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Abstract: Biomineralization is an elaborate process that controls the deposition of inorganic materials
in living organisms with the aid of associated proteins. Magnetotactic bacteria mineralize magnetite
(Fe3O4) nanoparticles with finely tuned morphologies in their cells. Mms6, a magnetosome membrane
specific (Mms) protein isolated from the surfaces of bacterial magnetite nanoparticles, plays an
important role in regulating the magnetite crystal morphology. Although the binding ability of
Mms6 to magnetite nanoparticles has been speculated, the interactions between Mms6 and magnetite
crystals have not been elucidated thus far. Here, we show a direct adsorption ability of Mms6 on
magnetite nanoparticles in vitro. An adsorption isotherm indicates that Mms6 has a high adsorption
affinity (Kd = 9.52 µM) to magnetite nanoparticles. In addition, Mms6 also demonstrated adsorption
on other inorganic nanoparticles such as titanium oxide, zinc oxide, and hydroxyapatite. Therefore,
Mms6 can potentially be utilized for the bioconjugation of functional proteins to inorganic material
surfaces to modulate inorganic nanoparticles for biomedical and medicinal applications.

Keywords: protein adsorption; metal oxide; nanoparticle; biomineralization; magnetotactic bacteria

1. Introduction

Nature has evolved sophisticated strategies via biomineralization processes to synthe-
size functional inorganic materials [1–10]. Most biomineralization processes occur under
ambient physiological conditions, often templated or guided by proteins. Specific proteins
involved in biomineralization systems such as bone [11], teeth [12], and eggshells [13]
have been identified from the surfaces of biominerals. The proteins promote or inhibit
nucleation and crystal growth by interacting with ions, clusters, crystals, or the interme-
diates of inorganic phases, and have also been used to synthesize non-biogenic inorganic
materials [14–17]. Although the mechanisms of the interactions of some proteins and
their functions in biomineralization have been elucidated using in vitro mineral binding
analyses [12,13,18], the molecular basis of biomineralization has largely been unexplored.

Magnetotactic bacteria synthesize intracellular magnetic nanoparticles consisting of
magnetite (Fe3O4) [19]. In general, the synthesis of magnetite nanoparticles in magnetotactic
bacteria occurs within internal lipid vesicles. The particle size and shape formed within
the vesicle are specific to the bacterial cell types or species. Some cells produce uncommon
crystal shapes such as elongated-octahedra and bullet shapes [20,21], which cannot be
synthesized using a synthetic chemical approach. Therefore, the shape control mechanism
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has attracted much attention in the field of materials development and magnetic recording
industries [22,23]. Magnetospirillum magneticum AMB-1 synthesizes magnetite nanoparticles
of approximately 40 nm in diameter with a cubo-octahedral shape [24]. In fact, Mms5,
Mms6, Mms7, and Mms13 belong to a group of biomineralization proteins specific to
magnetotactic bacteria, which play a major role in the morphological control of both
octahedral and cubo-octahedral magnetite nanoparticles [25]. In addition, these proteins
show common features in their amino acid sequences such as the N-terminal regions
containing glycine- and leucine-repetitive sequences, which are most likely transmembrane
domains; the C-terminal region is rich in acidic amino acids (i.e., aspartic and glutamic
acid) [26]. A comparative functional analysis of these four proteins in living bacterial
cells conducted by establishing each gene deletion mutant revealed that the four genes
are involved in magnetite crystal growth and control the geometries of the crystal surface
structures [25,27].

Mms6 is the most studied protein in magnetite biomineralization systems and the
iron-binding ability in its C-terminal region is reported for both ferrous (Fe2+) and ferric
ions (Fe3+) [26,28–31]. The protein changes its conformation upon iron binding [29]. In
in vitro chemical syntheses of magnetite nanoparticles, cubo-octahedral shaped crystals
consisting of (100) and (111) facets were formed in the presence of Mms6, while octahedral
crystals consisting of (111) facets were formed in its absence [32]. The C-terminal region
alone can contribute to control the crystal shape of magnetite [33,34]. These observations
suggest that Mms6 directly binds to magnetite crystal surfaces; most probably, the acidic
peptide domain interacts with the (100) facets and inhibits crystal growth. However, the
binding ability of Mms6 to magnetite crystals has not been elucidated yet.

