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Abstract Biomineralization processes are frequently found in nature. Living organisms use various strategies to create
highly ordered and hierarchical mineral structures under physiologic conditions in which the temperatures and
pressures are much lower than those required to form the same mineralized structures by chemical synthesis. Although
the mechanism of biomineralization remains elusive, proteins have been found responsible for the formation of such
mineral structures in many cases. These proteins are active components in the process of biomineralization. The
mechanisms by which their function can vary from providing active organic matrices that control the formation of
specific mineral structures to being catalysts that facilitate the crystallization of certain metal ions. This review
summarizes the current understanding of the functions of several representative biomineralization proteins from
vertebrates to bacteria in the hopes of providing useful insight and guidance for further elucidation of mechanisms of

biomineralization processes in living organisms.
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Introduction

The term biomineralization refers to the processes by which
living organisms produce mineral structures that usually exist
as pure inorganic materials in nature (Weiner, 2008). The size,
morphology, composition and location of the minerals
produced by living organisms are controlled by genetic
factors and determined by biologic entities that are usually
proteinaceous (Miller and Parker, 1984; Addadi and Weiner,
1985; Simmer and Fincham, 1995; Cha et al., 1999; Mahamid
et al., 2010). Most biomineralization processes take place
under physiologic conditions where the temperatures and
pressures are much lower than those required to form the
same mineralized structures in the absence of organic
materials. The high degree of control by biologic systems
over the crystallization of inorganic elements is of interest
from both the biologic and material science perspective.
Although the mechanisms of biomineralization remain
elusive, results of recent investigations have begun to shed
light on these fascinating processes (Gower, 2008; Weiner,
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2008; Bonucci, 2009).

Minerals formed by living organisms from bacteria to
vertebrates can be classified into three major categories:
calcium, silicon and iron (Gower, 2008). The morphologies
and structures of these biominerals are as diverse as the living
organisms that produce them. In those cases for which there is
some understanding of the biologic mechanisms involved in
biomineralization, proteins have been found responsible for
forming the mineral structures (Addadi and Weiner, 1985;
Weiner and Addadi, 1991; Gorski, 1992; Weaver and Morse,
2003; Moradian-Oldak et al., 2006; Weiner, 2006; Weiner,
2008). The mechanisms by which mineralization proteins
function are poorly understood, but they have been proposed
to include the control of size, morphology, orientation,
composition and the localization of crystals synthesized by
organisms (Weiner, 2008; Colfen, 2010). The role of proteins
in the biomineralization process is critical considering that
biomineralization occurs readily under mild physiologic
conditions compared with the high temperatures and
pressures required to produce the same products in vitro
(Gower, 2008).

The focus of this review is to provide a brief summary of
the current understanding of the functions of proteins in some
selected mineralization processes of biologic systems. We
will discuss the roles of collagen and amelogenin in the
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formation of calcium mineral (calcification) in vertebrates, the
function of silicatein in the formation of silicon-based
structures (silicification) in sponges and the functions of
proteins, particularly Mms6, in the formation of magnetites in
magnetotactic bacteria.

Collagen: an active scaffold for bone
formation

Calcification and silicification are the two major systems used
in nature to fabricate hard skeletal tissues (Bonucci, 2009).
The calcification system in vertebrates has been studied for
decades for its obvious importance for bone and tooth
formation and its close relevancy to health issues. Bone
contains a highly organized arrangement of apatite crystals
along with the collagen fibrils (Traub et al., 1989; Hulmes et
al., 1995). Collagen may be one of the most well studied
fibrous proteins with its well-known triple helical three-
dimensional structure (Cowan et al., 1955; Ramachandran
and Kartha, 1955; Rich and Crick, 1955).

Different types of collagens have been identified in skin,
bone, cartilage and blood vessels (Miller and Parker, 1984).
Type I collagen, the major organic matrix found in bone, has a
triple helical structure formed by two identical protein chains
(al) together with a third distinct one (02) (Piez et al., 1961;
Piez, 1965). The chains are staggered axially by 234 residues
with a central triple helical region stretching about 1014
amino acids in which each chain contains glycine at every
third position. Each chain has a left-handed helical structure
from which a right-handed triple helical supercoil is formed
(Miller and Parker, 1984). The triple helical collagen
molecules self-assemble into fibrils in which molecules are
axially displaced from each other by about 67 nm. There is an
integral discrepancy between the displacement distance and
the 300 nm length of each collagen molecule. This dis-
crepancy results in a fibril in which some regions with cross-
sections of 5 collagen molecules (overlaps) and other regions
with cross-sections of 4 molecules of collagen (gaps). The
gaps are believed to be the sites of calcium mineral
crystallization in bone (Hodge and Petruska, 1963; Miller
and Parker, 1984).

