-based materials is typically
formed at very high temperature. Alternatively, iron oxide
biominerals are form under green conditions without loss of
functionalities so that they have potential for numerous
scientific as well as industrial applications'” and therefore
there is much to learn from biomineralization in the field.
Herein, we will thus focus on iron oxide biomineralization
(magnetite and goethite) and will specifically present their
formation by organisms from different kingdoms (magneto-
tactic bacteria, chitons, limpets).

1.2. The Different Types of Biomineralization

Biomineralization, as is the case with many other scientific
areas, has been separated into subdisciplines highlighting the
diversity of the field. This was, for example, performed on the
basis of the different processes leading to biominerals. In this
case, the biological minerals are either the result of a biolog-
ically induced or a biologically controlled process.*! The
biologically induced process is typically the result of an
extracellular mineralization originating from a passive cellu-
lar mechanism, such as respiration. This type of biomineral-
ization is not directly genetically controlled, since even if the
organism influences its direct environment in which the
mineral is formed, it cannot extensively control the mineral
properties, since biomineralization happens in a widely open
system. Mineralization is therefore often observed at the
surface of cells, which serves as the origin of heterogeneous
nucleation. As a result, the particle size distribution is broad
and no dedicated particle morphology is observed.!'!

In contrast, in biologically controlled mineralization, the
nucleation, growth, morphology, and final location of the
biomineral is genetically controlled. Mineralization can occur
extra-, inter-, or intracellularly.[ge] The biominerals we are
presenting in this Review all fall within this category. The
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highest degree of control can be obtained for intracellular
biomineralization, which is typical for microorganisms. In
intracellular mineralization, the cells form the mineral intra-
cellularly inside dedicated organelles, even if the mineral can
be transported extracellularly at a later stage, for example, to
the cell surface.

In this Review, we will start by presenting the general
framework of biomineralization. We will show that several
steps occur before the mineral can be deposited in its final
destination. We will detail the current knowledge about the
structure and the chemical mechanistic pathways leading to
the respective formation of magnetite by magnetotactic
bacteria and chitons, and of goethite by limpets. We will
present what is known about the biological determinants
involved in the formation and organization of the different
minerals. Later, we will show that the magnetotactic bacteria
represent a model organism of choice for biomineralization
since genetic tools are available for the generation of knock-
out mutants, which allows the precise molecular roles played
by individual biological determinants to be elucidated. Such
a possibility is currently lacking in other organisms and
therefore much less is known at the molecular level. We will
finish by presenting a brief summary and outlook for possible
research in the multidisciplinary field of iron oxide biomin-
eralization.

2. General stages of biomineralization

From the chemical point of view, there is no reason to
differentiate between typical chemical or geological mineral-
ization and biomineralization pathways. Both mineralization
processes should follow classical nucleation rules. Thus, in
order to form a mineral, the organisms have to take up a given
element or a combination of elements from the environment.
These elements are possibly found in the form of ions or
complexes and transported intracellularly by active biologi-
cally driven processes or simple passive diffusion. Once the
inner part of the cell is reached, the elements will be
concentrated and eventually nucleated. An additional trans-
port step within the organism may be possible. These different
steps are described below in a general framework.

Following the rules of classical nucleation, crystal forma-
tion requires the accumulation of a supersaturated concen-
tration of a solute. In fact, from classical nucleation theory,
a critical nucleus will be formed, when the concentration of
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a dissolved constituent exceeds the equilibrium solubility.
This supersaturation allows for the assembly of molecules or
atoms in a stable ordered crystalline form (see example
Ref. [12]). So-called non-classical pathways have also been
proposed for biomineral formation, where precursor phases
are based on poorly crystalline materials.™* These precursors
may lower the energetic step leading to the formation of the
final crystalline material.l'!

In both possible mechanisms, the formation of a crystal
requires the uptake of a large quantity of the elements
building up the structure of the biomineral. In the specific
case of iron, this task is particularly difficult since iron is
a poorly soluble element. Therefore, particular mechanisms
might be required, as we will see in Section 3 in the case of the
magnetotactic bacteria. The mechanism of this uptake, to our
knowledge, has indeed not been fully clarified in multicellular
organisms. Model unicellular organisms are critical in the
study of biomineralization, since more can be learned from
them, because their genomes are sequenced and genetic tools
are available for the modification of their pool of genes. Ion
uptake can be genetically controlled by ion transporters, or
ion pumps, or some ion channels, which may enable the
facilitated passive diffusion of ions through biological barriers
(i.e., membranes).

The elements required for mineralization might enter the
cell directly at the site where they will be mineralized.
Alternatively, once the elements have entered the cell, they
might be transported towards the intracellular deposition site.
If further transport is needed, since the biominerals are
typically deposited within dedicated organelles with their own
protein systems, similar ion pumps and channels used for the
cellular uptake might be at work. A chemical or structural
modification of the iron species of interest, after entering the
cell, is probable and is often observed, specifically in the case
of temporary storage. A typical storage protein complexing
iron is ferritin. The formation of ferritin and its properties are,
however, outside the scope of this work and the interested
reader is referred to the work of Arosio et al.™!

Once the elements are transported to their deposition site,
they need to be transformed into the biomineral of interest.
Since intracellular biomineralization usually happens in
microorganisms in dedicated compartments, the physico-
chemical parameters required for nucleation and growth may
be adjusted, for example, by the use of proton-translocation
systems for the adjustment of the pH value, or by redox-active
proteins, such as cytochrome, for the adjustment of the redox
potential. This adjustment is less clear in the case of higher
organisms. We will see in the following Sections, which
biological macromolecules are involved in the process of
biomineralization for the three model organisms of interest.

3. Formation of Magnetic Nanostructures by
Magnetotactic Bacteria
3.1. Magnetotactic Bacteria

“Magnetosensitive” bacteria were first discovered in the
1960s, however, Bellini’s reports were only recently translated
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from the Italian and published."® Thus, it is Blakemore’s
finding of magnetotactic bacteria, about 40 years ago, that can
be considered as the first report of iron biomineralizing
microorganisms.!'"”) At the time, a group of bacteria were
discovered that swam constantly in the same geographical
direction.'” Placing a magnet in the vicinity of the sample,
collected near Woods Hole in Massachusetts (USA), altered
the swimming direction of the cells, a process Blakemore
called magnetotaxis. This behavior is due to the presence of
magnetic nanoparticles aligned in a chain within the body of
the cells. The particles are embedded in membranes and the
assemblage particle-membrane is called a magnetosome.

Since their discovery magnetotactic bacteria have
attracted interest from diverse scientific disciplines ranging
from the biological sciences, such as microbiology, cell
biology, and biotechnology, to Earth and planetary sciences,
physics, and chemistry. The cells in fact were used in the
definition of biogenicity criteria in the late 1990s."®! More
recently, the bacteria have become a model system for the
study of biomineralization since the genomes of several
strains are sequenced and since genetic tools are available to
manipulate their genes.'”) Moreover, and with the advance-
ment of bio- and nanotechnologies, their magnetosomes have
been shown to have potential biomedical applications.” This
group of bacteria is also of particular interest for chemists and
materials scientists, since they excel where humans are still
stumbling: the self-assembly of nanoscale building blocks.
The synthesis of bacterial magnetosome chains requires
highly regulated mechanisms to control first the formation
of the magnetosome membrane resulting in empty vesicles;
second the iron uptake and transport from the environment to
the organelle; third the biomineralization of the magnetic
nanoparticles with controlled size and morphology; and
finally the organization of the magnetosomes into an ordered
nanostructure.

Magnetotactic bacterial'”! are a group of microorganisms
(see Table 1 in the Supporting Information) that synthesize
and organize magnetic nanoparticles called magnetosomes.
Magnetotactic bacteria are Gram-negative bacteria which are
very diverse in terms of, for example, cellular morphology,
environmental origin, physiological needs, and phylogeny.*!!
As examples, spirilla-, vibrio-, or rod-shaped bacteria have
been identified together with cocci.”!! They live in freshwater,
marine, or hypersaline environments and belong to the
Alpha-, Gamma-, and deltaproteobacteria class of the
Proteobacteria phylum as well as to the Nitrospirae phylum
and the candidate division OP3.”"! Even the flagellar systems
responsible for the bacterial motility differ: some cells possess
a single polar flagellum, others have one flagellum at each cell
pole or a bundle of flagella at a given pole (Figure 1). To date,
no relationship was observed between the flagellar system,
the cellular morphology, and the preferred environment or
the classification.