In this study, we investigated the binding properties of Mms6 on magnetite nanopar-
ticles to understand the potential adsorption mechanisms and function of Mms6 with
respect to controlling the magnetite crystal shapes. Moreover, adsorption studies have
also been conducted using inorganic oxide materials, which can be widely used in the
biomedical and biotechnology fields. The findings of this study contribute to a fundamental
understanding of the magnetite biomineralization mechanisms and protein recognition of
inorganic surfaces. Moreover, the binding ability can be used to modify magnetite surfaces
with functional molecules using Mms6 as an anchor. The prepared magnetic materials may
be useful in separation technologies, sensors, and delivery applications in biotechnology.

2. Results and Discussion

Mms6 and Mms7 conserve a common secondary structure consisting of a hydrophobic
N-terminal and hydrophilic C-terminal side. A tertiary structure prediction using the
RaptorX web server [35] showed that both proteins had either long or short α-helix seg-
ments at the N-terminus and the C-terminus, respectively (Figure 1A,B). The N-terminal
hydrophobic domain was predicted to be part of a transmembrane region (Figure 1C). In
the hydrophilic domain, there were seven and four acidic amino acids in Mms6 and Mms7,
respectively (Figure 1D). The adsorption abilities of these two proteins were examined to
understand its mineral binding mechanism. In order to help elucidate this mechanism, α-
synuclein and bovine serum albumin (BSA), with different isoelectric points but secondary
structures and molecular weights (MW) similar to Mms6 and Mms7, were investigated
(Table 1). α-Synuclein is a protein found in the neurons of the human brain and has a
series of hydrophilic amino acid residues at the C-terminus, similar to Mms6 and Mms7
(Table S1). Unlike Mms6 and Mms7, α-synuclein has two α-helices at the N-terminus but
no secondary structures at the C-terminus, and was thus used to examine the role of the
C-terminal hydrophilic and α-helix regions in the adsorption of magnetite nanoparticles.
In addition, previous studies with BSA indicated the role of electrostatic interactions in the
adsorption mechanism [36] as it has multiple acidic amino acid residues, comprising 18.7%
of its amino acid sequence. The acidic amino acid content of BSA is similar to that of Mms6
and Mms7 (11.9% and 9.6%, respectively); however, BSA does not have a hydrophilic region
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with acidic amino acid residues at its C-terminus. Therefore, BSA was also used to assess
the adsorption ability of the magnetite biomineralization proteins (Mms6 and Mms7).
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Figure 1. Characteristic amino acid sequences in the Mms proteins. The structure prediction of Mms6
(A) and Mms7 (B) by RaptorX software. (C) The sequence alignment of the N-terminal hydrophobic
region. (D) The sequence alignment of the C-terminal hydrophilic region; acidic amino acids are
highlighted in yellow.

Table 1. List of the proteins used for the adsorption assay.