Despite the well-understood structures of collagens, the
major organic matrix of the bone, studies of biomineralization
during bone formation have extended for decades and yet
detailed mechanisms to describe these processes still remain
ambiguous (Katz and Li, 1973; Posner and Betts, 1975;
Berthet-Colominas et al., 1979; Landis and Silver, 2009;
Colfen, 2010). However, the question of whether collagens
provide a passive organic matrix or actively participate in the
bone formation has recently been successfully addressed
(Dey et al., 2010; Nudelman et al., 2010). The presence of
other macromolecules in the system such as glycosamino-
glycans, proteoglycans and glycoproteins, which have been
speculated as either nucleators or inhibitors of calcium

mineralization in bone, complicate the problem of decipher-
ing the mechanism of bone formation (Berthet-Colominas et
al., 1979; Miller and Parker, 1984). Consequently, the key
question regarding calcium mineralization in bone, which is
whether the bone is mineralized by means of a classical
crystallization process (nucleation and growth) or is initiated
from amorphous precursors, has been debated for decades
(Glimcher, 1959; Termine and Posner, 1966; Wheeler and
Lewis, 1977; Glimcher et al., 1981; Weiner, 2006; Grynpas
and Omelon, 2007; Olszta et al., 2007; Colfen, 2010;
Mahamid et al., 2010). In this review, we will focus on the
role of the collagen matrix on calcium mineralization in the
process of bone formation, although other non-collagenous
proteins (including osteonectin, osteocalcin, phosphophoryn,
and bone sialoprotein, etc.) are also thought to be key
contributors to bone formation (Termine et al., 1981; Addadi
and Weiner, 1985; Weiner and Addadi, 1991; Gorski, 1992).
Dey et al. (2010) studied biomineralization in vitro using
an arachidic acid monolayer system to mimic the in vivo
biologic surfaces that induce calcium phosphate biominer-
alization. By using cryo-TEM (transmission electron micro-
scopy), the investigators provided high resolution, time-
resolved images of the surface-induced calcium phosphate
crystallization. The authors reported the existence of small
nanometer-sized prenucleation clusters in the concentrated
calcium solution in which the biomineralization of calcium
phosphate begins. These prenucleation clusters then aggre-
gate and further coalesce on the surface of monolayer to form
amorphous spherical small particles. The development of
mature crystals was accomplished by the oriented nucleation
of amorphous particles directed by the monolayer (Fig. 1).
Collagens are usually considered as providing a passive
protein scaffold that is the structural matrix for the
organization of apatite in bone biomineralization (Berthet-
Colominas et al., 1979; Miller and Parker, 1984; Traub et al.,
1989; Hulmes et al., 1995; Colfen, 2010). However, the
results of recent in vitro and in vivo studies have provided
evidence that collagen forms an active scaffold (Dey et al.,
2010; Mahamid et al., 2010; Nudelman et al., 2010). The
authors used cryo-TEM and molecular modeling to investi-
gate the electrostatic potential energy distribution of the
collagen fibril. The results showed that prenucleation clusters
are negatively charged loosely packed mobile structures
stabilized by non-collagenous proteins for which polyaspar-
tate was used as a substitute (Nudelman et al., 2010).
Modeling of the electrostatic potential energy distribution of
the collagen fibrils also revealed the existence of positively
charged regions at the border of the gap and overlap zones.
The authors concluded that this positively charged region can
be used for mineral infiltration and electrostatic interaction,
which enables the formation of a dense network of
prenucleation clusters inside the collagen fibrils. These
prenucleation clusters are transformed into amorphous
calcium phosphates followed by transformation to hydro-
xyapatite and oriented as crystalline hydroxyapatite inside the
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Figure 1 Schematic representation of surface-directed mineralization of calcium phosphate. Stage 1: loose aggregation of prenucleation
clusters in equilibrium with ions in solution. Stage 2: prenucleation clusters aggregate in the presence of the monolayer with loose aggregates
still present in solution. Stage 3: aggregation leads to densification near the monolayer. Stage 4: nucleation of amorphous spherical particles
only at the monolayer surface. Stage 5: development of crystallinity following the oriented nucleation directed by the monolayer (Dey et al.,
2010). Reprinted by permission from Macmillan Publishers Ltd: Nat Mater, copyright (2010).

fibrils. Thus, nucleation sites for hydroxyapatite crystal-
lization are proposed to reside within charged amino acid
domains of the collagen fibrils (Colfen, 2010; Nudelman et
al., 2010). Cryo-SEM (scanning electron microscopy)
imaging and small-angle scattering also provided detailed
information regarding mineral morphology and formation in
the zebra fish boney fin rays for which it was concluded that
packets of prenucleation clusters of amorphous calcium
phosphates (ACP) are delivered from vesicles in the cells to
the extracellular collagen matrix. These prenucleation clusters
become fused into amorphous calcium phosphates in the
collagen fibrils where maturation of the crystalline apatite
then occurs (Mahamid et al., 2010).

In summary, the collagens actively participate in the
formation of bone by forming a triple helical assembly with
charged zones that provide the organic matrix and direct
calcium deposition for bone growth.