The magnetosomes”? are membrane-enveloped magnet-
ite (Fe;O,) or greigite (Fe;S,) nanoparticles. In the case of
magnetite magnetosomes, the crystals exhibit the perfect
structure of the mineral with no deviation towards the
oxidized form maghemite, the cell prevents the particles
from oxidation.’¥ The dimensions, morphology, and organ-
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Figure 1. transmission electron microscopy images of magnetotactic
bacteria (scale bars are T um, image courtesy of C. Lefévre). a),b) are
cultured strains, strain SS-5 (a) and strain PR-3 (b), both forming
elongated particles. c)—e) are naturally occurring bacteria with unusual
traits: c) Magnetococci with two chains of magnetosomes (from the
Mediterranean sea in Marseille, France), d) a Magnetovibrio forming
bullet-shaped magnetosomes running in opposite directions (from

a freshwater environment in Camargue, France) and e) a Magneto-
coccus with non-organized magnetosomes (from the Mediterranean
Sea in Sainte Maxime, France).

ization of the crystals are strain-specific (Figure 1) and
genetically controlled. The magnetosome dimensions are
constant for one strain, but differ between different strains
(ranging from about 35 to about 80 nm (Figure 1)).%*! The
morphology is also constant for a given strain and morphol-
ogies of magnetite crystals, such as the isometric cubooctahe-
dral or the elongated bullet-shaped, have been observed
(Figure 1).%%24 The size and morphology is such that crystals
always form as a so-called stable single magnetic domains,
therefore each particle acts as permanent magnet.*”)

The magnetosomes are arranged by the cells to form,
typically, a chain, even if multiple chains are also observed in
some non-cultured bacteria (Figure 1). The
particles in the chain are all aligned along the
easy axis of magnetization, which typically

D. Faivre and T. U. Godec

phology, and organization of magnetosomes. Then, in Sec-
tion 3.5 we will present our subjective view of open questions
and future challenges in the field.

3.2. Chemical Pathway of Magnetic Particle Formation

Magnetotactic bacteria form either the iron oxide mag-
netite Fe"Fe'",0,?" or the iron sulfide greigite Fe''Fe'',S,.*"!
Some cells are also able to form both.F! Most of the
mechanistic studies on iron biomineralization were per-
formed on magnetite-mineralizing cells because greigite-
mineralizing strains were not available in pure culture until
very recently.P' Thus, the greigite mineralization pathway is
only known from “wild” samples. However, it is currently not
known how wide-spread the strain is.*!

As already above and for the case of all biomineralizing
microorganisms, the cells have to take up the elements
necessary for mineral formation from their surroundings. In
the case of magnetite, it was shown that oxygen originates
from the water.’ The iron in turn can be taken up as Fe'" or
Fe"'iron compounds!™** (Figure 2). Nothing is known about
the uptake of elements for greigite formation.

The iron then crosses the outer membrane and enters the
cells where different scenarios and precursors have been
proposed for magnetite formation in Magnetospirilla strains.
Mechanisms involving the presence of ferrihydrite-like mate-
rials, of hematite, or of high-spin Fe" complexes have been
proposed, with these species localization in the cell or directly
inside the magnetosomes.?*3**! Recently, a consensus over
the mechanism has emerged, thanks to integrated approaches
involving magnetic measurements, elemental analysis, X-ray
absorption spectroscopy, and high resolution TEMI3¢3
(Figure 2). In this pathway, magnetite forms through phase
transformation from a highly disordered phosphate-rich
iron(IIT) hydroxide phase, consistent with prokaryotic ferri-
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Figure 2. Potential reaction pathway leading to magnetite biomineralization in magneto-
tactic bacteria (see text for explanation and details).
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tins, via transient nanometric iron(III) oxyhydroxide inter-
mediates. In particular, Baumgartner et al.'*¥l showed that
the ferritin-like precursor (ferrihydrite embedded in the
ferritin protein) was localized outside the magnetosome
vesicle whereas the ferrihydrite-like intermediate (purely
inorganic material) was found inside. Fdez-Gubieda et al.*
showed that the ferritin-like material was a precursor phase
involved in the magnetite formation pathway and not
a separate source of iron only used for biochemical purposes.
Finally, the presence of hematite could be ruled out and its
previous detection was suggested to be associated with the
evolution of ferritin-like material under the electron beam.F”!
In Desulfovibri magneticus RS-1, an iron- and phosphorus-
rich organelle, distinct from the magnetite magnetosome, was
found. This organelle is not only physically separated from
the magnetosomes, but nano-SIMS also showed that the
additional organelle was not used as an iron source for
magnetite formation.® The function of this organelle has
thus remained obscure.

The greigite formation process was only studied in
bacteria that are not available in pure cultures.”?! Their
electron-microscopy analyses demonstrate that greigite forms
from mackinawite (tetragonal FeS). The transformation is
very slow (10 days), especially when compared to the time-
scale for magnetite biomineralization (a few hours, maxi-
mum).B+33631 However, it is not clear if the mechanism
proposed by Posfai et al. is relevant for all bacterial strains
forming greigite or not. Thus, studies on greigite mineraliza-
tion in magnetotactic bacteria will profit from the greigite-
(and magnetite)-synthesizing organism BW-1 recently iso-
lated in pure culture®"™ which should aid studies especially
into mechanistic aspects of iron sulfide mineralization.

3.3. Biological Components Functionally Involved in
Magnetosome Formation and Organization
3.3.1. The Magnetosome Membrane

The magnetosome is an intracellular organelle, which
consists of a lipid bilayer surrounding the magnetic nano-
particle. The magnetosome membrane is about 3-4 nm
thick,” and contains a set of phospholipids typical of the
inner membrane but distinct from the outer membrane,
showing that the magnetosome membrane possibly originates
from the inner membrane. In addition, the magnetosome
membrane possesses a specific and unique set of proteins very
distinct from that of other subcellular compartments.!'*>*]
Images of Magnetospirillum species by electron cryotomog-
raphy confirmed that the magnetosomes are invaginations of
the inner cell membrane.[*!)

3.3.2. The Magnetosome Gene Island

The analysis of isolated magnetosomes led to the identi-
fications of magnetosome-membrane-specific genes. These
genes and proteins, responsible for biomineralization, are
clustered within the so-called magnetosome island (MAI).[*!
It was observed that non-magnetotactic mutants frequently
spontaneously form from wild-type cells. This loss of the
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magnetic phenotype, for example in Magnetosprillum gry-
phiswaldense, is characterized by the loss of a large chromo-
somal region, the MAL™! The magnetosome island basically
contains the genes necessary for biomineralization.**! With
the advancement of sequencing techniques, similar genomic
regions were found in other magnetotactic strains,?“*
including greigite-mineralizing strains.’'*! In addition,
a “mini-MAI” was shown to be sufficient for magnetite
mineralization in MSR-1%7) and AMB-1.14

The MAI is mainly organized around four gene clusters in
Magnetospirillum gryphiswaldense, which are the mmso,
mamAB, mamGFDC, and mamXY operons that encode all
known magnetosome membrane proteins. However, they are
not all present in every strain. Magnetosome membrane
proteins have been named Mam (magnetosome membrane),
Mme (magnetosome membrane), Mms (magnetic particle
membrane specific), Mtx (magnetotaxis), or Mad (magneto-
deltaproteobacteria specific). The identified magnetosome
membrane proteins display homology with characteristic
protein families, which include fetratricopeptide repeat
(TPR) proteins (MamA), cation diffusion facilitator (CDF)
family of transporters (MamB and MamM), HtrA-like serine
proteases (MamE, MamP, MamO), actin-like proteins
(MamK), generic transporters (MamH, MamN), and proteins
without homology with other known proteins (MamC and
MamD).™ The role of these genes/proteins is explained in
the following, when known.