Protein Size (kDa) pI Origin

His-Mms6 6.9 6.0 M. magneticum AMB-1
His-Mms7 6.5 6.8 M. magneticum AMB-1

His-α synuclein 15.5 5.2 Human
BSA 66.3 4.9 Bovine serum

2.1. Adsorption of Proteins on Magnetite Nanoparticles

To investigate the adsorption properties of the magnetite biomineralization proteins
on magnetite crystals, an adsorption assay using 40.0 µg of proteins and 2.5 mg of spherical
magnetite nanoparticles with a mean diameter of 35.1 ± 12 nm (SP35) was performed.
Recombinant proteins eluted from Ni-NTA agarose resin by phosphate buffer (pH 8.0) were
utilized for the adsorption assays. The pH selected was close to the estimated value of the
magnetite formation condition within the internal vesicle of M. magneticum AMB-1 [37].
To determine the adsorbed protein amount, proteins were desorbed by boiling in 1% SDS
solution. Then, the protein concentration was determined by the BCA assay, and was
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defined as the adsorbed amount. As a 1% SDS treatment with boiling is considered to
desorb proteins completely from nanoparticles, the total amount of protein in the adsorbed
and unadsorbed fractions was close to 40 µg. Among the proteins investigated in the present
study, histidine tagged (His-) Mms6 showed the highest adsorption ability (ca. 27.7 µg,
Figure 2) while only 3.8 µg of His-Mms7 was adsorbed onto the magnetite nanoparticles.
Since the amount of protein detected in the adsorbed fraction was less than 0 µg (not
detected by BCA assay), His-α-synuclein and BSA were considered to have no adsorption
ability on the magnetite nanoparticles.
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Figure 2. The adsorption assay of different proteins on magnetite nanoparticles. Adsorbed (black
bar) or unadsorbed (white bar) protein amounts of His-Mms6, His-Mms7, His-α synuclein, BSA,
cytochrome c, and lysozyme. A solution containing 40 µg of protein was added to 2.5 mg of the
particles. N.D.: not detected.

The electrostatic interactions between the carboxylic groups of acidic amino acid
residues are considered to be responsible for the adsorption of proteins on inorganic ma-
terials [36,38,39]. In this study, both Mms6 and Mms7 proteins contained acidic amino
acids and showed an adsorption ability to magnetite nanoparticles, consistent with pre-
vious findings. However, although BSA had a high acidic amino acid content (18.7%), it
showed no significant adsorption on the magnetite nanoparticles. This is likely because
the acidic amino acid residues in BSA were distributed throughout the entire sequence
(i.e., delocalized), whereas those in the magnetite biomineralization proteins were lo-
calized at the hydrophilic C-terminus, providing a highly concentrated negative charge
(Figure 1D). Furthermore, magnetite biomineralization proteins had both long and short
α-helix secondary structures at the N-terminus and the C-terminus, respectively. Adsorp-
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tion studies on statherin, an enamel pellicle protein that inhibits hydroxyapatite nucleation
and growth [40], also indicated the importance of α-helices in protein-inorganic adsorption.
Therefore, Mms6 and statherin have similar sequential and structural features. In this
study, recombinant proteins were conjugated with a histidine tag for purification from
the bacterial cell lysates. Because His-tag has a high binding affinity to metal ions such
as Ni2+ and Co2+, it may contribute to the adsorption of magnetite nanoparticles. How-
ever, His-α-synuclein did not show any adsorption, suggesting that the adsorption of
His-Mms6 and His-Mms7 was mediated by their conserved amino acid sequences, and not
the histidine tag.

It is worthy to note that the theoretical pI of His-Mms6, estimated from its amino acid
sequence (Table 1) is 6.0, while the pI of magnetite is between 6.5 and 7.3, depending on
the synthesis conditions and ionic strength [41]. Under the pH conditions (i.e., pH 8.0)
investigated in this study, both the His-Mms6 and magnetite nanoparticles were negatively
charged, generating an electrostatic repulsion between the proteins and particles. However,
our data clearly showed the binding of His-Mms6 to the magnetite nanoparticles. A similar
protein adsorption to the magnetite nanoparticles under alkaline conditions (pH 8.1) was
observed in BSA (pI 4.9) with carbodiimide [42]. Although electrostatic interaction is
one of the driving forces for the adsorption, the binding observed in this study should
involve other mechanisms. At pH ~8, the magnitude of the charge on the magnetite particle
surface should actually not be very large. As such, electrostatic repulsive forces may not be
sufficient to provide a barrier to adsorption [43]. In colloidal systems, significant charges
(>40 mV) as measured by the zeta potential will be required to maintain the electrostatic
dispersion [44,45]. At the pH value used in this study, it is unlikely that the charge on the
magnetite will be sufficient to prevent the localized aspartic acid groups (which should
be highly negatively charged due to the pI of ~3) from binding to the magnetite surface.
The ligand substitution reaction between the carboxylic groups and aquo/hydroxyl ions is
known as the principal driving force for the adsorption of organic acids on iron oxides in
soil [46]. This reaction through the carboxylic groups of His-Mms6 can also be involved in
the protein adsorption to magnetite nanoparticles. The hydrophobic region of His-Mms6
may also partially contribute to the adsorption. An adsorption study of peptides on silica
nanoparticles showed the involvement of hydrophobic interactions in an organic–inorganic
adsorption mechanism [47].