Amelogenin: a nanospherical protein
assembly responsible for enamel formation

The formation of enamel is another well-studied calcification
system, which is the outcome of the mineralization of
carbonated-apatite with a most unusual morphology. Mature
enamel contains crystals that are tens of microns long with a
length to width ratio of more than 1000 (Daculsi and Kerebel,
1978). The formation of enamel occurs extracellularly and
consists of three main stages: secretory, transition and
maturation (Eastoe, 1979; Simmer and Fincham, 1995). As
the development of enamel continues, the extracellular matrix
(ECM) proteins are cleaved by various proteases and
removed from the mineralization sites in the extracellular
matrix, which allows the crystals to grow in two dimensions

and increases the hardness of enamel (Eastoe, 1979;
Moradian-Oldak, 2001).

Amelogenin, the major component of the extracellular
matrix during the secretory stage, is believed to be
responsible for the formation of the hierarchical structure in
enamel (Eastoe, 1979; Moradian-Oldak, 2001). The
sequences of amelogenins from different species are highly
conserved at the carboxyl and N-terminal regions (Fig. 2).
The C-terminal portion consists of charged hydrophilic amino
acid residues and the N-terminal portion is the TRAP
(tyrosine rich amelogenin polypeptide) region. The central
sequence of amelogenin constitutes the hydrophobic core,
which is rich in proline and leucine residues (Moradian-Oldak
et al., 2000). The conserved TRAP region and the hydrophilic
C-terminal region are believed to be the functional motifs
important for the enamel biomineralization (Simmer and
Fincham, 1995; Fincham et al., 1998).

Full length mouse amelogenin has 180 amino acids that can
self-assemble in vitro into ‘nanospheres’ with hydrodynamic
radii ranging from 15 to 20 nm (Fincham et al., 1994). The
driving force of the self-assembly of amelogenin nanospheres
seems to be hydrophobic interactions as is expected from its
primary sequence that includes a large portion of hydrophobic
amino acids. Amelogenin monomers form dimers, trimers
and hexamers with the highly negatively charged C terminus
exposed on the surface of molecule. Further self-assembly of
amelogenin results in the formation of stable linear
nanochains consisting of 10 to 15 linearly linked nanospheres
(Aichmayer et al., 2005; Du et al., 2005a; Moradian-Oldak et
al., 2006). The N- and C-terminal regions of amelogenin are
susceptible to proteolytic digestion and are therefore believed
to be exposed on the surface of the amelogenin nanospheres
(Moradian-Oldak et al. 2001). The nanochain structure was
initially reported to be birefringent with regular periodicity
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Figure 2 Schematic representation of amelogenin. Schematic presentation of some structural features of amelogenin protein based on
previous reports and recent studies on self-assembly and limited proteolysis experiments. Numbers in parentheses refer to amino acids in
amelogenin sequences in different species. Proteolytic activities by enamelysin occur at the GWL, FSM and WPA sites. The molecules
contain one phosphorylated serine at position 16. When the absence of the hydrophilic C-terminal domain mineral binding domain. causes
fusion of amelogenin nanospheres, the absence of the hydrophobic segment between FSM and WPA locus results in the formation of small
nanospheres and fusion does not occur (Moradian-Oldak 2001). Reprinted with permission from Elsevier, copyright (2001).

and termed as ‘microribbon’ which was subsequently found
to be an artifact due to cellulose contaminants (Du et al.
2005b).

The detailed observations of the structural forms of
amelogenin just described were made under bulk solution
conditions which differ substantially from the in vivo
environment where enamel is formed. /n vivo, amelogenin
is very likely to interact with charged biologic surfaces of
other proteins, lipids or mineral crystals. However, a similar
quaternary structure of amelogenin was observed in vivo by
high resolution TEM as observed in vitro. In TEM images of
developing enamel in mouse, bovine and hamster, the
amelogenin nanospheres appear as ‘beaded rows’ aligned
with and separating the enamel crystallites (Fincham et al.,
1995). The nanosphere structure of amelogenin was proposed
to control the spacing of initial crystallite, which is found to
be about 20 nm in developing mouse enamel (Diekwisch et
al., 1995; Fincham et al., 1995; Zeichner-David et al., 1995).

The C-terminal region of amelogenin participates in
forming its higher order quaternary structures. Nanospheres
of amelogenin lacking this domain are more loosely
organized and larger than those formed by the full length
amelogenin (Moradian-Oldak et al., 2002). The C-terminal
domain deletion mutant also fails to form nanochains (Du et
al., 2005a; Moradian-Oldak et al., 2006). In the absence of the
highly negatively charged C-terminal domain, amelogenin
has a much lower affinity for apatite crystals (Moradian-
Oldak et al., 2002). This result is supported by the results of a
solid-state nuclear resonance microscopy (SSNMR) study of
leucine-rich amelogenin protein (LRAP), the product of an
alternatively spliced product of the primary amelogenin
transcript, showing the C-terminal domain oriented to the
surface of hydroxyapatite (HAP) with the acidic amino acid

residues in the C-terminal domain in position to directly
interact with the HAP surface and regulate mineralization
(Shaw et al., 2004).

