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Minerals formed by living organisms are referred to as biominerals, and the process of their
formation is known as biomineralization. These biominerals result from organic-inorganic interactions
involving biomineral proteins and minerals. However, the detailed molecular mechanisms underlying
these interactions remain unclear due to the lack of established methods for analyzing the
conformations of biomineral proteins. Existing conformational analysis techniques, such as X-ray
crystallography and cryo-electron microscopy, are insufficient for studying these proteins, as they
cannot reveal protein structures on solid surfaces. Solution nuclear magnetic resonance spectroscopy
offers high-resolution capabilities for determining protein structures but requires solubilized proteins
that can move and rotate freely in liquid solutions. Dispersive mineral particles provide a solid surface
for proteins while allowing rotation in solution without inducing anisotropic effects. This novel
conformational analysis method using dispersive mineral particles presents a promising approach to
elucidate the molecular mechanisms of various biomineral proteins. Furthermore, this insight may
enable the synthesis of valuable and eco-friendly mineral materials by mimicking biomineralization
processes.
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1 Introduction
1.1 Mineral synthesis via organic-inorganic interaction

Living organisms, including animals, plants, and
microorganisms, are primarily composed of organic
matrices. However, inorganic elements also play critical
roles in maintaining biological functions. Many inorganic
elements exist in bodily fluids as ions. Conversely, living
organisms accumulate these inorganic elements and utilize
them to form hard tissues by converting inorganic ions

into solid-state minerals." Minerals formed by living
organisms are referred to as biominerals, and the
processes leading to their formation are known as

biomineralization.””® Typical examples of biominerals
include calcium carbonate (CaCOj;) in the exoskeletons of
mollusks and shells, and otoliths;*” calcium phosphate in
the bones and teeth of vertebrates;®° calcium oxalate in
the stems and leaves of plants;'® and hydrated amorphous
silica accumulated in rice.  Additionally, certain
microorganisms synthesize minerals such as magnetite and
gold nanoparticles for detoxification and metabolic

purposes.’>™® Biominerals are found across diverse life

Department of Applied Biological Chemistry, Graduate School of Agricultural and
Life Sciences, University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan.
E-mail: amichio@g.ecc.u-tokyo.ac.jp

This journal is © The Royal Society of Chemistry 2025

forms, from prokaryotes to higher organisms, where they
support structural integrity, provide protection from
external threats, and store inorganic substances. Organic
molecules, such as proteins associated with biominerals,
regulate crystal polymorphs and other properties to fulfill
specific biological purposes.'®

The pathways of crystallization through organic-
inorganic interactions are presented in Fig. 1. Crystals
generally form via the addition and attachment of
individual ions, atoms, or molecules, resulting in the
growth of bulk crystals through classical pathways.
Alternatively, minerals that are unstable under standard
temperature and pressure, such as amorphous phases and
nanoparticles, can be synthesized with the involvement of
organic  substances like proteins. These unstable
nanoparticles, stabilized by organic matrices, serve as an
essential initial phase for controlling crystal polymorphs,
morphology, orientation, and defects during crystal growth
in non-classical pathways. Minerals synthesized via
organic-inorganic interactions exhibit exceptional
toughness and stiffness due to their fine microstructures.
Despite these advancements, elucidating the molecular
conformation and reactions involved in organic-inorganic
interactions during this transitional process remains
challenging. A novel method utilizing solution nuclear
magnetic resonance (NMR) with dispersive minerals offers
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Fig. 1 Classical and non-classical pathways to crystallization. One ion or molecule directly becomes bulk crystal in the classical pathway. On the
other hand, non-classical pathways use the intermediate process with clusters or nanoparticles. The biological process of crystallization in

biomineralization is non-classical pathway.

a promising approach to clarify these interactions in the
non-classical pathway. This conformational information
could pave the way for the development of
environmentally friendly techniques to synthesize valuable
materials under standard conditions, avoiding toxic
byproducts. Consequently, mechanisms governing diverse
crystal formation processes under inorganic conditions have
garnered significant research interest.

1.2 Conformational analysis methods of protein in the
mineral surface

Conformational analyses of proteins are crucial for
elucidating the detailed molecular mechanisms of their
reactions and interactions with ligands. However,
analyzing the conformation of proteins involved in
organic-inorganic interactions remains challenging for
several reasons.