2.2. Adsorption Affinity of Mms6 to Magnetite Nanoparticle

To understand the adsorption affinity of Mms6 to magnetite nanoparticles, His-Mms6
(10.0−100.0 µg) was added to 2.5 mg of SP35 and the amount of adsorbed protein was
measured. The results indicated that the adsorption of His-Mms6 on SP35 was saturated
at approximately 30 µg of protein. Based on this result, an adsorption isotherm was
constructed (Figure 3) and the dissociation constant (Kd) for the adsorption of His-Mms6
on SP35 was calculated to be 9.52 µM. The Kd values for the binding of Mms6 to ferric
and ferrous ions were found to be between 0.43 to 6.0 µM, respectively [30,48]. The
adsorption affinity of His-Mms6 to the magnetite nanoparticles was comparable to that
of Mms6 to the iron ions. In addition, the adsorption affinity of Mms6 was compared
to that of other biomineralization proteins such as amelogenin, which plays a role in
the biomineralization of teeth [49,50]. The Kd values of statherin and amelogenin on
hydroxyapatite were 111 µM [51] and 507 nM [52], respectively. Therefore, the adsorption
affinity of His-Mms6 to the magnetite nanoparticles was comparable to, or higher than,
that of the other biomineralization proteins, suggesting that His-Mms6 has a significant
affinity to magnetite nanoparticles.
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The dissociation constant obtained from the curve fitting was Kd = 9.52 µM.

As described earlier, a hydrophilic region with a high concentration of acidic amino
acids contributes to the high adsorption affinity of Mms6 to magnetite nanoparticles.
Magnetite biomineralization proteins such as Mms6 are amphiphilic molecules consisting
of hydrophobic and hydrophilic regions, and can self-assemble into micelle-like structures
of approximately 20 molecules in solution [30]. Micelle formation results in the outward
orientation of the hydrophilic region, resulting in a high density of acidic amino acid
residues on the micelle surface. Therefore, the surface of the magnetite biomineralization
proteins is strongly charged compared to that of other soluble proteins, which favors strong
electrostatic interactions with the magnetite nanoparticles. Consistently, His-Mms6 showed
a high adsorption affinity on the magnetite nanoparticles while that of His-Mms7 was
lower. In the hydrophilic C-terminus of His-Mms6, there was a high density (ca. 7) of
acidic amino acids, whereas a similar region in His-Mms7 only contained four acidic amino
acid residues. Therefore, the surface charge density on Mms7 was lower than that on
Mms6, which may account for its lower adsorption ability. Another difference between
Mms6 and Mms7 was the presence of acidic amino acids in a short α-helix domain of the
C-terminal region (Figure 1A,B). In the presence of ferrous ions, the conversion of an α-helix
to a β-sheet secondary structure (Figure S1) supports the role of having an α-helix region
within His-Mms6 to promote the adsorption on magnetite nanoparticles. In His-Mms6,
the acidic amino acids at the C-terminus were predicted to form an α-helix and in the
presence of ferrous ions, a conversion to a β-sheet secondary structure (Figure S1) was
predicted, suggesting that this region is converted to a β-sheet structure, enabling the
effective adsorption to magnetite. Conversely, the α-helix C-terminus region of His-Mms7
did not contain any acidic amino acid residues, thus did not show as strong an adsorption.