The shapes of the hydroxyapatite crystals of enamel are
highly asymmetric (about 26 nm in thickness, 68 nm in width
and more than 1 mm in length for human enamel) (Daculsi
and Kerebel, 1978). The means by which this shape might be
generated by amelogenin was investigated by single-mole-
cule AFM (atomic force microscopy) studies that demon-
strated face-specific adsorption to hydroxyapatite crystals of
an amelogenin fragment consisting of the C-terminal 12
amino acids (Friddle et al., 2011). It is proposed that
amelogenin controls elongation of HAP along the (001)
face by selectively binding to and inhibiting crystal growth at
the (100) face. The C-terminal fragment of amelogenin
preferentially binds to calcium ions at the (100) surface of
hydroxyapatite (HAP) crystals with a high affinity compar-
able to that for the interaction between biotin and streptadivin.
This strong interaction can be attributed to the binding of
Ca" by the negatively charged carboxylate groups in the C-
terminal fragment of amelogenin that are predicted by
molecular dynamics simulations of the peptide-apatite
complex to lie flat on the (100) surface of hydroxyapatite
(Friddle et al., 2011).

Another aspect that influences biomineralization in vivo is
the nature of the surface on which the activity occurs. Recent
in situ studies of the effects of different charged surfaces on
amelogenin assembly revealed complex charge and substrate
dependent pathways and patterns of amelogenin self-
assembly that differ from those in bulk solution (Tarasevich
et al., 2009; Tarasevich et al., 2010; Chen et al., 2011). For
example, when exposed to the positively charged 3-
aminopropyl triethoxysilane (APS) silanized mica, amelo-
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genin initially self-assembled into decamers, which either
further assembled into higher-order structures or dissociated
into monomers. Negatively charged bare mica surfaces
promoted the formation of a film of amelogenin monomers
that interacted with weak affinity. Thus, the quaternary
structure of amelogenin in vivo may vary depending on the
charge of the surface with which it interacts. As both types of
surfaces (positively or negatively charged) are commonly
present during amelogenin-controlled enamel formation, all
the amelogenin structures observed in vitro may have
biologic relevance for enamel formation: the monomeric
and oligomeric forms of amelogenin may control growth and
morphology of the crystals, while the higher-order structures
(nanospheres, nanochains) may dictate the spacing and
organization of the mineral crystals (Tarasevich et al., 2009;
Tarasevich et al., 2010; Chen et al., 2011).

Briefly, the amelogenin self-assembles into high-order
structures to control the spacing of initial crystallite during
enamel development, while the specific binding of amelo-
genin to a certain mineral face is the key factor that
determines the morphology of the hydroxyapatite crystals in
enamel.

Silicatein: a dehydrogenase that catalyzes
silicon condensation

Silicification is another biomineralization process frequently
used by organisms to fabricate silica-based hard structures
such as diatom walls, sponge spicules and radiolarian
microskeletons (Crookes-Goodson et al., 2008; Bonucci,
2009). Diatoms exit in almost every aquatic habitat and are
believed to play critical roles in global carbon fixation
(Dugdale and Wilkerson, 1998; Sumper and Brunner, 2006).
More than 10000 species of diatoms have been identified
based on the morphology and structure of their cell walls
(Sumper and Brunner, 2006). The formation of these silica-
based nanostructures is under strict genetic control (Sumper
and Brunner, 2006; Hildebrand, 2008; Kréger and Poulsen,
2008). It is a formidable task to reproduce these highly
organized hierarchical nano- and microstructures that are
routinely assembled by diatoms, sponges and radiolarians
(Tacke, 1999; Falciatore and Bowler, 2002; Hildebrand,
2003; Brutchey and Morse, 2008). The capabilities of these
organisms are even more impressive considering that biologic
silicification occurs under physiologic conditions, while the
in vitro synthesis of silica usually involves high temperature
and/or extreme pH (Stdber et al., 1968; Brinker and Scherrer,
1990). A number of articles reviewing the roles of proteins
isolated from diatoms and sponges involved in silicification
have been published during the past several years (Brutchey
and Morse, 2008; Hildebrand, 2008; Kroger and Poulsen,
2008; Brunner et al., 2009). In this review, we will use
silicatein as an example to briefly discuss the functions of
protein in the process of silicification.

The skeletons (or spicules) of sponges are built of hydrated
amorphous silica with the shapes varying between species
(Simpson, 1984; Levi et al., 1989). The spicules are robust
structures of amorphous silica consisting of annular layers of
silica nanoparticles surrounding a central proteinaceous axial
filament (Weaver and Morse, 2003; Crookes-Goodson et al.,
2008). It is believed that this proteinaceous filament is
assembled by constituent protein subunits. The deposition of
silica occurs in the space between the proteinaceous filament
and sclerocyte membrane and is under the control of
proteinaceous filament with the participation of some small
peptides and polyamines (Pascal et al., 2005; Matsunaga et
al., 2007; Brutchey and Morse, 2008).