3.3.3. The Magnetosome Organelle

The mamAB operon is the only one which is indispensable
for magnetic particle production, as the deletion of this cluster
in the strains Magnestoprillum magneticum (AMB-1)* and
in Magnetospirillum gryphiswaldense (MSR-1) causes the
total loss of the magnetic particles.”-*! In turn, its expression
alone in a complete MAI deletion mutant™”! or in a host
organisml!l enables the formation of electron-dense particles.
Complementation with other genes eventually enables the
formation of magnetosome-like particles.”!

The individual deletion of any of maml, mamL, mamQ,
and mamB results in the disappearance of the magnetosome
membrane in AMB-11' with the same effect for mamB in
MSR-1.5?l MamI and MamL are two small proteins only
present in magnetotactic bacteria without homology with any
other known proteins. MamL has a 15 amino acid C-terminal,
tail rich in positively charged amino acids, which possibly
interact with the cytoplasmic side of the inner membrane to
create an asymmetry that may trigger the bending of the
magnetosome membrane to form the magnetosome organelle
(Figure 3).y MamQ and MamB have coiled—coil repeat
domains that may help to shape the magnetosome membra-
ne.'” However, these proteins could have an additional or
complementary role, such as the maintenance of the magne-
tosome membrane shape, once it is already formed, rather
than the formation of the vesicle itself.**! These four proteins
are essential, but not sufficient, for the biogenesis of the
magnetosome membrane on their own. Indeed, when these
genes are restored in a strain lacking the rest of the mamAB
gene cluster, no magnetosome membrane formation is
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Control of particle size: particlzles of magnetite or hematite, thus

. MamcC MamG showing that the iron maf:t.llnery was changed

B Magnetite « MamD MamR when the genes are modified.™

crystallization: e MamE MamsS Recently, the role of a redox-controlling

* MamA(?) * MamF MamT protein was investigated. MamP is a c-type

: mgmx * Mmsf Mms6 cytochrome, also called magnetochrome,

« MamoO exclusively found in magnetotactic bacteria

+ MamP D Chain (Figure 3). AmamP mutants of AMB-1 form

assembly:  Jess and smaller magnetosomes."”**! MamP

: m:EL acts as an iron oxidase that contributes to the

. MamA(?) formation of iron(III) ferrihydrite eventually

Membrane
formation:

¢ MamB

¢ Maml

¢ MamlL

* MamQ

e MamY(?)

required for magnetite crystallization in vivo.
MamX, MamZ, and MamH are also involved
in redox control of magnetite biomineraliza-
tion.’” In their absence, hematite™ or
smaller magnetite particles® are formed at
the end of magnetosome chains where freshly
nucleated magnetosomes are found. These
results indicate an impairment of proper
biomineralization initiation by a yet
unknown mechanism.

Figure 3. Summary of the proteins potentially involved in the different phases of magneto-
some formation and assembly. A) Magnetosome membrane formation: MamB, Maml,

MamL,and MamQ, MamY (?) (in blue) could be used to shape and close the vesicle, as
well as to sort further proteins. B) Crystallization of magnetite: MamA(?), MamM, MamN,

3.3.5. The Biological Determinants Controlling
Magnetosome Properties

MamO (in yellow). C) Particle size control: MamC, MamD, MamE, MamF, MamG, MamP,

MamR, MamS, MamT. D) Chain assembly: Mam], (anchor proteins in green), MamK
(filament proteins in orange), MamA(?) (see text for details and discussion).

observed.™ The exact mechanism by which these effects
occur has been not clarified.

3.3.4. The Iron Machinery

As explained in Section 2, iron has to be transported
across several membranes in order to reach its final deposi-
tion site. Since up to about 2% dry weight iron can be found
in the magnetotactic bacteria (for comparison, E. coli has
0.02% dry weight iron),l”¥ the cells have to have a very
effective transport system. In non-magnetotactic microorgan-
isms, the iron homeostasis can typically be performed by the
use of siderophores,* but no conclusive experiments confirm
their presence in magnetotactic bacteria.*>

At the molecular level, the first genes involved in the
process have been recently identified. Surprisingly, a non-
magnetotactic bacteria-specific system was first identified. It
involves a fur-like gene, which inhibits magnetosome forma-
tion in the MSR-1 strain, however there is no clear
mechanistic insight as to how and why this happens.®®! Later
studies have shown that Fur is used by the cells as a regulator.
Indeed, in mutant lacking the fur gene, numerous proteins
showed an altered expression when compared to the wild
type.’”) The mamAB gene cluster encodes two important
CDF-like proteins putatively involved in the iron machinery:
MamM and MamB (Figure 3). These proteins are highly
conserved in all magnetotactic bacteria. Site-directed muta-
genesis showed that a single amino acid mutation in the
sequence in MamM causes the formation of particles with
different shape and size, or aggregates of polycrystalline
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The magnetosome membrane provides
the correct bio-physico-chemical environ-
ment for triggering crystal formation. The
differences in dimensions, shapes, and organ-
izations of magnetosomes seen among the different magneto-
tactic bacteria suggest that biological determinants are
involved in the control of these magnetosome properties.
Proteins, such as mamE, mamO, mamM, and mamN, are
important players in magnetosome formation in AMB-1"%%
(Figure 3). Knock-out mutants for these proteins are non-
magnetic and do not produce electron-dense particles.!'*"
Nevertheless, chains of empty magnetosome membranes are
still present.”*% This phenotype may be due to a direct
involvement of the proteins in the mineral production or to an
incorrect localization of the magnetosome proteins. The loss
of further MamAB genes, such as mamP, mamT, mamS, and
mamR, have a less drastic effect because they “only” change
the number and the size of crystals produced per cell in the
AMB-1 strain.'” However, such a phenotype is redundantly
(that is, usually) observed in studies involving deletion
mutants. MamA in turn, is a protein involved in protein—
protein interaction in which its oligomerization may help in
the assembly of magnetosome membrane associated pro-
teins.®"! Further investigations are required to quantify and
confirm these observations and to explain the mechanism by
which they impact biomineralization.

The mamGFDC cluster is a region conserved in the MAI
of many alpha-proteobacteria, but not in the delta-proteo-
bacteria.”” Tt encodes the small hydrophobic MamGFDC
proteins, which represent nearly 35% of all proteins associ-
ated with the magentosome membrane in Magnetospirillum
gryphiswaldense MSR-1 cells, but play a non-essential role in
biomineralization.® MamGFDC proteins plausibly control
magnetite growth by changing the physicochemical condi-
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tions inside the vesicles, such as the charge distribution at the
inner surfaces, or by changing the dimensions of the
organelles themselves.!*”!

Mms6 is a small acidic protein that is tightly associated
with bacterial magnetite in Magnetospirillum magneticum
AMB-1(Figure 3).l Tt is an amphiphilic protein with an N-
terminal hydrophobic region and C-terminal hydrophilic
region. Its C-terminal region has been suggested as an iron-
binding site.[* In vivo it has been demonstrated that in AMB-
1, deletion of its operon causes smaller and elongated
crystals™! while in MSR-1, 58 % of crystals within the cells
still had a cubic appearance.” More precisely, the small
MmsF protein, present in the mms6 cluster plays a determi-
nant role in the control of magnetosome dimensions and
morphology.*!

Recent studies, investigating the molecular mechanism
controlling the crystal morphology, point to the protein Mms6
as playing a role in this control, at least in AMB-1.%¢1 A
hydrophobic leucine—glycine repeat motif has been identified
in the Mms6 protein and it has been suggested that Mms6
interacts with magnetite and iron ions.”>%! However, defin-
itive evidence is still lacking. MmsF as well as proteins from
the mamXY cluster were also shown to be involved in
magnetosome morphology control.“*¥1 However, since
synthetic magnetite crystallization typically leads to cubooc-
tahedral crystals,>**! the roles of genes in morphological
control of isometric magnetosomes will remain unclear as
long as no mechanism is proposed for such a control.

