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’ INTRODUCTION

Naturally formed biomaterials such as bones, teeth, and shells
have regular hierarchical structure. Because of their unique struc-
tures, theirmechanical strength and functional properties are often
superior to artificial materials. This has attracted great interest in
developing mineralized biologically inspired materials.1 Because
proteins play an important role in biomineralization, synthesis
methods using proteins as templates are an interesting strategy for
the fabrication of high performance materials.2,3 Here, we report
a new fabrication method for calcium carbonate nanoparticles
(Ca-NPs) using the protein apoferritin as a template.

Apoferritin, an iron storage protein found in many biological
species, mineralizes several metal ions in vitro.4 It is a hollow,
spherical protein composed of 24 subunits, with outer and inner
diameters of 13 and 7.4 nm, respectively. The apoferritin cavity
can deposit up to 4500 iron atoms as a ferrihydrite.5 Apoferritin
is composed of two types of subunits, a light-chain subunit
(L-subunit) and a heavy-chain subunit (H-subunit). The sequence
identity between the L-subunit and H-subunit in human apofer-
ritin is 53%, and their three-dimensional structures are very
similar. In this study, we used native horse spleen apoferritin
(HSAF), recombinant horse L-apoferritin (apofer-0), and a
mutant of recombinant horse L-apoferritin (apofer-8). HSAF is
composed of about 85% L-subunits and 15% H-subunits.5

Apofer-0 is a recombinant protein cloned from cDNA of the

L-subunit of horse liver apoferritin, and thus is composed only of
the L-subunit. Apofer-8 is a mutant of apofer-0 and is used as a
model of the HSAF L-subunit. Because of post-translational
modification, the L-subunit of HSAF lacks the eight amino acid
residues at the N-terminus of apofer-0.6 The apoferritin molecule
has F432 symmetry, and eight hydrophilic channels along the
3-fold symmetry axes (3-fold channels) connect the apoferritin
cavity to the outer bulk solution.7 These channels are believed to
allow the passage of metal ions in and out of the cavity. Six
hydrophobic channels along the 4-fold symmetry axes (4-fold
channels) may act as outlets for protons during oxidation.8 Eight
amino acid residues at the N-terminus of apofer-0 bridge two
neighboring subunits and stabilize the apoferritin molecule.9

Because of the deletion of this fragment in apofer-0, the ion
channels formed by the intersubunit openings would fluctuate
more in apofer-8 than apofer-0. Therefore, apofer-8 shows
more efficient nanoparticle formation than apofer-0. Most
metal mineralization studies have been performed using apo-
fer-8 or HSAF.10,11

Many transition metals have been mineralized in oxidized or
hydrated forms in the apoferritin cavity, but there have been few
reports of alkaline earth metal mineralizations. Recently, Li
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ABSTRACT: We have synthesized calcium carbonate nano-
particles (Ca-NPs) in the cavity of a cage-shaped protein,
apoferritin, by regulating the electrostatic potential of the
molecule. The electrostatic potential in the cavity was con-
trolled by pH changes resulting from changes in the dissolved
carbon dioxide (CO2) concentration in the reaction solution.
Recombinant L-apoferritin was mixed with a suspension of
calcium carbonate (CaCO3), and the mixture was pressurized
with gaseous CO2 at 2MPa. The pH of the solution decreased from 9.3 to 4.4; the CaCO3 dissolved during pressurization, and then
precipitated after the pressure was reduced to ambient. After repeating the pressurization/depressurization process three times,
about 70% of the apoferritin molecules were found to contain nanoparticles with an average diameter of 5.8( 1.2 nm in their cavity.
Energy-dispersive X-ray spectroscopy and electron diffraction analysis showed that the nanoparticles were calcite, one of the most
stable crystal forms of CaCO3. Electrostatic potential calculations revealed a transition in the potential in the apoferritin cavity, from
negative to positive, below pH 4.4. The electrostatic potential change because of the change in pH was crucial for ion accumulation.
Since the Ca-NPs synthesized by this method were coated with a protein shell, the particles were stably dispersed in solution and did
not form aggregates. These Ca-NPs may be useful for medical applications such as synthetic bone scaffolds.
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et al.12 reported alkaline earth metal carbonate mineralization
using HSAF with the help of an anionic polymer [poly-
(methacrylic acid)], but we could not reproduce their results,
perhaps because the free calcium ion concentration must be
precisely controlled. We therefore tried to establish another
strategy for calcium mineralization by controlling the CO2