Silicatein, the major component of the central proteinac-
eous axial filaments of sponges, was first identified from the
marine demosponge Tethya aurantia (Shimizu et al., 1998).
The silicatein filaments are composed by three subunits,
silicatein a, § and v, with the approximate molar ratio of being
12:6: 1 (a: B:vy). All of the three subunits share high degree
of similarity in terms of amino acid compositions and
isoelectric point (Shimizu et al., 1998). The fact that only the
genes of silicatein o and B have been found in marine
demosponges suggests that the y subunit may be a post-
translational product of either a or B subunits (Shimizu et al.,
1998; Krasko et al., 2002). Silicatein isoforms from several
species of marine and freshwater demosponges share a high
degree of similarity with the silicatein isolated from T
aurantia (Krasko et al., 2000; Pozzolini et al., 2004; Schroder
et al., 2004a; Schroder et al., 2004b; Kaluzhnaya et al., 2007).

The first function of silicatein is to self-assemble into
filaments that template silica deposition (Shimizu et al.,
1998). The process of silicatein self-assembly appears to be
through fractal intermediates (Fig. 3). The silicatein mono-
mers first form stable oligomers (dimers, trimers and
tetramers) through intermolecular disulfide bonds that subse-
quently assemble into fractal intermediate structures. These
fractal intermediate structures are further condensed and
organized into ordered filamentous structures (Murr and
Morse, 2005). The fractal intermediates in the self-assembly
of silicatein filaments were first observed in the demosponge
Tethya aurantia and confirmed in the demosponge Suberites
domuncula (Miiller et al., 2007). These observations suggest
that the spontaneous organization of silicatein filaments
through fractal intermediates may be a general mechanism in
sponges.

The second function of silicatein in the process of
silicification in sponges is to act as a dehydrolase for silicon
ethoxide condensation (Cha et al., 1999; Zhou et al., 1999).
Silicatein shares high sequence homology to human cathepsin
L, which is a cysteine protease, with two of the three amino
acids of the catalytic triad of cathepsins, His and Asn,
conserved in silicatein (Shimizu et al., 1998). The mechanism
of silicatein-catalyzed polymerization of silica is proposed to
resemble the catalytic mechanism of a serine protease. The
dehydration of silicon ethoxide promoted by silicateins and
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Figure 3 Model of the fractal assembly of silicatein. Silicatein monomers associate into oligomers via disulfide bonds. The oligomers
form fractal networks by diffusion-limited aggregation. As soon as the fractal network is formed, the close proximity and reduction in
degrees of freedom drives the condensation and organization into a filament (Murr and Morse 2005). Reprinted with permission from

National Academy of Sciences, copyright (2005).

the cleavage of peptides catalyzed by serine proteases both
proceed through an obligatory hydrolysis reaction and both
are accelerated by general acid-base catalysis (Fig. 4). The
dehydrolase activity of silicatein was first demonstrated in
vitro by using tetraethyl orthosilicate (TEOS) as the substrate.
The hydrolysis of TEOS at room temperature and neutral pH
was only observed in the presence of silicatein (Cha et al.,
1999). Later site-directed mutagenesis studies further demon-
strated that the His and Ser residues of the catalytic center of
silicatein are required for its activity (Zhou et al., 1999).
Research into the activities of silicatein in the process of
silicification has revealed a dual function for silicatein, which
is both a hydrolytic enzyme and a template for biosilicifica-
tion. The elucidation of the mechanism of silicatein-directed
biosilicification has inspired the invention of new route to
fabricate new nano- and microstructured materials (Brutchey
and Morse, 2006; Kisailus et al., 2006; Brutchey et al., 2008;
Brutchey and Morse, 2008; Rabuffetti et al., 2012).

Mms6: a protein micelle that promotes
magnetic nanoparticle formation in vitro

Magnetotactic bacteria are the most ancient and simplest
organisms capable of performing mineralization. They are
aquatic prokaryotes equipped with flagella and move under
the direction of local geomagnetic field lines (Blakemore,
1975). All magnetotactic bacteria have unique intracellular

structures, called magnetosomes that consist of magnetic
nanoparticles surrounded by lipid bilayer membranes (Balk-
will et al., 1980; Ofer et al., 1984; Gorby et al., 1988). The
magnetosomes are found arranged in a single string of one or
more chains, which is believed to be the physical basis of the
magnetotactic trait (Penninga et al., 1995; Dunin-Borkowski
et al.,, 1998; Bazylinski and Frankel, 2004). The chain(s),
positionally fixed in the cell, act as tiny compasses to guide
bacterial migration along local geomagnetic field lines.
Magnetotaxis is proposed to simplify the bacterial search
for the optimal microaerobic environment to a one-dimen-
sional rather than a random three dimensional path (Blake-
more, 1975; Frankel et al., 1997; Bazylinski and Frankel,
2004; Komeili, 2007).