In turn, Lefevre et al. recently presented a comparative
genomic analysis of magnetotactic Deltaproteobacteria that
synthesize bullet-shaped crystals of magnetite and/or grei-
gite."*l They found a conserved set of genes, in addition to the
mam genes. These mad genes specific to the magnetotactic
Deltaproteobacteria, and in other strains that form bullet-
shape magnetosomes, such as in Candidatus Magnetobacte-
rium bavaricum of the Nitrospirae phylum, are absent in the
magnetotactic alphaproteobacteria and therefore constitute
a putative base for morphology-controlling genes. Experi-
mental evidence is required to confirm that this is the case.

3.3.6. The Magnetosome Filament and the Magnetosome Con-
nector Involved in Magnetosome-Chain Assembly

Magnetosomes are arranged in single or multiple chains.
Within single chains, the cellular magnetic dipole is the sum of
the permanent magnetic dipole moments of the individual
magnetosomes.["”! Unaided by additional structures, a row of
magnetic dipoles should collapse upon itself to lower its
magnetostatic energy.”!! The magnetosome filament, there-
fore, gives mechanical stability to the magnetosome chain and
prevents this collapse.”” Two complementary cryoelectron
tomography studies showed the presence of filament bundles.
Individual filaments, 3-4 nm in diameter, traverse the cells.[”’)
Magnetosomes are attached to this magnetosome filament
(MF), at least partly formed by the MamK protein,*7¥ by
the magnetosome connector MamJ™¥ (Figure 3). The mamJ
and mamK genes are located within the mamAB gene cluster
in Magnetospirillum species and are co-transcribed.””!
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MamK has homology to the cytoskeletal actin-like MreB
protein that forms cytoskeletal structures in some non-
magnetotactic bacteria and is involved in a number of
essential cellular processes in bacteria, such as cell-shape
determination, establishment of cell polarity, and chromo-
some segregation.” However, MamK proteins in magneto-
tactic bacteria are more similar to each other than they are to
MreB homologues.™ ! The magnetosome filament was not
imaged in a mutant of AMB-1 from which the mamK gene
was deleted™! even though a second version of the gene is
present in the genome.”” AMB-1 MamK forms straight
filaments rather than helical structures.””) MamK presumably
has a more complex function than just providing a rigid
scaffold for magnetosome alignment as it could also play
a role in positioning and concatenating magnetosome
chains.® This protein also has an important function in
splitting magnetosome chains during cytokinesis and its
presence is required for proper magnetosome position and
segregation.®™ The fisZ-like gene of MSR-1, a cousin of
mamK, is surprisingly not directly involved in magnetosome
structuring, but rather, as for most of other genes for which
the function is unclear, in the control of magnetosome
dimension and magnetosome number.[*!)

The Mam] protein is an acidic protein with a repeating
glutamate-rich section in its central domain.® The mamJ
gene immediately precedes mamK within the mamAB
operon. The MamlJ protein interacts with the MamK filament
and directs the assembly and localization of the prokaryotic
organelles along the chain in MSR-1.[2% The deletion of the
mamJ gene causes magnetosomes not to assemble in linear
chains but instead to arrange in three-dimensional clusters."*?!
In the case of AMB-1 two proteins, MamJ and LimJ, perform
aredundant role (that is, if one is absent the other takes over)
in promoting the dynamic behavior of MamK filaments in
wild-type cells. However, their deletion does not cause the
collapse of the magnetosome chain. The absence of both
MamlJ and LimJ leads to static filaments, a disrupted magne-
tosome chain, and an anomalous build-up of cytoskeletal
filaments between magnetosomes.’*! MamJ could also poten-
tially retard magnetite formation since such a role has been
shown in vitro.[®!

3.4. Nanotechnology: Use of Magnetotactic Bacteria and
Applications of Magnetosomes

Owing to their unique magnetic properties, several bio-
and nanotechnological applications have been envisioned for
magnetosomes and magnetosome chains.”**! The ease of
modification of the magnetosomes has been exploited by
Matsunaga et al. for the purification, isolation, and detection
of mRNA and DNA.®" Particularly, they observed the
superiority of magnetosomes over synthetic magnetic nano-
particles for DNA recovery.®® Other applications arise from
the functionalization of magnetosome surfaces: chemical
approaches are achieved by cross-linking,*”**! conjugation of
amine-modified oligonucleotides,*”” immobilization —of
myosin,®™ and biotynilation.”” These functionalized magne-
tosomes can be used for the selective separation of biological/
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chemical targets, as analytical probes of chemical environ-
ment, and for ultra-sensitive detection. Alternatively, surface
functionalization is achieved with genetic tools. This involves
the construction of genetic fusions of magnetosome-mem-
brane anchor polypeptides with functional proteins and
enzymes.”!! Genetic approaches have the advantage of
better preserving the protein activity of magnetosomes,
permitting the display and screening of various enzymes,
proteins, and compounds,”” and even the development of
new microfluidic assays.””! Genetic fusion on magnetosomes
has also permitted the expression of fluorescent proteins or
nanobodies by the bacterial proteins.*"

The properties conferred by the magnetosome chain on
the magnetotactic bacteria permit the control of the bacteria
using an externally applied magnetic field and their tracking
using magnetic resonance imaging (MRI),”™ which has been
envisioned for medical nanorobotic applications. Other
possible applications result from the use of magnetosomes
as contrast agents for MR imaging.”® Magnetosomes and
magnetosome chains have potential application in hyper-
thermia. This technique requires magnetic nanoparticles that
exhibit high heat production following the reorientation of
their magnetic moment. The reorientation is typically induced
by an externally applied alternating magnetic field and results
in the specific necrosis of tumor cells. Chains of magneto-
somes rather than individual magnetic nanoparticles have for
more beneficial effect.”””

3.5. Open Questions

Indirect, mostly in vitro experiments, indicate that phys-
ico-chemical parameters dominate within the magnetosome
organelle at the time of magnetite formation. For example,
the iron concentration as well as the pH value!” have been
indirectly evaluated based on similarities between the syn-
theticl™ and biological* formation mechanisms. However,
direct measurements of pH value, redox potential (E,), and
iron concentration would be very interesting to confirm the
hypothesis that mineralization and biomineralization follow
similar pathways.

On a more biological side, although the minimal set of
genes necessary for magnetite formation has been identified,
the minimal set of genes for regulating the magnetite size are
not known; the genes controlling the number of magneto-
some particles have not been identified, and the genes
responsible for magnetosome morphology remain completely
unknown, partly because the genetic systems for bacteria with
anisotropic morphologies are not yet established. However,
this task is hampered by the fact that a single gene is certainly
not solely responsible for a given property, instead a protein
complex is probably doing the work. Such complexes are of
course more difficult to identify, partly because some genes
with redundant functions are hidden, even outside the MAI.

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

D. Faivre and T. U. Godec

4. Biomineralization in Radulae of Marine Mollusks
4.1. Chitons and Limpets

Chitons and limpets form magnetite and goethite, respec-
tively, as materials for the veneer of their radular teeth. The
minerals are used as reinforcement materials to improve the
mechanical properties of the teeth. Such reinforcement is
a successful strategy as the radular teeth of marine mollusks
are among the hardest and stiffest known biominerals'"! (e.g.
the magnetite layer in the chitons Chiton olivaceus and
Acanthopleura gemmata was found to have a Vickers hard-
ness between 322 and 646 kgm ™' m 2 with a mean value of 433
and 537 kgm 'm~? for C. olivaceus and A. gemmata respec-
tively).'”l As a comparison, inorganic magnetite (when
measured with the same setup and experimental conditions)
was measured to have a Vickers hardness between 639 and
701 kgm 'm~ and a mean value of 676 kgm 'm* The
hardest part of teeth of limpet Patella vulgata, was found to
be somewhat softer with a hardness between 268 and
602 kem 'm~2 and a mean value of 413 kgm 'm 2" The
radula is a several cm-long tongue-like organ, the last 2-5 mm
of which extend out of the mollusk’s mouth (see Figure 4a).
These organisms use radulae (a rasping, toothed conveyor-
belt-like structure used for feeding) to scrape rocks in order to
extract algae (Figure 4a). More than 100 rows of teeth are
anchored to the radula (Figure 4b-¢), where only the outer-
most 10 rows are used for scraping.[*! A row of teeth is worn
down on average every 12-48 h and new teeth are continu-
ously formed at the same time.'" By radular growth, the
teeth advance into position and eventually enter the scraping
zone. Finally, after reaching the outermost position, they
detach from the rest of the radula. The radula is therefore
perfectly suitable for a systematic study of the various stages
of biomineralization by a row-by-row analysis since different
rows carry teeth at different stages of mineral formation. In
addition to a superior hardness, the teeth are designed in such
a way as to ensure a well-defined plane of wear at all times,
giving rise to a, so-called, self-sharpening effect (Fig-
ure 4 g).1"1%1 Thus, these mollusks could serve as nature’s
guide towards developing self-sustainable hierarchical func-
tional materials.