concentration in solution.
Here, we report uniform and dispersive CaCO3 nanoparticles

synthesized using apoferritin by repeated CO2 pressurization and
depressurization, and show that control of the pH of the solution
is important. We also calculate the electrostatic potential of
apoferritin at various pH values to explain the mechanism of
mineralization.

’EXPERIMENTAL SECTION

Materials. Apofer-0 and apofer-8 were expressed in Escherichia coli
cells as reported previously13 and purified by ion-exchange chromatog-
raphy (Q-Sepharose HP, GEHealthcare), gel-filtration chromatography
(Sephacryl S-300HR, GEHealthcare), and finally again by ion-exchange
chromatography (MonoQ 10/100 GL, GE Healthcare). HSAF was
purchased from Calbiochem and was purified by gel-filtration chroma-
tography (Sephacryl S-300 HR, GE Healthcare). The protein concen-
trations of purified apofer-0, apofer-8, and HSAF were determined by
absorbance at 280 nm using a value of 1.0 for 1 mg/mL protein.

Calcium carbonate (CaCO3, ultra pure grade) was purchased from
Sigma-Aldrich. It was crushed into 30 μmor smaller particles in a mortar
to help its dissolution in water.

Isoelectric focusing (IEF) gels (Novex pH 3�7), anode buffer
(Novex), cathode buffer (Novex pH 3�7), sample buffer (Novex pH
3�7), and protein marker (SERVA IEF Markers 3�10) were purchased
from Invitrogen.
Isoelectric Point (pI) Measurements of Apofer-0, Apofer-

8, and HSAF. The pI values of apofer-0, apofer-8, and HSAF were
determined by isoelectric focusing (IEF). Each protein (2 μg) and
marker proteins were applied on the IEF gel. Electrophoresis was
performed at 100 V for 1 h, then 200 V for 1 h, and finally 500 V for
30 min, and then the gel was stained with Coomassie brilliant blue
R-250. The pI values were calculated from a calibration curve made by
plotting the distance moved by each marker protein versus the pH value.
Ca Mineralization in the Apoferritin Cavity Under CO2 Gas

Pressure. Ground CaCO3 (less than 10 mg) was suspended in water,
and then apoferritin solution (apofer-0, apofer-8, or HSAF) was added to
give a protein concentration of 0.5 mg/mL and a total volume of 3 mL.
A white, turbid suspension was obtained because the solubility of CaCO3

is 0.13 mMunder atmospheric pressure at room temperature. If 10 mg of
CaCO3 had dissolved completely in the solution, the concentration of
CaCO3 would have been 33 mM. The pH of the reaction solution was
not controlled with buffer solution to allow changes in pH. The pH of the
reaction solution was checked using either a pH meter or pH indicator
solution. The sample solution was placed in a homemade airtight
chamber (24 cm3) and pressurized with gaseous CO2 at 2 MPa for 1
h. TheCaCO3 suspension became transparent and colorless after 10min.
After 1 h at 2 MPa, the chamber was depressurized to ambient atmo-
spheric pressure. This pressurization/depressurization cyclewas repeated
twice. Finally, the pressure was kept at 2 MPa for 1 day and then reduced
to atmospheric pressure. After 1 h at ambient pressure, a small amount of
white precipitate was formed. Most of the precipitate was removed by
centrifugation at 7,000 g for 3 min, yielding a transparent, colorless
supernatant. All processes were carried out at room temperature.
Transmission Electron Microscope (TEM) Observation

and Energy Dispersive X-ray (EDX) Analysis. The synthesized
nanoparticles were confirmed using a TEM (1200EX, JEOL) operated

at 80 kVwith andwithout negative staining. Aurothioglucose was used as
a staining agent. Since aurothioglucose does not penetrate the apoferri-
tin cavity and stains only the outside of the apoferritin molecule,
apoferritin and ferritin (apoferritin containing nanoparticles) could be
distinguished.13 Aurothioglucose powder was directly added in the
solution to not dilute the solution. Using negatively stained TEM images
of the resultant solution, the efficiency of nanoparticle formation (ENF),
defined as the ratio of the number of ferritin molecules to the total
number of protein molecules, was evaluated.