Despite the apparent simplicity of the model system,
reports of studies of biomineralization in magnetotactic
bacteria have been infrequent. Magnetotactic bacteria are
very sensitive to the environmental oxygen concentration for
their growth and magnetosome synthesis. Their fastidious
requirements for a very narrow range of low oxygen
concentrations have limited the progress in this research
field for many years and the number of pure cultured strains is
still very small (Blakemore et al., 1979; Frankel et al., 1979;
Bazylinski and Frankel, 2004). However, after the genomes
of several magnetotactic bacteria were sequenced and
annotated, investigation of the molecular mechanisms of
magnetosome formation became possible due to the identi-
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Figure 4 Mechanism of silicatein catalyzed condensation of silicon ethoxide. Proposed reaction mechanism of silicon ethoxide
condensation catalyzed by silicatein o, based on the well characterized mechanism of catalysis by the Ser/His and Cys/His active-site
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ethanol, forming a covalent protein—O—Si intermediate (potentially stabilized as the pentavalent silicon adduct via donor bond
formation with the imidazole nitrogen). The addition of water completes hydrolysis of the first alkoxide bond. Condensation initiated by
nucleophilic attack of the released Si—O— on the silicon of the second substrate molecule then forms the disiloxane product (Cha et al.
1999). Reprinted with permission from National Academy of Sciences, copyright (1999).

fication of potential biomineralization proteins that can be
expressed in vitro (Richter et al., 2007).

Although generally believed to be only a feature of
eukaryotes, intracellular compartments are found in many
bacterial strains. One example is the magnetosome, which is
an invagination of the magnetotactic bacterial cell cytoplas-
mic membrane (Murat et al., 2010a). Although never fully
separated from their membrane source, magnetosomes are
vesicles, each containing a magnetic nanoparticle (usually 35
to 120 nm in diameter) and surrounded by a lipid bilayer
membrane with similar composition as the cytoplasmic
membrane (Balkwill et al., 1980; Bazylinski and Frankel,
2004; Komeili, 2007). These vesicles are organized into
chains by cytoskeletal filaments and fixed in position inside

the cells (Komeili, 2007).

The means by which iron is taken up and the magnetite
crystal develops in the magnetosome was investigated in a
systematic study of the magnetite biomineralization pathway
in Magnetospirillum gryphiswaldense strain MSR-1. The
results showed that iron is taken up from the environment
through the cytoplasmic membrane either in the ferric or
ferrous form (Faivre et al., 2007). These investigators report
that ferric iron is chelated by some unknown organic substrate
associated with the membrane, while ferrous iron is
sequestered by membrane-associated bacterial ferritin. The
ferric and ferrous ions are transported directly into the
invaginated magnetosome vesicles without passing through
the cytoplasm and magnetite formation is initiated by rapid
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coprecipitation of ferric and ferrous ions without any
precursor phase. However, another study of the formation
of magnetosome in Magnetospirillum gryphiswaldense strain
MSR-1 using real-time X-ray magnetic circular dichroism,
showed contradictory results (Staniland et al., 2007). These
investigators reported the formation of full size nanocrystals
with nonmagnetic surface layers constituted by hematite (the
nonmagnetic precursor of magnetite) within 15min of
initiation of magnetosome particle formation. The transfor-
mation of hematite to mature magnetite nanoparticles was
completed within another 15 min. The fact that bacteria only
took 30 min to synthesize the magnetites suggests that this
process may be catalytic as proposed by the authors.

Genomic and proteomic studies of Magnetospirillum
magneticum AMB-1 have identified 48 magnetosome-
associated proteins (Matsunaga et al., 2005). The mature
Mms6 is a 59 amino acid protein with hydrophobic amino
acids concentrated in the N-terminal half and hydrophilic
amino acids in the C-terminal half (Fig. 5A). It was first
reported as a magnetosome membrane-associated protein
isolated with magnetite nanoparticles from the Magnetospir-
illum magneticum strain AMB-1 (Arakaki et al., 2003). In
their report, Arakaki et al. identified several small proteins,
Mms5, Mms6, Mms7 and Mms13 that were tightly bound to
the bacterial synthesized magnetite nanoparticles. Only
Mms6 was reported to promote the formation of magnetite
nanoparticles with similar morphology to bacterial magnetites
in vitro by co-precipitation of ferric and ferrous ion (Arakaki
et al., 2003). Magnetization measurements and transmission
electron microscopy of magnetite nanoparticles synthesized
in the presence of recombinant Mms6 further verified the
protein’s function in controlling the size and morphology of
magnetite nanoparticles during in vitro synthesis (Prozorov
et al., 2007a).