Chitons (Mollusca, Polyplacophora) are an ancient, but
a relatively small group of mollusks with roughly 750 species
inhabiting rocky coastal regions around the world, and are
found from intertidal to abyssal zones.""'*1%1%] They are slow
moving, flattened, symmetric, elongated, and herbivorous
mollusks protected dorsally by eight overlapping shell plates;
they graze for algae on hard substrates. In turn, limpets
(Mollusca, Gastropoda) are a large group of rather primitive
herbivorous marine organisms that also feed on algae from
rocks."”! They typically have cone-shaped shells and are
mostly found in the intertidal zone.

In both chitons and limpets newly formed teeth consist of
a three-dimensional a-chitin matrix with associated proteins,
while mature teeth contain at least one iron and one non-iron
biomineral."® More detailed structural features are specific
to each of the two types of mollusks but the hierarchical and
spatially highly organized composite structure is generically
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Figure 4. a) Schematic of the chiton Criptochiton stellari mouth containing the radula; b) Optical micrograph of the radula of C. stellari;

c) Magpnification of the transitional zone near the posterior end of the radula depicting a gradual change in tooth color from transparent to black,
indicating the onset of mineralization; d) SEM micrograph of a part of the radula of limpet Patella caerulea with radular sac removed to show the
teeth. Six mineralized teeth are present in each row: four unicuspid teeth (black arrow) and two tricuspid teeth (white arrow). e) Schematic
representation of the anatomy of a tooth cusp: leading (posterior) and trailing (anterior) part of a tooth. f) Light-microscope image of a semi-thin
longitudinal section of a part of the radula of P. caerulea with the radular sac intact. The attachment of the tooth cusp to the radula by the tooth
base can be clearly seen. g) Schematic representation demonstrating the self-sharpening arising from a gradient in hardness from the leading to
the trailing side. The direction of tooth movement against the substrate is indicated by the blue arrow. Images a)—c) reproduced from, Ref. [116]

d)—f) from Ref. [105] and g) from Ref. [101] with permission.

responsible for the superior mechanical properties of radular
teeth. What is also common to both chitons and limpets is the
terminology pertaining to the anatomy of the teeth, which is
best described by observing a tooth ‘in action’ (Figure 4). The
“front” tooth side used for scraping is called the leading part
(alternatively also the posterior part), while the ‘back’ side
which is not directly exposed to scraping is termed the trailing
part (alternatively also the anterior part)!'*'! (Figure 4e).
The part of the tooth which anchors to the radula is called the
tooth base and the part used for scraping is commonly termed
the cusp (Figure 4 f).[1011%]

4.2. Structure and Function of Chiton Radular Teeth

Studies on numerous species have
revealed that magnetite is found in the cusps
of all chitons, whereas its distribution, as well
as the presence of other iron and non-iron
minerals is genus specific (Figure5 and
Refs. [4,109,110]). In maturing teeth there
are various iron oxide phases deposited onto
the preformed matrix, first in the junctional
zone and on the outer margins and afterwards
throughout most of the leading part, under-
going several phase transformations during
maturation (see Figure 6).[101103:110d11L.112] 1)
immature teeth, at the onset of mineraliza-
tion, ferrihydrite (FH) is located in the junc-
tional zone and later also on the outer margins
of the tooth cusp!!"'®10 10411 an(q persists in
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the leading part up to the very mature teeth.'">!124° There,
ferrihydrite is replaced by various iron oxide and iron
oxyhydroxide mineral species,*'®! generically magnetite
(Figures 5, 6e—g, and 7), but genus- or species-specific
forms, such as goethite (a-FeOOH),"!*"2 Jepidocrocite (y-
FeOQOH)!101122bdel anqd the undifferentiated hydrated iron
oxides under the name limonite""® were observed as well,
though in smaller fractions. The location inside the tooth
(Figure 5), that is, at the contact of various phases, suggests
that these “special” forms do not form ‘by design’, but most
likely simply crystallize under altered conditions or in contact
with locally specific interfaces.

In chiton A. hirtosa, Kim et al. found that ferrihydrite
formed in immature teeth is replaced by a combination of

lepidocrocite Cr. stellari,

and/or Cryptoplax striata,
goethite Chaetopleura apiculata
and/or

limonite

phosphate
or apatite

% \
junctional zone

phosphate
or apatite

junctional zone

Figure 5. Schematic representation depicting the two main types of structure of chiton
radular teeth with respect to the location of the magnetite veneer along with the genus or
species where the type was observed.

4,109,110]
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Figure 6. SEM image of a longitudinal fracture surface of a mature radular tooth of chiton C. stellari showing the iron phosphate core (lighter) and
the magnetite shell regio (darker).The marked rectangles B,C, and D in (a) are magnified in (b), (c), and (d), respectively. The local structural
heterogeneity includes (i) the granular magnetite veneer, the magnetite rods oriented parallel to the (ii) leading and (iv) trailing tooth edges and
(i) a gradual bending at transitional zone between them. The dashed lines illustrate the dominant local orientation of the rods in regions (ii),

(iii), and (iv), e)—f) Micro X-ray fluorescence (uXRF) scans of longitudinal thin sections of radular teeth form C. stellari. The intensity of e) total
iron and f) ferrous iron increase across the leading edge during tooth maturation. g) Micro X-ray absorption near-edge structure (WXANES)
analysis shows an increasing abundance of magnetite across the shell region along the leading edge of radular teeth. Images reproduced from

Ref. [116] with permission.

magnetite, lepidocrocite, and goethite in mature teeth.!!

Moreover, the magnetite crystals in the leading part were
found to be randomly oriented. Meanwhile, Evans et al.
found that in the calcified tooth cores, the crystals either
followed the orientation of organic matrix or formed inter-
connecting fibrous bridges.'” The tooth core is the region
which is mineralized last, following a very complex pattern.
Typically, it consists of either amorphous iron phosphate!* or
apatite,*112¢15] but more complex, Fe- and/or Mg-containing
phases were observed as well.[12>!

More conclusive insight into the ultrastructure of chiton
teeth was presented only recently for the radula of chiton

Stage 1: Stage 2:
Formation of the Formation of
a-chitin matrix ferrihydrite (FH)

C. Stellari using a combination of crystallographic, micro-
scopic, and advanced spectroscopic techniques.''®’ The
mature teeth exhibited a locally segregated iron phosphate/
magnetite core-shell structure. The outer shell region con-
sisted either of magnetite particles or rods, where the rod axes
were oriented along the contour of the tooth surface (see
Figure 6 a—d). Four morphological transitions were identified
in the magnetite phase when going from the leading to the
trailing edge of a tooth (Figure 6a-d): i)a thin layer of
condensed magnetite nanoparticles surrounding the entire
periphery of each tooth, which is thickened in the outermost
part of the leading edge, ii) bundles of magnetite rods lying

lepidocrocite lepidocrocite

and/or and/or
goethite goethite
and/or and/or
. limonite . limonite

Stage 3:
Transformation of
FH into magnetite

Stage 4:
Mineralization of
the tooth core

Figure 7. The four stages of tooth mineralization in the Chitonida according to Lowenstam and Weiner.!
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beneath this layer, which were oriented parallel to the leading
edge surface, iii) the local direction of the rods’ orientation
was gradually bent around the iron phosphate core up to the
trailing edge, where iv) the orientation of the rods became
parallel again to the trailing surface. The thickness of the rods
gradually increased from the leading to the trailing edge,
which was correlated with a significant decrease in hardness
and modulus."!