2.3. Electron Microscopic Observation of Protein-Nanoparticle Conjugates

To demonstrate the presence of His-Mms6 on the surfaces of the magnetite nanopar-
ticles, transmission electron microscope (TEM) observations of the magnetite nanoparti-
cles (SP35) in the presence of His-Mms6 were conducted. The TEM images showed the
presence of disordered, low-contrast materials surrounding aggregates of nanoparticles
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(Figure 4A,C). Previous studies regarding the adsorption of proteins on inorganic nanoparti-
cles indicated the formation of a protein adsorption layer (i.e., protein corona) [39,53]. High-
resolution transmission electron microscopy (HR-TEM) of the stained samples showed a
similar structure with a thickness of 2.4 ± 0.7 nm, suggesting the presence of His-Mms6
on the nanoparticle surface (Figure 4B,D). Based on the molecular weight of His-Mms6,
its diameter was calculated to be approximately 2.6 nm (the protein was assumed as a
spherical protein), implying that a single layer of protein corona is likely to form on the
surface of the magnetite nanoparticles.
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His-Mms6 protein. A single magnetite nanoparticle observed using HR-TEM in the absence (B) or
presence (D) of the His-Mms6 protein. The white arrow indicates the protein corona.

Based on the surface area of a single SP35 nanoparticle (ca. 3865.5 nm2), approximately
729 His-Mms6 molecules can be adsorbed onto one particle as a monolayer. However, the
measurements revealed that only 27.7 µg of His-Mms6 were adsorbed by 2.5 mg of SP35,
corresponding to approximately 115 molecules per nanoparticle. Based on this calculation,
the surface coverage of His-Mms6 on a single magnetite nanoparticle was approximately
15.7%. One potential explanation for this could be that magnetite nanoparticles easily
aggregate in solution at pH values close to their pI, resulting in a reduction in the surface
area. In this case, the pH used for the protein coating (ca. pH~8) was indeed close to
the pI of magnetite (ca. 6.5–7.3), resulting in minimal electrostatic repulsive forces and
thus, aggregation. However, it is also possible that the aggregation is induced after protein
adsorption and coverage, where the charged surface is neutralized by the binding protein.
Low surface coverage in our study might also be because of the aggregation caused by
magnetic interactions between nanoparticles. Beyond this, the conformation of the proteins
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after adsorption may change, thus reducing the number of available contact points on the
magnetite surface.

2.4. Effect of Crystal Faces on Adsorption of Mms6 on Magnetite Nanoparticle

Mms6 was considered to recognize the (100) facets of the magnetite nanoparticles, re-
sulting in the control of the crystal morphology within the magnetotactic bacterial cells [32].
Therefore, the elucidation of facet specificity is necessary to understand the mechanism of
formation of the magnetite nanoparticles in M. magneticum AMB-1. To investigate the facet-
specificity of His-Mms6, an adsorption assay using magnetite nanoparticles of different
sizes and shapes was carried out.