To investigate the conformational changes of

biomineral proteins on solid surfaces, mixture samples of
minerals and proteins in solution are required.
Conventional methods for analyzing these samples face
several limitations. X-ray crystallography, a widely used
technique, determines atomic-level protein structures by
analyzing diffraction patterns from crystallized protein
samples."”” " However, it is not feasible to prepare protein
crystals in the presence of minerals because mineral
crystals grow much faster than protein crystals. This rapid
growth results in the precipitation of bulk mineral
crystals, which hinders protein crystallization. Furthermore,
X-ray crystallography is a static conformational analysis

2044 | CrystEngComm, 2025, 27, 2043-2063

method and is suitable only for proteins with fixed or
ordered  three-dimensional  structures.  Cryo-electron
microscopy, a state-of-the-art technique, enables high-
resolution visualization of protein complexes in near-native
states without requiring protein crystallization.”*>*
However, in mixture samples, scattered light from
minerals interferes with the production of high-resolution
images, making this technique unsuitable for analyzing

biomineral  proteins involved in  organic-inorganic
interactions.

Given these challenges, we chose to analyze the
conformational changes of biomineral proteins using

NMR.>* Solid-state NMR can detect signals from proteins
in solid mineral samples. However, it lacks sufficient
resolution to assign detailed proton, carbon, and
nitrogen signals from individual amino acids, which are
essential for determining atomic  distances and
performing detailed conformational analyses. Conversely,
solution NMR offers high-resolution capabilities for
analyzing the three-dimensional structures of proteins
but requires that proteins and minerals remain
uniformly dispersed in solution. Unfortunately, bulk
minerals are unable to rotate or disperse in solution,
leading to mineral precipitation and causing anisotropic
effects in the NMR spectrum. Consequently, both
conventional solid-state NMR and solution NMR methods
fail to achieve high-resolution spectra for conformational
analysis. To address these challenges, we designed the
following experimental system. Proteins are mixed with
dispersive  minerals in  solution.**?°®  Unlike bulk
minerals, dispersive minerals can rotate and disperse

This journal is © The Royal Society of Chemistry 2025
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within the solution,
effects on the spectrum and producing sharper signals.
The addition of dispersive mineral particles to the
solution enables the analysis of conformational changes
in biomineral proteins on solid surfaces using solution
NMR,*” offering a novel method for studying organic-

thereby reducing the anisotropic
27

inorganic interactions. This Highlight covers three main
topics: the interaction between aragonite and the
biomineral protein Pif 80 in the pearl oyster, the

interaction of amorphous calcium carbonate (ACC) with
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DQF-COSY (double quantum filtered correlation
spectroscopy) and TOCSY (total correlation spectroscopy)
detect correlations between protons within the same
amino acid. HSQC (heteronuclear single quantum
correlation) and HMBC (heteronuclear multiple bond
coherence) detect correlations between protons and
carbons. ROESY (rotating-frame  Overhauser effect
spectroscopy) is used to identify spatial relationships
between protons within a molecule.

The method to analyze the conformational changes of

paramyosin, and the interaction of gold nanoparticles biomineral proteins is presented in (Fig. 2). First, all "H
with DP-1, a protein found in microorganisms. and ™C signals in solution NMR are attributed to
SEM image of dispersive aragonite particle NMR measurements
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Fig. 2 Flow of conformational analysis by solution NMR using dispersive mineral particles. The amino acid residues are attributed by *H, *C, DQF-
COSY, TOCSY, HSQC, and HMBC. Based on *H chemical shift attribution of ROESY, the peak intensities were converted to distance information

between residues and 3D conformations of peptides were calculated and computed by using CYAN
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individual amino acids using 2D-NMR spectra (DQF-COSY,
TOCSY, HSQC, and HMBC). Next, the sequence of the
amino acids is identified based on HMBC and ROESY
data. The obtained NMR data are processed using
NMRPipe to refine the topology of each 2D-NMR

(a)
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spectrum, and ROESY spectra are analyzed with
SPARKY.*®?° Using SPARKY, assignments are made for all
ROESY signals, and peak intensities are converted into
distance constraints. Based on 'H chemical shift
assignments from SPARKY, peptide conformations are

The soluble matrix proteins

Crystal growth

-

The insoluble matrix proteins

Crystal growth

-

The insoluble frameworks

(b)