In a more recent study, reproducing and extending these
previous results, Grunenfelder and co-workers have shown
that smaller fibers are better suited for tensile loading because
they have fewer flaws, and are therefore less brittle.!"”]
Conversely, they perform worse during compression, where
thicker fibers are preferred. The observations led to the
conclusion that the larger diameter rods observed on the
trailing edge of the tooth are optimized to withstand the
compressive loading concentrated in this region, whereas the
thinner ones are optimized for tensile loading in the leading
edge. The difference in moduli of the hard magnetite shell and
the soft phosphate core was found to be large enough to
enable crack-deflection at the core—shell interface, an effect
also known from other (biological) composites.""*! Addition-
ally, the presence of the organics surrounding each mineral-
ized rod as well as the organic template within magnetite
crystals (as a remnant of a templated nucleation) reduce the
modulus and assure a higher hardness/modulus ratio, which
facilitates an improved abrasion resistance when loading
under blunt contact.!""”

At the nanoscale, surface asperities and mineral bridges
were found as additional toughening mechanisms.!"” These
structural features provide a detailed microscopic structural
explanation for the supreme mechanical properties and the
well-defined asymmetric wear patterns of the teeth enabling
a self-sharpening condition!""'*117] (Figure 4 g). In addition,
it had already been demonstrated that in contrast to the
original ideas of Lowenstam and Weiner, who suggested that
various mineral phases coexist in separate compartments,!
different mineral phases instead interpenetrate with each
other, thus blurring any sharp transitions between
them."?""1 Combined, these findings hint at an even
higher level of precision of spatio-temporal control over
nucleation and growth of various coexisting mineral phases.

4.3. Mechanistic Aspects of Magnetite Biomineralization in
Chiton Radular Teeth

The mineralization process of chiton teeth follows a com-
plex pattern involving several morphological and phase
transformations. In their work, Lowenstam and Weiner
described four generic stages of tooth mineralization in the
chitonida (Figure 7): i) formation and organization of the
organic matrix, ii) formation of a transient iron mineral
iii) conversion of the transient iron mineral into other
minerals. In the last stage, iv) mineralization occurs also in
the tooth core. The four stages, as well as the (predominant)
transformation of ferrihydrite to magnetite (Figure 7) are, in
principle, common to all chitons. Beyond these commonal-
ities, genus- or species-specific features have been observed,
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ranging from the mineral content and localization (Figure 5)
to the proteins potentially involved in the mineralization
process. Owing to the different methods used in various
studies it is not clear whether any of the findings is generic for
all chitons. We therefore specifically describe what we feel are
the most important findings.

On extending the traditional mineralogical approaches to
include biochemical analyses, it was shown that in chiton
A. hirtosa, the preformed organic matrix undergoes phenolic
hardening (also known as phenolic tanning and denotes the
oxidation of phenolic compounds to quinones, which in turn
react and cross-link proteins. The process increases the
hardness of the tissue and produces a dark coloration) even
prior to the onset of mineralization.'” The same study
revealed that around 10 % of the organic component is in fact
proteins rich in acidic residues (aspartic and glutamic acid),
which are suggested to be closely associated to the chitin
fibers. The iron-mineral-containing outer regions of the tooth
cusp were found to contain much less proteins than the
calcified tooth core. In addition, chitin fibers in the iron-
mineral-containing regions were found to be sparse and only
purely ordered, while the calcified region contained densely
packed and highly ordered rope-like fibers.""®"! Based on
these results and along with the finding about the crystal
orientations in the iron-containing and calcified regions,'**" it
was suggested that the mineralization in the calcified regions
exhibits a much larger degree of control by the organic matrix
than in the iron-containing region.!'*"!

The advance of characterization methods and an increas-
ingly interdisciplinary approach enabled deeper insight and
also demonstrated that the original models of mineralization
of radula needed to be revised. Saunders et al. have shown
that different mineral-containing regions are not separated by
sharp, well-defined borders but instead interpenetrate each
other."* Moreover, even within regions containing the same
minerals there are distinct inhomogeneities which ultimately
give rise to self-sharpening properties.'”’ In the case of
C. stellari the following series of structural transformations
has been observed:"® i) templated synthesis of ferrihydrite
crystal aggregates along the preformed chitinous matrix
followed by ii) an aggregation of crystal aggregates eventually
undergoing a solid-state phase transformation from ferrihy-
drite to magnetite (see Figure 6e—g), and iii) magnetite
growth to form parallel rods in mature teeth.

In A. hirtosa, ferrihydrite was suggested to form by
a redox mechanism from Fe™.'"™ On the other hand, in
C. stellari this redox mechanism was dismissed based on micro
X-ray fluorescence (UXRF) data, because Fe was also
present after deposition of ferrihydrite." Instead, a mecha-
nism was suggested involving hydrolysis of ferric iron to form
positively charged ferric iron hydroxides, which should
spontaneously precipitate in the form of ferrihydrite. This
proposal is supported by the fact that the surface energy (and
thus the barrier for nucleation) for hydrous phases is lower
than for anhydrous phases, such as goethite, lepidocrocite, or
akaganeite. The resulting metastable nanocrystalline ferrihy-
drite was in turn suggested to transform to magnetite by
absorption of Fe'".'?!l Moreover, magnetite crystal aggregates
were found to grow in a strikingly asymmetric manner, with
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the grains on the perimeter of the aggregates growing more
extensively than those in the cores.''® Earlier proteomic
analysis of the teeth had revealed several proteins specific for
mineralized zones, one of them exhibiting homology with the
C-terminal domain of a peroxiredoxin-6-like protein,[?!"!
which is known to be a reducing agent.'”>%?! Based on these
observations it was suggested that the proteins found in fully
mineralized teeth could control the reduction of iron species
and thereby control the initial phase transformation from
ferrihydrite to magnetite by absorption of Fe and a subse-
quent solid-state transformation.!"'® Moreover, the chitin
matrix was suggested to influence the density of the magnetite
crystal aggregate as well as the diameter and curvature of
resulting rods. In addition, all the crystal aggregates were
found to be in contact with chitin fibers, suggesting hetero-
geneous nucleation of initial ferrihydrite on the fibers.''¥]
Evidence for this idea has been collected in the case of
A. hirtosa, where a peptide similar to the iron-binding protein
Mms6 was extracted from mineralized teeth,®® %! and was
believed to be distributed on the chitin matrix where it may
enhance ferrihydrite nucleation."*! It thus appears very likely
that protein-coated chitin fibers act as nucleating agents for
heterogeneous nucleation of ferrihydrite. This idea was in
turn supported by the observation that the crystal aggregates
are smaller and the density is larger in the leading edge than in
the trailing edge of mature teeth of C. stellari.''*! At the same
time, the organic fibers are also more densely packed in the
leading edge, which according to the above view, corresponds
to a higher density of nucleation sites.''! This situation
indicates a very high degree of control over mineralization.

Strikingly, state-of-the-art atom-probe tomography anal-
ysis of radular teeth of C. apiculata revealed distinct local
heterogeneities on the molecular scale.* Around the semi-
crystalline a-chitin fibers, small domains were found in which
cations (Nat, Mg®", or both) cluster. These domains occur
because the local amorphous chitinous domains exclude
acidic proteins and thus also the cations.'*! Moreover,
proximity histograms showed that the iron-mineral/organic
fiber interfaces were not sharp but graded, such that on
a length scale of 2-4 nm both phases coexisted, interpene-
trating each other. The only cations co-localized with the
fibers were either Nat, Mg®", or both, suggesting the chitin-
associated acidic proteins selectively attract the cations. It was
further speculated that these localized specific ion affinities
could regulate surface charges and that the local charge
distributions govern the inter-fiber interactions and poten-
tially also the onset of mineral nucleation by charge
condensation. While there is no direct evidence for such
mechanisms, the picture nevertheless points at an even more
delicate level of control over nucleation and growth of iron
oxide biominerals than originally thought.