EDX analysis was performed to examine the elemental composition
of the synthesized nanoparticles. Unstained TEM samples were pre-
pared and observed in the scanning transmission mode (STEM) of a
high resolution TEM (JEM-2100F, JEOL) operated at 200 kV. The
electron diffraction pattern of the synthesized nanoparticles was also
observed with high resolution TEM to examine the crystal structure of
the synthesized nanoparticles.
Evaluation of Particle Size. The particle size of individual

synthesized nanoparticles was determined with imaging analysis software
(Sumitomo Metal Technology Inc.) that calculates particle size from the
area of the particle. The particle size distribution and average particle size
of the synthesized nanoparticles were determined from the particle-
size data.
Electrostatic Potential Calculations.The electrostatic potential

distribution of apoferritin molecules at various pH values (pH 4.4, 6.5,
and 9.3) were examined. Apoferritin is a fairly large molecule, with
ionizable residues whose charges change according to the pH. Thus,
using a straightforward molecular level simulation of this large pro-
tein�solvent system to obtain the electrostatic potential of apoferritin
would require an enormous amount of calculation time, so we used a
continuum electrostatic model instead.14

The atomic coordinates of the L-subunit of horse ferritin were
obtained from the Protein Data Bank at Osaka University (accession
code 1IER).15 As the 1IER data set contains only the monomer subunit
and lacks the hydrogen atom coordinates, the hydrogen coordinates were
generated using Discovery Studio software (Accelrys Inc.). The full 24-
mer molecule was constructed from the F432 symmetry written in the
1IER data set. In this calculation, the eight N-terminal residues of each
subunit were deleted to emulate the apofer-8 structure. Each subunit of L-
apoferritin, which lacks the eight N-terminal residues, contains ionizable
groups: 28 acidic groups (12 Asp, 15 Glu, and the C-terminus) and 26
basic groups (10 Arg, 9 Lys, 6 His, and the N-terminus). In the
calculation, the ionization of Lys and Arg residues was not considered
because they were assumed to be charged at all pH values investigated in
this calculation. The pKa of every ionizable group at each specific pH was
determined to minimize the electrostatic free energy of the system, based
on the Tanford�Roxby approximation.14 The intrinsic pK values of
Nozaki andTanford16 were used. All atomic charges of the apoferritin 24-
mer molecule were then determined.

The electrostatic potential was calculated as previously described.17�19

Specifically, we calculated the electrostatic free energy at each pH by
considering every ionizable residue. The solvent accessible boundary was
determined by tracing a watermolecule of radius 0.14 nm over the protein
walls. This boundary was employed in the solution of the Poisson
equation. The Poisson�Boltzmann (PB) equation was solved using the
Debye parameter, k = 1 nm�1, which is the appropriate value for a 30mM
CaCl2 electrolyte solution. Because the potential quickly diminishes to
zero outside the protein, use of the linear PB equation is justified.

In the initial calculations, all the ionizable acidic and basic residues in
apoferritin were assumed to be neutral. The electrostatic free energy of
the system at a given pH was calculated iteratively by changing the
charge of all ionizable groups in the apoferritin 24-mer. Charge para-
meters were obtained from the CHARMM22 force field.20 The di-
electric constant of the protein was set to 4, which appears to be a more
appropriate value for proteins than the typical hydrocarbon value of 2.21
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A value of 77 was employed for the dielectric constant in the PB region
(k= 1 nm�1), as described earlier.19 The Poisson and PB equations were
solved using a finite difference method. A grid size of 0.1 nm and room
temperature (T = 298 K) were used for all calculations.

The calculations were carried out on the HPC cluster at Ritsumeikan
University, and the SGI Altix4700 and Fujitsu PRIMEQUEST super-
computers at Okazaki Research Facilities.