Calcite

Aragonite

Vaterite

Fig. 3 (a) Schematic diagram of organic-inorganic interaction in biominerals. (b) Crystal structures of each CaCO3 polymorph. (c) Picture of shell
and shell microstructures of Pinctada fucata. M indicates the myostracum, P indicates the prismatic layer, N indicates the nacreous layer, and A

indicates the adductor muscle.
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computed using CYANA (combined and

dynamics algorithm).****

assignment

2 Conformational analyses of
biomineral proteins from the shell of
the pearl oyster, Pinctada fucata

2.1 Biomineralization of invertebrates

Shellfish and crustaceans primarily consist of CaCO; in their
shells and exoskeletons, providing structural protection.
Since CaCO; is a naturally abundant substance on Earth and
widely used by various organisms as a biomineral, extensive
research has been conducted on its biomineralization. The
general mechanisms underlying the and
functions of organic matrices in shell biomineralization are
presented in (Fig. 3(a)). The insoluble frameworks, composed
of polysaccharides such as chitin (a B-polymer of N-acetyl-o-
glucosamine), create scaffolds that provide space for the
precipitation of inorganic minerals. Insoluble matrix
proteins, which possess hydrophobic regions for protein-
chitin interactions and hydrophilic regions for binding
inorganic elements, mediate connections between the
organic scaffolds and inorganic minerals. These proteins
regulate nucleation, crystal polymorphism, and crystal
orientation. Meanwhile, soluble matrix proteins, which
contain only hydrophilic regions, regulate the formation and
growth of inorganic minerals. During crystal growth,
insoluble matrix proteins form organic frameworks as
intercrystallite matrices, while soluble matrix proteins are
incorporated into the CaCO; crystals as intracrystalline
organic matrices. This dynamic interplay between organic
and inorganic components results in the formation of
biominerals with complex structures through organic-
inorganic interactions.*

localization

2.2 Calcium carbonate

CaCO; is a white powder widely used in various industries,
including paint, pigments, paper, plastic fillers, tablet base
materials, and chalk. It is the most abundant biomineral on
Earth, forming a significant part of the planet's biomass.***’
Carbonate sediments, accounting for 60-80% of the chemical
carbon on Earth (approximately 40 million gigatons), are
produced through the biomineralization processes of living
organisms. These sediments play a crucial role in regulating
atmospheric  concentrations of carbon dioxide and
bicarbonate.>®*” CaCO,; primarily exists in three crystal
polymorphs: calcite, aragonite, and vaterite. Calcite, the most
thermodynamically stable polymorph at room temperature
and pressure,’**° forms a hexagonal crystal system
(Fig. 3(b)).*" Aragonite, a metastable orthorhombic crystal
system, forms under high-pressure conditions or in the
presence of magnesium ions (Fig. 3(b)).**™** Vaterite, the
most unstable polymorph of CaCO;, belongs to a hexagonal
crystal system. Despite extensive research, no unified
interpretation of its crystal structure has been established

This journal is © The Royal Society of Chemistry 2025
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(Fig. 3(b)).*"* In contrast, the predominant polymorphs
found in biominerals are calcite and aragonite. Due to its
instability, vaterite is rarely found in natural minerals.
However, it has been identified in freshwater pearl oyster
shells and fish otoliths.**" These crystal polymorphs are
meticulously controlled within the microstructures of
biominerals, largely owing to their biological functions.

CaCO; also exists in an amorphous form, referred to as
ACC. ACC is highly unstable and can be synthesized in vitro
under conditions of low temperature, high pressure, and
high pH. Nevertheless, ACC rapidly undergoes a phase
transition to more stable forms such as calcite and
aragonite.®®*° In some biominerals, ACC serves as a
precursor or a stable constituent alongside calcite or
aragonite.*®**° For instance, ACC is present during the initial
stages of calcification in the bone fragments of sea urchin
larvae and the shells of bivalve larvae.”® Additionally, ACC is
stabilized in the exoskeletons of crustaceans, where it plays a
key role during molting, being dissolved and subsequently
restructured.>®>

The synthesis of ACC under inorganic conditions has been
extensively  studied. = Methods involving  phosphate
compounds, such as phosphorylated amino acids and
sodium dihydrogen phosphate, have been reported.’>®
Other studies suggest that magnesium, silicate, and dimethyl
carbonate also contribute to the stabilization of ACC.**>%%°