4.4. Structure and Function of Limpet Radular Teeth

The mineralization of limpet radular teeth has been the
subject of studies on various species, among them Patella
vulgata, 1110410801251 gepletica 2 peronii ™ and  caeru-

lea," 2 as well as Patelloida alticostata™ and Cellana
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toreuma.® While possibly displaying variation in the shapes
and sizes of teeth, the studies revealed that the cusps are made
of a preformed a-chitin matrix filled by goethite (a-FeOOH)
and amorphous hydrated silica (SiO,-nH,0), indicating
a highly universal tooth cusp composition. In a broader
context the formation of composite biomineralized materials
is also referred to as “multiphase biomineralization”®l and is
also known in other marine invertebrates, such as spon-
gesPH12% (chitin, silica and aragonite), brachiopods:12°-l
(chitin, silica and apatite) and crustaceans®"'*¥ (chitin and
silica).

In the limpet species Patella vulgata, athletica, and
caerulae, the a-chitin matrix was found to consist of relatively
well ordered, densely packed arrays of chitin fibers with only
a few nanometers between adjacent fibers.'"”! Results of
histochemical studies revealed proteins alongside chitin and
also suggested that, in these species as well, phenolic hard-
ening occurs immediately prior to deposition of minerals.'*
In the leading part, the a-chitin matrix fibers were found to be
organized in two types of layers with a thickness ranging
between 300 and 900 nm."""® Within these layers, which were
positioned transverse to the leading surface, the fibers were
oriented either parallel or perpendicular to the surface,
arranged in an alternating fashion. In the trailing part, the
fibers were found to be oriented perpendicular to the leading
edge. At the border between the leading and trailing parts the
fibers were shown to form a cross-shaped pattern (Figure 8a).

The first mineral products were observed on the
basel!®12* 130 and correspond to poorly ordered mineral
deposits of variable composition and size containing Fe, Si, P,
and Ca.l'”*1¥ n the cusp the levels of P and Ca were very low
compared to Fe and Sil®® In Patella vulgata, the first
minerals deposits appeared in row 131'* and in the case of
Patella caerulea in row 19.'% The first ordered mineral phase
(goethite)!"*! appeared on the tooth base or at the junction of
the tooth base and the tooth cusp.!**10512501311 The first
minerals on the tooth cusp were found in the form of linear
aggregates in contact with chitin fibers, which suggests that
the fibers control crystal orientation.'” Goethite forms as
acicular crystals with the longer axis parallel to the fibers.['*"!
On the basis of a highly heterogeneous crystal morphology
the growth of crystals was suggested to be largely unaffected
by the matrix.l'%?”) The fact that the inter-fiber spacing inside
the fiber-layers was found to be comparable to the crystal
thickness and the finding that the crystallographic c-axes of
goethite are oriented along the fibers,'"'® suggest that the
organic matrix plays a regulatory role in crystal growth. The
space between the goethite crystals becomes subsequently
filled by hydrated silica.'""*'* The formed goethite crystals
have been studied by microscopic and spectroscopic techni-
ques. /1112012713531 The tooth base was found to contain
microcrystalline (superparamagnetic) and poorly ordered
goethite, whereas the cusp contains acicular goethite crys-
tals."*! These acicular crystals are oriented along the fibers
and are smaller in the leading part and larger in the trailing
part. 1010

While knowledge about the spatial distribution of mineral
phases inside limpet teeth remains elusive, some information
concerning the spatially resolved elemental composition has
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Figure 8. a) The orientation of the a-chitin fibers in a longitudinal (left)
and transverse (right) cross-section of a radular tooth in limpet teeth.
Left panel: lines denote the fibers; Right panel: Lines denote the fibers
lying perpendicular to the leading edge and the dots depict those lying
parallel to the edge. Near the trailing edge the fibers lie parallel to the
edge while they form a cross pattern at the border between the leading
and trailing edge. b)—d) TEM images of early mineral deposits in
limpet Patella caerulea; some mineral deposits have an electron-lucent
core. Inset of (b): A less under-focused TEM image, depicting fibers
that are not as clear owing to the low contrast but with a better
resolution. The intensity profile across such a particle reveals a dip in
intensity in the middle of the particle (denoted by the arrow). The two
arrowheads on each side of the arrow point to peaks arising from
chitin fibers. c) A broken hollow crystal with a smaller structure
emerging from the hole. It is not clear whether this structure is organic
(arrows indicate an almost electron transparent and presumably
organic material). d) TEM image showing mineral deposits lying
parallel as well as perpendicular to the section. Electron-lucent
particles are seen as well. b) and d) reproduced from Ref. [105] and

c) from Ref. [127] with permission.

been obtained. It was shown that the leading part of the tooth
contains more Fe than Si, while in the middle and lower
trailing region of the cusp the percentage of Si is higher than
Fe.'*" By measuring the hardness of samples obtained after
selective removal of the organic and mineral phases, respec-
tively, it was demonstrated that the organic matrix plays
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merely a subordinate role for the hardness of mature
teeth.'”""! Silica, on the other hand, was shown to be vital
for the hardness.'"™ It was suggested that silica acts as
cement for goethite crystals which are in the form of loose
grains. "' In addition, the teeth were shown to display a well-
defined plane of wear parallel to the elongation of the trailing
part of the tooth.'""™ The orientation of this plane remains
constant and assures a self-sharpening of the tooth, analogous
to observations in chiton radulae.'”"® The self-sharpening, as
well as a high resistance against the propagation of cracks in
the tooth is enabled by the hierarchical ultrastructural
organization."" The spatial resolution of phases aside, all
results have shown that goethite is the only iron mineral
observed, that is, it does not appear to form an amorphous
precursor.

The organizational and compositional differences with
respect to chiton teeth result in a lower hardness of mature
teeth (an average Vickers hardness of 676 kgm 'm~2 in
chitons compared to 413kgm'm~? in limpets).'"”) The
microscopic origin of this difference in hardness remains,
however, elusive.

4.5. Mechanistic Aspects of Goethite Mineralization in Limpets

There are several important mechanistic questions that
have received much attention in the past, but nevertheless still
remain open. Compared to chitons, the biomineralization of
limpet radula is not understood in such detail. The most
striking questions are related to the formation pathway of
goethite, in particular the absence of a transient amorphous
precursor and the reaction itself.

In the teeth, no pre-formed compartments were observed
which could possibly control crystal size and shape.!*
Instead, the crystals apparently push aside or engulf the
fibers as they grow. It appears that the mineralization of the
base is not under appreciable biological control. Conversely,
the mineralization of the cusp appears to be under strict
biological control. Some goethite crystals were found to be
either hollow or to contain an organic core (Figure 8b-d),
suggesting, at least in part, a heterogeneous crystal nucleation
on the organic matrix.1""®1%5127) These crystals have a thick-
ness comparable to a unit cell and still have well-recognizable
crystal faces and display various crystal habits (Fig-
ure 8¢,d)."” 12 Tt is suggested that interactions with organic
fibers stabilize these structures long enough to make them
experimentally observable during their growth.! Some
crystals were found to display triangular morphology, which
is possible only by breaking the symmetry of the Pbnm space
group.'””) The symmetry breaking was attributed to nuclea-
tion of crystals on the fibers, which would prevent the growth
of symmetry-related faces."”>'?”! Similar morphological sym-
metry reduction was also observed in vitro, in crystallization
studies in the presence of additives'™> and indicates a certain
level of biological control over nucleation.!?”