’RESULTS

Isoelectric Point (pI) Analysis. IEF was performed to deter-
mine the pI of apofer-0, apofer-8, and horse spleen apoferritin
(HSAF). Apofer-0 (Figure 1, lane 2) and apofer-8 (Figure 1,
lanes 3 and 4) provided sharp single bands, but HSAF (Figure 1,
lane 5) provided a diffuse band. This difference was expected
given the heterogeneity of the HSAF subunits. HSAF is a hetero-
oligomer of H- and L- subunits, whereas apofer-0 and apofer-8
consist only of L-subunits. The content of the H-subunit in
HSAF is not fixed, but is distributed in the population and
averages about 15%.5 For this reason, the IEF band of HSAF
would be rather broad. By interpolating between the pI values of
the protein markers, the pI values of apofer-0, apofer-8 and
HSAF were determined to be 5.1, 4.7, and 4.4�4.6, respectively.
The L-subunit of apofer-8 lacked the eight amino acids
at the N-terminus; since this deleted peptide contains one
arginine residue, the apofer-8 molecule lacks 24 arginine re-
sidues compared to apofer-0. The elimination of these
arginine residues lowers the pI value of apofer-8 compared to
apofer-0. Since the L-subunit of natural ferritin (HSAF) also
lacks this N-terminal fragment, the L-subunit of HSAF and
apofer-8 might have identical pIs. The pI value of the horse
H-subunit must be lower than that of the L-subunit because the
pI value of HSAF, which contains H-subunits, is lower than that
of apofer-8.
Optimization of Conditions for Ca Mineralization. To

examine the Ca mineralization ability of the different subunits,
the efficiency of nanoparticle formation (ENF) in apofer-0, apofer-
8, and HSAF was examined. Apoferritin was added to the CaCO3

solution (10 mg CaCO3 in 3 mL of water). The ENF of apofer-0
and apofer-8 was about 50% and 70%, respectively, whereas no

nanoparticle formation was observed inHSAF.We concluded that
the ENF was highest when apofer-8 is used as the template.
To determine the optimal Ca concentration for the Ca

mineralization process, solutions with various Ca concentrations
(1, 5, 10 mg CaCO3 in 3 mL of water) were tested. Because the
maximummass of CaCO3 soluble in 3mL of water at 2MPaCO2

gas pressure is about 10 mg, Ca concentration was varied below
this concentration. Apofer-8 was used for Ca mineralization. The
ENF was 40% at 5 mg of Ca in 3 mL of water, whereas no
nanoparticle formation was observed at 1 mg Ca in 3 mL of
water. The highest ENF was 70% at 10 mg Ca in 3 mL of water.
Apoferritin sometimes precipitates during the mineralization

of metal ions,13 perhaps because divalent cations can bridge
apoferritin molecules. However, in our experiments, apoferritin
did not precipitate even at high Ca concentrations. This may be
due to the low affinity of Ca ions for the apoferritin cation
binding site at the surface of the molecule.
To examine the change in pH during themineralization process,

the pHwas checkedwith a pHmeter andpH indicator dyes. Before
pressurization, the pH of the reaction solution was 9.3. Under
pressure, the pH of the solution was examined using the indicators
methyl red (MR) and methyl orange (MO). The pH range of the
color transition for MR and MO is 4.4�6.2 and 3.1�4.4, respec-
tively. Under CO2 pressurization, the reaction solution containing
MR changed color, indicating a pH below 4.4, whereas the reaction
solution containing MO did not change color, indicating a pH
above 4.4. Given the color of the two pH indicators, the pH of the
reaction solution during pressurizationwas determined to be about
4.4. After the solution stood at atmospheric condition for 1 h, the
pH of the reaction solution increased to 6.5.
When argon (Ar) gas was used instead of CO2 gas, the pH

remained at or above 8.0, and the CaCO3 did not dissolve.When a
buffer solution, 200 mM HEPES (pH 7.0), was added to the
reaction solution, the pH did not decrease below 5.3 even
following CO2 pressurization, and no nanoparticle formation
was observed. Nanoparticle formation was only observed when
nonbuffered solution was pressurized usingCO2 gas. These results
indicate that CO2 pressurization, causing a decrease in pH, is
crucial for Ca nanoparticle formation in the apoferritin cavity.