2.3 Mother of pearl, Pinctada fucata

The Japanese pearl oyster, Pinctada fucata (P. fucata), is widely
used in pearl aquaculture in Japan. Its shell, a biomineral
primarily composed of CaCOj;, consists of mineralized
microstructures, including the nacreous and prismatic layers
(Fig. 3(c)). The shell is formed by a soft tissue called the mantle.
The extrapallial fluid, located in the space between the mantle
and shell, is separated from the surrounding seawater. The
shell interacts with the mantle, which supplies the
periostracum and calcified microstructures with inorganic ions
and organic matrices through the extrapallial fluid. The
conditions within this fluid—including the concentration of
organic molecules, trace elements, and pH—regulate the
polymorphs and shapes of CaCO; crystals, determining the
shell's microstructures.

The shell of P. fucata consists of two primary layers: the
outer prismatic layer and the inner nacreous layer (Fig. 3(c)).
The outer prismatic layer is composed of calcite crystal
columns.’™®? Each columnar crystal is encapsulated by an
organic framework of materials such as chitin and
biomineral proteins. The crystallographic c-axis of these
crystals is oriented parallel to the shell surface.®>"*> The inner
nacreous layer comprises aragonite crystal tablets (Fig. 3(c)).
In this layer, the growth direction of the aragonite crystals
aligns with the c-axis of the tablets, which are also oriented
parallel to the shell surface.®® The nacreous layer's stacked
structure produces a unique rainbow-like luster due to the
interference of light reflected from its layers.’>®°

CrystEngComm, 2025, 27, 2043-2063 | 2047
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In addition to the prismatic and nacreous layers, the shell
also contains a microstructure known as the myostracum,
which attaches to the adductor muscle (Fig. 3(c)). The
myostracum consists of elongated prismatic aragonite
crystals aligned along the c-axis, further contributing to the
shell's structural integrity.

2.4 Biomineral proteins in P. fucata shell

Biomineral proteins are essential for biomineral formation,
prompting extensive research into extracting these proteins
from shells and identifying their sequences. Shell
demineralization is achieved using agents such as EDTA
(ethylenediaminetetraacetic acid) or acids to isolate
biomineral proteins.®®® As a result, proteins can be
categorized as soluble or insoluble in EDTA and acid. To
extract insoluble proteins, denaturing agents like urea and
SDS (sodium dodecyl sulfate) are employed, as these
proteins are cross-linked with insoluble organic matrices
such as chitin. Previous studies have identified unique
biomineral proteins from the prismatic and nacreous layers
of P. fucata shells, shedding light on their specific roles.

(@) (b)
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Several key biomineral proteins have been identified in
P. fucata. MSI31, found in the prismatic layer,”® contains
Gly, Asp, and Glu-rich regions that may interact with Ca**
ions. Prismalin-14, also located in the prismatic layer,””*
has a Gly- and Tyr-rich N-terminal domain and an Asp-rich
C-terminal domain. Nacrein, found in the nacreous layer,””
includes a Gly-X-GIn repeat region that binds calcium ions.
Pif, another biomineral protein in the nacreous layer,”® has
a C-terminal region (Pif 80) associated with aragonite
crystallization and contains an Asp-Asp-Arg-Lys (DDRK)
repeat region (Fig. 4(a)). Paramyosin, the primary
component of the adductor muscle in P. fucata, includes
many Glu residues and a low-complexity region near its C-
terminal, featuring an Glu-Glu-Ala-Glu (EEAE) repeat region
(Fig. 4(c)).>® These biomineral proteins commonly contain
low-complexity regions, such as repeat sequences and
regions with unbalanced amino acid compositions. Proteins
with such regions are categorized as intrinsically disordered
proteins (IDPs) due to their lack of a fixed or ordered three-
dimensional structure.”*”’® Consequently, most biomineral
proteins in P. fucata lack a stable three dimentional
structure (Fig. 4(b)), making it challenging to determine