Cubo-octahedral magnetite nanoparticles are formed by
partial oxidation of ferrous hydroxide in the presence of
Mms6 compared to octahedral magnetites with broad size
distribution in its absence. It was proposed that Mms6
controls the morphology of magnetites during their in vitro
growth by binding a specific crystal face (Amemiya et al.,
2007).

Mms6 or its C-terminal domain covalently linked to self-
assembling polymers can also promote the synthesis of cobalt
ferrite nanoparticles, a mineral form not known to be present
in any living organism. The cobalt ferrite nanocrystals
produced in the presence of Mms6 exhibited 50-80 nm thin
hexagon-like structures that are difficult to produce using
conventional techniques (Prozorov et al., 2007b).

In the Magnetospirillum magneticum strain AMB-1
deletion mutant of the mms6 gene (Amms6), only smaller
size bacterial magnetites with uncommon crystal faces were
observed (Tanaka et al., 2011). The complementation strains
of Amms6 mutant synthesized magnetites similar to those in
the wild type with uniformed cubo-octahedral morphology
(Tanaka et al., 2011). Deletion of the mms6 gene also resulted

in a significant decrease of the levels of Mms5, Mms7, and
Mms13 on the surfaces of bacterial magnetites. Thus, it was
proposed that Mms6 may serve as a scaffold protein, forming
a complex with other Mms proteins that co-localizes these
proteins onto the bacterial magnetite surface and thereby
controls the morphology and size of these nanoparticles.

The N-terminal domain of Mms6 contains a Leu-Gly-rich
region, which is similar to that of some self-aggregating
proteins of other biomineralization systems (Amemiya et al.,
2007; Komeili, 2007; Faivre and Schiiler, 2008; Schiler,
2008). Consistent with this observation, Mms6 self-assem-
bles into water-soluble protein micelles. The hydrophobic N-
terminal domain of Mms6 anchors the hydrophilic C-terminal
domain in the micelle from which the latter binds iron and
promotes the nucleation and growth of magnetite nanopar-
ticles. The ability of Mms6 to self-assemble allows it to form
an extended surface of C-terminal domains that could
template the crystallization of magnetite (Wang et al., 2012a).

The hydrophilic C-terminal domain of Mms6 contains a
series of amino acid residues with either hydroxyl or carboxyl
groups (serine, aspartate or glutamate). It has been speculated
that these residues may provide a template for magnetic
nanoparticle synthesis and can control the morphology of the
magnetite (Arakaki et al., 2003). Quantitative iron binding
studies show that Mms6 binds one Fe** with a very high
affinity (K4 = 10"'° M) at pH 7 which can be attributed to the
C-terminal domain. At pH 3, the in vitro condition used for
iron crystal formation by this protein, Mms6 exhibits two
binding phases with respect to iron concentration (Fig. 5B).
The first phase is stoichiometric with respect to iron and high
affinity. The second phase shows cooperative iron binding
(Hill n value ~ 3) with high capacity (~20 iron molecules per
Mms6 molecule). The high affinity stoichiometric binding
has been proposed to contribute to the C-terminal domain
adopting an appropriate conformation, whereas the second
low affinity iron binding phase in which iron clusters on the
protein cooperatively and at high stoichiometry is consistent
with crystal building. The cooperativity suggests that the
protein organizes the iron on its surface in groups of three iron
atoms which might reflect packing into the magnetite crystal
lattice for which the minimal unit is a triad of two Fe** and
one Fe?™ (Wang et al., 2012a).

The micellar structure of Mms6 also enables it to form a
stable monomolecular layer at the aqueous-vapor interface.
By using X-ray reflectivity and surface fluorescence spectro-
scopy it was demonstrated that, at low pH, the Mms6
monolayer can bind to Fe** with a much higher affinity than
to Fe*™ (Wang et al., 2012b).

Another interesting aspect of the binding properties of
Mms6 to iron is the difference in affinity between pH 3 and
pH 7.5. The authors attributed this to structural changes that
Mms6 undergoes in the shift from lower to higher pH, the
evidence of which can be found from the CD spectrum (Wang
et al., 2012a). The in vitro synthesis of Mms6-promoted
formation of magnetite nanoparticles involves a pH change
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Figure 5 Mms6, an iron-binding protein that forms magnetic
nanoparticles. (A) Sequence of mature Mms6. Acidic amino acid
residues are colored in red, basic amino acid residues are colored
in blue and polar uncharged amino acid residues are colored in
green. (B) Two phases of iron binding by Mms6. Binding of
Mms6 to free ferric iron was measured using >>FeCl; with the
filter assay at pH 3. Inset: Hill plot. @: Mms6, ¢, m:Control
proteins (Wang et al. 2012a). Reprinted with permission from
American Chemical Society, copyright (2012).

from acidic to basic by the addition of NaOH to a low pH
solution containing Mms6 (Prozorov et al., 2007a). Similarly,
the process of magnetite formation in magnetosomes has been
proposed to be coordinated with an increase in pH, starting
with a low pH required for the accumulation of a high
concentration of iron and eventually reaching a basic pH
necessary for the maturation and stability of magnetites
(Wang et al., 2012a).