Figure 1. Coomassie blue stained pI profiles. Lanes 1 to 5 correspond to
protein maker (SERVA), apofer-0, apofer-8, apofer-8 without NaCl, and
HSAF, respectively. The pI value of apofer-0, apofer-8, and HSAF were
determined by interpolating the pI values of the protein makers, and
were determined to be 5.1, 4.7, and 4.4�4.6, respectively.

Figure 2. Unstained TEM image of the formed nanoparticles. The
formed nanoparticles inspected by TEM were nearly spherical, uniform
particles. A high resolution TEM image of a nanoparticle is shown in the
inset. The lattice spacing determined from the high resolution image was
0.24 ( 0.02 nm.
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The above results indicate that the best condition for Ca
mineralization is apofer-8 (0.5 mg/mL) and CaCO3 (10 mg in
3mLof water) pressurized repeatedly with gaseousCO2 at 2MPa.
Characterization of the Formed Nanoparticles. Nanopar-

ticles formed under the optimized condition were inspected by
TEMwith and without 2% aurothioglucose. Nearly spherical and
uniform particles were observed in the unstained TEM image
(Figure 2). To evaluate their size distribution, 505 nanoparticles
from the unstained TEM image were analyzed (Figure 3) and
provided an average diameter of 5.8 ( 1.2 nm.
White disks and dense dots surrounded by white rings were

observed in the negatively stained TEM image (Figure 4). The
white disks correspond to apoferritin protein (Figure 4A), while
the dense dots correspond to nanoparticles surrounded by a
protein shell (Figure 4B). These results indicate that the nano-
particles were formed in the apoferritin cavity. The ENF was
about 70%. The nanoparticles formed in the apoferritin cavity
were uniform and dispersive, since the nanoparticles are sur-
rounded by protein shells that prevent aggregation.
EDX analysis was performed to examine the elemental com-

position of the nanoparticles formed in the apoferritin cavity.
A STEM image of an unstained sample is shown in Figure 5A.

EDX analysis was performed on the area containing nanoparti-
cles (area b-1 in Figure 5A) and a control area without nano-
particles (area b-2 in Figure 5A). Calcium (KR; 3.7 keV), oxygen
(KR; 0.53 keV), carbon (KR; 0.28 keV), and copper (KR; 8.04
keV, Kβ; 8.90 keV, LR; 0.93 keV) were detected in the area
containing nanoparticles (Figure 5B-1), whereas only carbon and
copper were detected from the control area (Figure 5B-2). The
copper peaks arose from the TEM grid. These results indicate
that the formed nanoparticles contain calcium and oxygen.
The crystal structure of the formed nanoparticles was exam-

ined using selected-area electron diffraction. The observed
d-spacings of the synthesized nanoparticles were 0.304, 0.220,
and 0.186 nm, which are consistent with the (1 0 4), (2 0 2), and
(1 1 6) Miller indices of calcite, a CaCO3 polymorph.
Electrostatic Potential Calculations. The electrostatic po-

tential around the apoferritin molecule was calculated at pH 4.4,
6.5, and 9.3. The electrostatic potential and the electric field
in the cross-section involving 4-fold, 3-fold, and 2-fold sym-
metry axes are shown in Figure 6. This cross-section contains 4
3-fold channels and 2 4-fold channels (Figure 6A). The
electrostatic potential profile along the 3-fold symmetry axis
and 4-fold symmetry axis at each pH is shown in Figure 7. The
potential inside the cavity is negative at pH 6.5 and pH 9.3
(Figures 6C and D, Figure 7), but turns positive at pH 4.4
(Figure 6B, Figure 7).
The 3-fold channels are negatively charged between pH 4.4