For this assay, four types of magnetite nanoparticles were utilized: SP35, spherical
nanoparticles with a mean diameter of 35.1 ± 12 nm (Figure 5A); OP177, octahedral
nanoparticles with an average diameter of 177.8 ± 36 nm (Figure 5B); SP214, spherical
nanoparticles with an average diameter of 214.6 ± 39 nm (Figure 5C); and OP200, octahedral
nanoparticles with an average diameter of 200.7 ± 72 nm (Figure 5D). While the amount of
His-Mms6 adsorbed on SP35 particles was the greatest at 27.7 µg, the adsorbed amounts of
His-Mms6 on the OP177, SP214, and OP200 magnetite nanoparticles were 14.0, 13.7, and
14.6 µg, respectively (Figure 5E). The adsorbed amounts per unit surface area (Figure 5E)
were similar between SP214 (1.03 mg/m2) and OP200 (1.01 mg/m2), which have different
morphologies. On the other hand, significantly lower adsorbed amounts of Mms6 per unit
surface area occurred on SP35 (ca. 0.38 mg/m2). The small sizes of SP35 might account
for the low absorption. The TEM images (Figure 5) showed an aggregation of SP35, which
lowered the exposed surface area and decreased their adsorption capacity. Furthermore,
according to our TEM observations (Figure 5), SP35 was the only nanoparticle in this
study that did not have significantly large facets. Thus, the absence of large facets on the
nanoparticles may cause a reduction in the adsorption amounts.
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(SP35, OP177, SP214, and OO200). A solution containing 40 µg of protein was added to 2.5 mg of
the particles.
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2.5. Role of Adsorption in the Magnetite Biomineralization by Magnetotactic Bacteria

Magnetotactic bacteria synthesize highly controlled single crystalline magnetite nanoparti-
cles within the internal lipid vesicles. The proteins associated with these vesicles are involved
in the crystal formation of magnetite nanoparticles, particularly in the shape and size
regulation [32]. Previously, binding studies of Mms6 were conducted using ferrous and
ferric ions [28,30,48]. These studies hypothesized that Mms6 functions in the nucleation
process of iron oxide crystals. In contrast, Mms6-deficient mutants synthesized smaller
magnetite crystals with uncommon crystal faces compared to the wild-type strain [27],
suggesting that Mms6 is a key factor in crystal growth rather than nucleation. In addition,
Mms6 localizes to the vesicles under magnetite-forming (microaerobic or iron-sufficient)
conditions, either before crystal nucleation or during crystal growth [54]; this observation
provides a rationale for the function of Mms6 during the crystal growth stage. The direct
adsorption of Mms6 onto the magnetite nanoparticles was shown in the present study. Ac-
cording to these observations, Mms6 is adsorbed on magnetite crystals during the growth
stage and may invite iron ions needed for its growth on the magnetite crystal surfaces.
Our previous report indicated that Mms6 stabilized the (100) facets [32]; however, specific
adsorption of Mms6 to the (100) facet of the magnetite nanoparticles was not investigated
in this study. Therefore, Mms6 is considered to be involved in both the growth promotion
and retardation by ion invitation and facet stabilization through facet-independent adsorp-
tion. As previously mentioned, Mms6 changes its conformation from an α-helix to β-sheet
in the presence of iron ions (Figure S1). This fact also suggests that Mms6 changes its
function such as ion acquisition and adsorption to magnetite via self-assembly, depending
on the surrounding environments (i.e., iron ion concentration). However, since there is no
experimental evidence supporting the hypothetical molecular function of Mms6, further
investigation on the adsorption specificity and functional analysis is necessary.

2.6. Adsorption on Inorganic Oxide Particles

In the present study, the adsorption of Mms6 with a high affinity was demonstrated by
different assays. To demonstrate the adsorption specificity of Mms6 to magnetite, adsorp-
tion studies were carried out on different inorganic oxide particles including titanium oxide
(TiO2) (Figure 6A), zinc oxide (ZnO) (Figure 6B), and hydroxyapatite [Ca5(PO4)3(OH)]
(Figure 6C). These inorganic oxides are prime materials used in the fabrication of biomate-
rials in medical applications. Using the same assay process with magnetite, the adsorption
capacities of Mms6 on titanium oxide, zinc oxide, and hydroxyapatite nanoparticles were
20.1, 8.8, and 15.0 µg, respectively (Figure 6D). The selectivity of Mms for magnetite was
not demonstrated in this study; however, Mms6 has demonstrated adsorption on a broad
variety of metal oxides.