Moreover, it is well established that goethite does not
crystallize spontaneously from Fe in aqueous solutions, at
neutral pH, and close to physiological conditions."*! The only
path to forming goethite crystals at ambient conditions is
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through in situ oxidation of Fe'."***137] The crystals formed by
such oxidative hydrolysis, however, generally do not have
well-defined morphologies such as those found in limpet
teeth. All synthetic routes to goethite crystallization involve
extreme pH values, elevated temperature or both.[* In these
processes, a poorly crystalline ferrihydrite precursor phase is
deposited first and long incubation times are required for its
subsequent transformation into goethite. In the limpet teeth,
no such ferrihydrite precursor phase has ever been detec-
ted.1012105127) The Jimpet was thus suggested to either avoid
the formation of metastable precursors entirely or to some-
how shorten the time-window in which they are stable and
observable."™ All the studies to date (on various species)
report an absence of an amorphous precursor of any
kind.'!"19:271 T any case, the direct deposition of goethite
indicates a considerable biological control over goethite
biomineralization in limpet teeth. Moreover, lepidocrocite
(y-FeOOH), while thermodynamically less stable, is often
kinetically favored in precipitation reactions. Goethite for-
mation is favored when the rate of oxidation of Fe is very
slow, such as in presence of CO,/HCO, ¥ Mn?* 3 or
AP35 1t was thus speculated that the biomineralization
mechanism in limpet teeth could involve slow oxidative
hydrolysis favoring goethite over lepidocrocite formation for
controlled nucleation governed by the organic matrix.'>"! In
turn, the organic matrix framework is speculated to be coated
by (acidic) proteins which would act as nucleating centers.'"”!
The speculations aside, in the case of limpets, the proteins
(potentially) involved in biomineralization remain elusive
and the protein control over goethite nucleation is still an
unexplored territory.

The possibility of changes in fiber dimensions and/or
inter-fiber spacing triggering and controlling goethite nucle-
ation has also not yet been ruled out." In addition, it was
shown that soluble Si has an inhibitory effect on goethite
mineralization,"* yet in all stages of goethite mineralization
in the radular teeth of Patella vulgata significant amounts of Si
have been detected.'>*13%133] It appears that only in mature
and fully mineralized teeth is Si incorporated in an inert silica
phase and that during the mineralizing stages Si exists in
a soluble form, which was suggested to exert some regulatory
function in connection with the chitin matrix.!'""!

The second intriguing question concerns iron transport
into and inside the tooth. Several studies have not revealed
any presence of ferritin cores within limpet teeth.0%121%]
Occasionally ferritin cores were observed adjacent to the
tooth, but never inside.'®! Similar observations were made in
chitons, where it was suggested that ferritin cores must be
dissolved prior to transportation across the cell membrane
into the tooth.”! Supporting this idea is the finding that in
chiton teeth, the degree of crystallinity of the initial ferrihy-
drite deposits is greater than the that of the ferritin cores in
the teeth-adjacent cells."""™ The current opinion therefore
remains that in limpets as well, iron enters the tooth in
a soluble form.'"! In addition, the finding that in the early
stages of mineralization the parts that are more distant from
the leading edge are more intensively mineralized than the
ones near the edge!' 1% triggered speculations that the early
mineral deposits at the junction between the base and the
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cusp could serve as a reservoir for the mineralization of the
cusp.'! Moreover, since free iron in the cytosol is toxic (i.e.,
it can catalyze the formation of hydroxyl radicals), it was
suggested that it could be located in a vacuole undergoing
exocytosis just like the free iron in the vacuole of the
transferrin endosome."*! Results of immunolabeling studies
of radulae of Cellana toreuma revealed that a 26 kDa ferritin
subunit is in fact translocated across the cell membrane into
the teeth.!? It was speculated that the detected disassembled
ferritin subunit released free iron and/or partially degraded
ferritin into the tooth after fusion of a lysosome-like vacuole
with the cell membrane.™ The mechanism of how iron is
protected and transported across the tooth remains unclear.

4.6. Open Questions

While great activity in the research field shed light on
several aspects of biomineralization of both chiton and limpet
radula, several mechanistic questions remain open and still
need to be addressed in more detail. From a fundamental
point of view, the most crucial one in the case of chitons is
certainly related to the molecular picture of templating
mechanisms, suggested to be mediated by, presumably
acidic, proteins. Invitro experiments indeed suggest an
important role of acidic ligands in the formation of ferrihy-
drite™!! and suppression of lepidocrocite formation.'*! In
addition, poly(aspartic acid) was found to have a multi-modal
effect on ferrihydrite formation."™! Several protein species
were identified, which are homologous with known proteins
with, for example, enzymatic activity.*¢11¢123] Tn addition,
no direct evidence has been given about whether and how
these proteins actually affect the nucleation and growth
stages. Thus, these findings remain circumstantial and the
spatio-temporally resolved identity of the nucleation-control-
ling proteins, along with the actual molecular mechanism of
their action, remains unknown and thus a matter of spec-
ulation. To eventually be exploited for strategies towards
preparing modern multifunctional synthetic materials, ideas
such as molecular control over crystallization with exceed-
ingly small concentrations of ‘additives’, demand further
mechanistic insight.

Compared to chitons, much less mechanistic insight is at
hand for limpets. Typical of the problems perplexing
researchers in the field is the elusive reaction pathway for
the formation of goethite crystals under physiological con-
ditions from Fe", this question in turn is entangled with the
issue of the protection and transport of free iron into and
across the tooth. As in chitons, extensive speculations were
made about chitin-associated proteins controlling nucleation
and growth of goethite crystals. Yet, such proteins in limpets
have not been identified and their mode of action remains
unknown. Similar holds true for the events triggering goethite
precipitation, be it changes in chitin inter-fiber spacing,
sudden changes in iron delivery, or something entirely
different. In addition, the speculation about the absence of
control over the growth of goethite crystals (displaying very
heterogeneous morphology) is contradicted by their clear
preferential orientation. Namely, it is known from studies of
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crystallization in porous materials that in absence of consid-
erable heterogeneous nucleation and growth on pore walls,
the growing particles exert large local stresses on pore
walls."#!  Applying these ideas to uncontrolled crystal
growth in the presence of chitin fiber bundles local deforma-
tions in fiber structure and alignment are expected to be
observed, but these have apparently not been observed. Thus,
growth might be controlled as well, either directly by
interaction with fibers or perhaps by control of local iron
delivery. More intensive interdisciplinary studies are thus
called for to give a more complete picture about goethite
biomineralization in limpet radular teeth.

5. Summary and Outlook

New information is obtained on a daily basis with respect
to biological macromolecules involved in biomineralization,
thanks to the advance of new analytical techniques, and
specifically, new sequencing techniques. However, there is
still a long way to go towards a complete understanding of
biomineralization pathways and being able to profit from
them in terms of biomimetics for the formation of functional
and self-repairing materials. In particular, the field needs even
greater interaction between scientists from diverse fields to
jointly tackle challenging problems that cannot be solved
solely from one perspective.

In the specific ‘world’ of iron oxide biomineralization, the
genes and proteins involved in magnetite formation in
magnetotactic bacteria are mostly known, but efforts are
needed to understand their dedicated mechanistic role. Such
information is completely absent in the case of the mollusks,
but with the development of sequencing techniques, genetic
information will hopefully become accessible in the near
future to complement the elaborate physico-chemical work
done to date. In particular, the much larger scales and
quantities of iron minerals involved in these higher organisms
evidently require a more complex, multi-level control over
mineralization. At the same time, larger or even bulk
quantities are also required for efficient biomimetic materials
production. Compared to the intensively studied calcium
minerals,”¥ the biomimetic approaches of depositing iron
oxide biominerals®™®! are still underdeveloped. These
in situ studies would offer a deeper mechanistic insight into
iron oxide mineralization. Beyond their conceptual value the
in situ studies have already proven extremely successful in the
field of biomimetic and bioinspired optical materials,*]
which should inspire more biomimetic studies on iron oxide
mineralization, both fundamental as well as practically
oriented. Therefore, the more detailed, molecular-scale
knowledge obtained from magnetotactic bacteria should
inspire and promote equivalent efforts in higher organisms
such as limpets and chitons. A detailed understanding of the
hierarchical multi-level control over iron oxide mineral
deposition on a molecular level in these higher organisms
would pave the way towards a programmable, molecularly
controlled, smart, biomimetic materials design.
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