and pH 9.3 because the channels are rich in acidic amino acids.
Thus, the electric field in the 3-fold channel is always directed
toward the center of the channel (Figure 6, Figure 7A). The
electric field at the outer entrance of the 3-fold channel is also
directed toward the inside at pH 6.5 and pH 9.3, but is reduced to
almost zero at pH 4.4 (Figure 7A). The negative potential wall at
the 3-fold channel decreases with decreasing pH (Figure 7A),
and at pH 4.4 it is about half its value at pH 6.5.
The 4-fold channels are mainly lined with hydrophobic amino-

acid residues, although histidine residues are located at the
entrance of the cavity side (Figure 6A). This contributes positive
potential in the 4-fold channel at pH 4.4 and pH 6.5 (Figure 7B),
and the electric field is directed toward the entrance of the
channel. At pH 9.3, the histidine residues are not protonated
and the direction of the electric field becomes complicated
(Figure 7B).

Figure 3. Size-distribution of the formed nanoparticles. The diameters
of the nanoparticles were determined using 505 nanoparticles in the
unstained TEM image. The average diameter was 5.8 ( 1.2 nm.

Figure 4. Negatively stained TEM image of ferritin and apoferritin. The
white disks correspond to apoferritin protein (indicated by (A)), and the
dense dots with white rings correspond to apoferritin containing nano-
particles (indicated by (B)). The efficiency of core formation was 70%.

Figure 5. EDX analysis of the formed nanoparticles. Unstained STEM
image of nanoparticles (A), and EDX spectra at area b-1 (B-1) and area b-2
(B-2). Peaks due to calcium (KR; 3.7 keV) and oxygen (KR; 0.53 keV)
were detected only at areas containing a nanoparticle.
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’DISCUSSION

Ca-NPs were synthesized in the cavity of apoferritin by
repeated pressurization with gaseous CO2. Under pressure,
CO2 tends to dissociate into Hþ and HCO3

�; the resulting
decrease in pH leads to increased CaCO3 solubility. Then, the
dissociated Ca2þ and HCO3

� diffuse into the apoferritin cavity
and mineralize.

The solubility of CaCO3 is also increased by decreasing the
temperature. We have reported CaCO3 mineralization in the
apoferritin cavity by heating and cooling saturated Ca(HCO3)2
solution.22 It is believed that CaCO3 crystal nuclei develop in the
cavity when the solubility of CaCO3 is altered.

The pH of the reaction solution is also important for nano-
particle generation in the apoferritin cavity. We have succeeded
in generating nanoparticles by decreasing the pH (to pH 4.4) of
the solution using CO2 pressurization, whereas no nanoparticle
formation was observed in buffered solution that prevented
the pH from decreasing below 5.3. This can be explained by
the change in the electrostatic potential of the inner (cavity)
surface and outer surface of the apoferritin molecule. At pH 9.3,
before pressurization, all acidic and basic amino acid side-chains
except histidine are likely dissociated. According to the calculated
electrostatic potential shown in Figure 6D, most of the external

protein surface carries a negative potential, and the potential of the
cavity surface is lower than the potential of the exterior surface
(Figure 7). At neutral pH, the absolute value of the negative
surface potential is decreased, but remains overall negative.
Douglas andRipoll8 calculated the electrostatic potential of human
H-apoferritin at neutral pH, and concluded that the electric field is
directed from the outside to the inside of the 3-fold channel,
thereby forcing the cation into the apoferritin cavity. A similar
situation is observed in horse L-apoferritin (Figure 6C).

Cations in the 3-fold channel will be trapped in the center of
the channel because the potential is lowest there. However, this
potential will be reduced by the interaction of a divalent cation
with the acidic amino acids in the channel, resulting in this cation
being pushed into the cavity by the binding of the next cation.18

In contrast to neutral or alkaline pH, at low pH (pH 4.4),
the positive area is increased, especially on the inner surface
(Figure 6B), primarily because of protonation of the numerous
histidine residues on the inner surface (Table 1). Because the pI
of the histidine side-chain is approximately 6, it is completely
protonated at pH 4.4. The pIs of the acidic amino acids are about
4; therefore, they are about 70% to 80% dissociated at pH 4.4 and
retain their negative charge. Since the total number of acidic
amino acids on the surface of the cavity is larger than the number