Combining proteins with nanoparticles yields potentially new functional materials
with novel properties for a broad range of applications [55]. In the past few decades,
iron magnetic nanoparticles have attracted great attention in the fields of nanomedicine,
catalysis, and biomedical applications including drug/gene delivery, nanosensors, and
hyperthermia [56]. Mms6, one of the biomineralization proteins reported in this study, has
been found to directly adsorb on magnetite nanoparticles and thus can easily be function-
alized. Moreover, Mms6 interacted with titanium oxide, zinc oxide, and hydroxyapatite
nanoparticles, which highlights the potential of Mms6 in nanoparticle functionalization
for nanomedicine and biomedical applications via the direct immobilization of functional
proteins on the surfaces of many inorganic nanoparticles.
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Figure 6. The binding assay of the His-Mms6 protein to nanoparticles. The TEM image of the
(A) titanium oxide nanoparticles, (B) zinc oxide nanoparticles, and (C) hydroxyapatite nanoparti-
cles. (D) Adsorbed (black bar) or unadsorbed (white bar) protein amounts of His-Mms6 to each
nanoparticle. A solution containing 40 µg of protein was added to 2.5 mg of the particles.

3. Materials and Methods
3.1. Materials

For the adsorption assays, we used four inorganic oxide nanoparticles: magnetite
(TODA KOGYO CORP, Hiroshima, Japan), titanium oxide (Sigma-Aldrich, St. Louis, MO,
USA), zinc oxide (Sigma-Aldrich, St. Louis, MO, USA), and hydroxyapatite (Sigma-Aldrich,
St. Louis, MO, USA). Before each assay, the nanoparticles were washed with phosphate
buffer (50 mM KH2PO4, 300 mM NaCl, 10% glycerol, 0.1% n-dodecyl-β-D-maltoside
(DDM), 300 mM imidazole, pH 8.0) and recovered by centrifugation at 10,000× g for 10 min.
Commercially purchased BSA (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
phosphate buffer at the desired concentrations.

3.2. Purification of Recombinant Proteins Expressed in Escherichia coli

Recombinant Mms6, Mms7, and α-synuclein were expressed as a fusion protein
with an N-terminal 6x histidine tag in E. coli strain BL21 (DE3). The plasmids harboring
the mms6, mms7, and α-synuclein genes were constructed by cloning the PCR products
into the expression vector pET-15b. Both mms6 and mms7 were amplified from AMB-1
genomic DNA, as described previously [26,32]. The E. coli BL21 (DE3) transformants were
cultured in LB broth containing 50 µg/mL ampicillin at 37 ◦C under 1 mM isopropyl-β-D-
thiogalactopyranoside induction. The cells were collected by centrifugation and stored at
−80 ◦C until use. The cells were resuspended in lysis buffer (50 mM KH2PO4, 10% glycerol,
and 2% DDM, pH 7.5) with the cOmplete™ protease inhibitor cocktail (Sigma-Aldrich,
MO, USA) and homogenized using a French press at 1500 kg/cm3 three times. After
removing the debris, the supernatant was centrifuged at 100,000× g to remove the insoluble
proteins. The supernatant was supplemented with 300 mM NaCl and 10 mM imidazole,
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and incubated with Ni-NTA agarose (QIAGEN, Hilden, Germany) with gentle shaking at
4 ◦C for 1 h. The resin was pre-equilibrated with 50 mM KH2PO4 (pH 8.0) containing 10%
glycerol, 300 mM NaCl, 10 mM imidazole, and 0.1% DDM. The resin containing the bound
protein was then packed into a gravity flow column, and unbound proteins were removed
by washing with the buffer used for pre-equilibration. Subsequently, the resin was washed
with a buffer containing 30 mM imidazole and His-Mms6, His-Mms7, and His-α-synuclein
were eluted with phosphate buffer (50 mM KH2PO4, 300 mM NaCl, 10% glycerol, 0.1%
DDM, and 300 mM imidazole, pH 8.0). Protein concentrations were determined using a
BCA Protein Assay Reagent Kit (Thermo Fisher Scientific, Waltham, MA, USA) with bovine
serum albumin as the standard. Purified samples were analyzed by SDS-PAGE and the
proteins were stained with Bio-Safe Coomassie G-250 (Bio-Rad, Hercules, CA, USA).