Magnetites (Fe;O,4) are stable only in alkaline environ-
ments (pH > 7), while hematite (Fe,O3), the non-magnetic
precursor of magnetites, can be stable from pH 1 to pH 14
(Bell et al., 1987). Although the existence of the precursor
during magnetite formation in magnetotactic bacteria is still
under debate (Faivre et al., 2007; Staniland et al., 2007), there
is some evidence in favor of the hypothesis that the pH inside
magnetosomes may change during magnetite formation. For
instance, the results of recent studies of MamM and MamB
(two putative cation diffusion facilitators) from Magnetospir-
illum gryphiswaldense indicate that H™ transporters may be
involved in controlling the magnetite growth in magneto-
somes (Nies, 2011; Uebe et al., 2011). Other evidence for a

pH change during magnetite growth in vivo comes from
studies of the deletion mutant of the mamN gene (AmamN) in
Magnetospirillum magneticum strain AMB-1 (Murat et al.,
2010a). The MamN protein has been proposed as a putative
homolog of the Na*/H" antiporter and therefore may regulate
pH inside magnetosome vesicles during magnetite formation
(Murat et al., 2010b; Komeili, 2012). The Magnetospirillum
magneticum AmamN mutant failed to synthesize magnetites
but empty and intact magnetosomes were observed. It will be
of interest to investigate possible pH changes in magneto-
somes during the formation of magnetites to further under-
stand the mechanism of magnetite formation in magnetotactic
bacteria.

It has been proposed that the formation of larger particles
can be achieved by the fusion of smaller particles via
coalescence when these smaller particles can move, collide
and combine (Thiel et al., 2009; Evans and Thiel, 2010). A
recent in situ high resolution TEM study of the formation of
platinum nanoparticle in graphene liquid cell provided direct
visual evidence for the above hypothesis (Yuk et al., 2012).
The micellar structure and high capacity iron binding
observed for Mms6 may provide some insights toward the
further elucidation of the mechanism of magnetite formation
in magnetotactic bacteria. Mms6 is very likely to be mobile in
the magnetosome membrane and perhaps move as small
protein islands. The high capacity binding of iron for Mms6
may reflect the initiation of crystal seeds. Together with its
ability to bind iron at high stoichiometry, the mobility of
Mms6 in the micelle or magnetosome membrane may
promote the fusion of crystal seeds into larger magnetic
nanoparticles.

Concluding remarks

Living organisms use different strategies to create highly
ordered and hierarchical mineral structures with fundamental
structural elements at nanometer scales. The ability to
fabricate such fundamental structures independently of
these organisms could open many new and exciting
opportunities in nanotechnology. Proteins, the organic phase
in many of the biomineralization systems, play critical roles in
the formation of such structures. The biomineralization
proteins from different biologic systems discussed here are
not just passive matrices for mineral deposition but are
actively involving in the mineralization process. They also all
undergo a process of self-assembly, but in different patterns
that may influence the structure of their crystalline mineral
products. The dense triple helical assembly of collagens is
important for building bone structure with its strong
mechanical property. The amelogenin nanospheres and
nanochains control the spacing and organization of the
hydroxyapatite crystals that form the enamel structure. The
fractal assembly pattern observed in silicatein filaments seems
to be related to the sophisticated patterns of the silica-based
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structures that sponges fabricate. Although there is limited
information regarding the function of Mms6 in the process of
magnetite formation in vivo, the micellar structures that
Mms6 forms in vitro may reflect a protein assembly in vivo
that enables iron crystallization on a surface of repeated iron
binding domains and also provides for a mobility of protein
islands in the membrane favorable for the fusion of small
crystal seeds into larger magnetite nanoparticles.

The study of biomineralization is fundamentally in the
realm of structure: the structures of the organic phases
(usually proteins), the inorganic phases (mineral component)
and particularly the interface between organic and inorganic
phases (Weiner, 2008). Biomineralization proteins usually
self-assemble into higher order supramolecular structures that
are critical for controlling the mineral phase deposition and
structure. Such large protein assemblies are usually not
amenable to conventional biophysics approaches, such as X-
ray crystallography or solution NMR spectroscopy, for the
investigation of their 3D structures. However, as discussed
here, significant progress in the understanding of the
mechanism of action of biomineralization proteins can
come from biophysical analyses, such as solid state NMR,
electron microscopy, AFM, atomistic and coarse grain
computational simulations, combined with biochemical,
genetic and functional analysis. The convergence of these
multidisciplinary approaches will surely continue to be the
means of understanding the variety of structures and
functions of biomineralization proteins and how they interact
with the inorganic phases that they control.

Further understanding of the principles of biomineraliza-
tion is obviously of great interest to the development of more
refined methods for fabricating new bioinspired materials.
Such goals will not be accomplished without the close
collaboration between a variety of disciplines such as
molecular biology, chemistry, physics, material science and
engineering.
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