Figure 6. Calculated electrostatic potential distribution of apoferritin. A cross-section of an apoferritin molecule wire model (A), including the 2-fold
symmetry axis (O), 3-fold symmetry axis (Δ), and 4-fold symmetry axis (0). Red indicates acidic amino acids, blue indicates basic amino acids, yellow
indicates neutral amino acids, and gray indicates hydrophobic amino acids. The calculated electrostatic potential distribution of apoferritin at pH 4.4 (B),
pH 6.5 (C), and pH 9.3 (D) are shown. The potential value (in volts) is expressed by colors as shown in the lower column of each figure. The direction
and the strength of the electric field at the corresponding position are expressed by the vector in relative length.
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on the outer surface, the reduction in negative charge is larger on
the cavity surface; consequently, the electrostatic potential of the
cavity is positive and higher than that of the outer surface at pH
4.4. The total charge on apofer-8 is positive at pH 4.4, since the pI
value obtained by IEF was 4.7. Anions would be attracted into the
cavity because of the cavity’s positive potential at pH 4.4. The
4-fold channel, which has positive potential, may act as an anion
pathway, although the surface of the channel is rich in hydro-
phobic amino acids. The conformational fluctuation of the
subunits would help decrease this hydrophobic barrier. The 3-fold
channel carries an overall negative charge; the potential barrier is
lower at pH 4.4, and this may allow the entrance of anions.

In addition to these electrostatic aspects, the concentration of
bicarbonate ions (HCO3

�) increases when the CO2 pressure is
increased. Because of the difference in bicarbonate ion concen-
tration inside and outside the cavity, pressurization will cause
anions to accumulate further in the cavity. This can be explained
by the difference in the total chemical potential, represented by
the sum of the electro-chemical potential and the concentration.
The bicarbonate ions trapped in the cavity will precipitate as
CaCO3 because of changes in the chemical potential after release
of the CO2 pressure.

No nanoparticle formationwas observed whenHSAFwas used
as a template, probably because of the H-subunit in HSAF. IEF
showed that the pI value of HSAF is around 4.5, so the total
charge on HSAF will be almost zero at pH 4.4, and thus the
electrical potential difference would be insufficient to accumulate
anions in the cavity.

The efficiency of nanoparticle formation in apofer-0 is lower
than in apofer-8, although both consist only of L-subunits. The
difference in these two molecules is the N-terminal residues
located on the exterior surface. These are distant from the 3-fold
channel and will not participate in mineralization. TheN-terminus
is believed to link neighboring subunits and help stabilize the
apoferritin molecule in acidic conditions.9 Therefore, structural

fluctuations of the subunit will be larger in apofer-8 at acidic pH,
thereby reducing the potential barrier in the ion channel formed at
the intersubunit interface. Molecules larger than the diameter of
the ion channel can sometimes mineralize in the apoferritin cavity.
To explain this mineralization, Massover23 proposed dynamic
fluctuation of the ion channel. This fluctuation would decrease
the potential barrier of the 3-fold or 4-fold channels and aid in the
accumulation of ions.

After depressurization, the pH increased to 6.5, and the
potential became almost neutral. Under these conditions, both
cations and anions may be able to access the cavity, although
acidic amino acids in the 3-fold channel would produce a negative
potential barrier. Negative ions would therefore be unable to
access the cavity, whereas the electric field would aid Ca2þ to
enter the cavity through the 3-fold channels.

The electrostatic potential changes described above suggest
that cations and anions would accumulate in the cavity and form
insoluble compounds like calcium carbonate nanoparticles. How-
ever, this viewpoint is rather static, and we have to consider
dynamic processes to really understand the mineralization pro-
cess. For example, even one anion or cation accumulated in the
cavity would change the potential map dramatically. A chemical
reaction such as oxidation or reduction in the cavity would also
induce a large change in potential. In the future, we will consider
these dynamic processes to better understand apoferritin miner-
alization, but our current static viewpoint is nonetheless a good
starting point for examining the mineralization process.

We have succeeded in generating CaCO3 nanoparticles in the
apoferritin cavity that have uniform size distribution. Control of
the electrostatic potential of apoferritin is clearly important for
this and other mineralization processes.
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