3.3. In Vitro Protein Adsorption Assay Using Metal Oxide Nanoparticles
3.3.1. Preparation of Protein Solutions

Solutions containing each protein (His-Mms6, His-Mms7, His-α-synuclein, BSA, cy-
tochrome c, and lysozyme) were prepared for the in vitro adsorption assays. For the
preparation of Mms6, Mms7, and α-synuclein, the recombinant expression system in
E. coli was used, as described above. Finally, these proteins were eluted from the Ni-NTA
agarose resin using phosphate buffer (50 mM KH2PO4, 300 mM NaCl, 10% glycerol, 0.1%
DDM, and 300 mM imidazole, pH 8.0) and stored in the same buffer. The other proteins
(BSA, cytochrome c, and lysozyme) were commercially purchased as solid powders, and
dissolved in phosphate buffer to maintain similar solution conditions.

3.3.2. Protein Adsorption on Metal Oxide Nanoparticles

A solution containing 40 µg of protein was added to 2.5 mg of inorganic oxide nanopar-
ticles in 1.5 mL microtubes, and the suspended mixture was briefly sonicated to disperse
inorganic oxide nanoparticles in solution. The mixture was then shaken in a bioshaker
(Taitec, Saitama, Japan) overnight at room temperature for protein adsorption on the
particles. The supernatants, defined as the unadsorbed fraction, were then separated by
centrifugation at 10,000× g for 10 min. Finally, the protein contents in the unadsorbed
fractions were quantified by the BCA method.

3.3.3. Protein Desorption from Metal Oxide Nanoparticles

A protein desorption experiment was performed to investigate the amount of protein
adsorbed on the surfaces of the inorganic oxide nanoparticles. After the removal of the
unbound fraction, 100 µL of 1% SDS solution was added to the residual particles and the
mixture was boiled at 100 ◦C for 15 min. The solution was then sonicated in a water bath at
room temperature for 15 min. The supernatant solutions, defined as the adsorbed fraction,
were separated by centrifugation at 10,000× g for 10 min. Finally, the amounts of protein
contained in the adsorbed fraction were quantified using the BCA assay.

3.4. TEM Analysis

To prepare the samples for TEM, 1 mg of each inorganic oxide nanoparticle was added
to 10 mL of ultrapure water and sonicated several times. An aliquot of 5 µL of the solution
was deposited, dropwise, onto the carbon-coated TEM copper grids and allowed to dry.
The TEM images were collected using a JEOL JEM1200EX (JEOL, Tokyo, Japan) at 120 kV.
Another set of grids with iron oxide nanoparticles were stained with 1% uranyl acetate
solution for 10 min, followed by rinsing with deionized water three times and drying with
filter paper. The samples were further stained with 0.1% lead citrate for 60 s in a CO2-free
environment by putting NaOH pellets in the staining chamber. The (HR)TEM micrographs
of the stained samples were collected with an FEI Titan Themis 300 at 300 kV (Thermo
Fisher Scientific, Waltham, MA, USA).
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4. Conclusions

In summary, the adsorption properties of the magnetite biomineralization proteins
(Mms6 and Mms7) on the magnetite nanoparticles were investigated. Consequently, this is
the first report that experimentally showed a direct high-affinity (Kd = 9.52 µM) adsorption
of Mms6 on the magnetite nanoparticles. Moreover, Mms6 was also adsorbed on the tita-
nium oxide, zinc oxide, and hydroxyapatite nanoparticles. Therefore, Mms6 is able to bind
to various solid inorganic materials and have potential in nanoparticle functionalization
for nanomedicine and biomedical applications.
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