1 MSLMDLDTDVSTKVVRVNRTYNVYRGTSPSTQONRLEARIRELEDALDGER
51 DVRLRFEKQSAELTFQLDQLQDRLEEATGTSSAQLDINRKRESEITKLRK
101 DLELANAQFESAESSMRKRHQDALNDLADQLDFMSKAKGRVEKEKSQLLI
151 EIDVLQTDNDALGKAKAHAESKVDALEGSLARLKAQVDDLTRQLNDANNA
201 KARLTQENFDLQHQVQELDSANAGLAKAKSQLQLQLDDLKRNLDDESRQR
251 QNLQVQLSALQSDYDNLNARYEEESEAASNLRNTLSRVNAEFAALKTRYD
301 KEILAKTEEMEEMRRKLSVRIQELEDLLEQQRIRCSNLEKAKSKLTAELK
351 EVTIELENCQIIIQDLTKRNRQLENENANLQKRVDELSAENAGLRADKAA
401 LEQENHRLKVSNAELMEKNDNLQRENNNLNAQLREANQALKDANRQINEL
451 SAAKAALEAERDALASALRDTEDALKDAENKLAAAQAALNQLRAEMEQRL
501 REKDEEIDAIRKSSARAIEELQRTLVEVETRYKAEINRIKKKYETDIREL
551 EAALDNANRANAEYLKQIKALQHRVKDLETALEETQRQLDDARGQLSISE
601 RKRITLQQELEDCRSLLEAAERARKNAENELGETSARLTEVQLQVTVLTN
651 DKRRMEADIAAMQSDLDDALNAQRAAEERADRLQAEVNRLAGELHQEQEN
701 YKNAEGLRKQLEIEIREITVRLEEAEAFATREGKRQIAKLQARIRDLEAE
751 LEAEQRRLRETAANMRKYERQYKEIQTQADDDRRQVAELTSLVDQLTIKI
801 KTYKRQIEEAEDVASLTMNKYRKAQQLIEEAEHRADNAEKNLAAVRRTRS
851 MSVSREITKVVRV

IDP interacted with ligand

(a) The complete amino acid sequence of Pif. Pif 97 consists of 525 amino acids (from 23 to 547 amino acid). Pif 80 consists of 460 amino

acids (from 548 to 1007 amino acid). Gray box is a signal peptide (from 1 to 22 amino acid). Blue box indicates the VWA domain. The green box is
the chitin-binding domain. Purple box is RMKR (a Kex2-like proteinase cleavage site). Yellow box is the aragonite-binding domain (Pif 80). Red box
indicates the sequence of Asp-Asp-Arg-Lys (DDRK). (b) The prediction of 3D structure of Pif using AlphaFold3.”® The yellow parts indicates Pif 80,
the red parts indicates sequence of DDRK, NTD indicates N-terminal domain, CTD indicates C-terminal domain. (c) The amino acid sequence of
paramyosin-3. Glu (E) indicated in red, peptide analyzing conformations are indicated in bold and underlined and EEAE sequence in yellow
highlighter. (d) Schematic image of IDP binding ligand. The IDP does not form the fixed 3D structure in the solution, because of no typical
secondary structure such as beta-sheet or alpha-helix. When the ligand binds to the IDP structure, the interaction between IDP and ligand
decreases the flexibility of IDP structure and induce the 3D structure. We assumed that the biomineral proteins containing IDP structure employ
this system.
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their conformations and functions using conventional
analytical methods.

However, we decided to analyze the conformational
changes of biomineral proteins with low-complexity
regions for the following reason: IDPs exist in a denatured
state, with their main chain adopting a highly dynamic
and disordered conformation when unbound. However,
IDPs can undergo conformational changes and interact
with ligands in a manner that aligns with the ligand's
conformation (Fig. 4(d)). Biomineral proteins with low-
complexity regions often play a key role in regulating the
crystallization of shells. We hypothesized that the low-
complexity regions of biomineral proteins may partially
adopt a three-dimensional structure upon interacting with
the solid surface of CaCO;, thereby controlling shell
crystallization. To test this hypothesis, specific sequences,
such as repeat regions, were selected as peptides for
analyzing conformational changes using solution NMR and
dispersive CaCOj; particles.

2.5 Synthesis of dispersive calcium carbonate particles

The synthesis of dispersive CaCO; particles is critical for
studying the conformational changes of biomineral proteins
on solid mineral surfaces. Moreover, the synthesis must
occur under strictly inorganic conditions to prevent
contamination by organic substances, which could interfere
with solution NMR measurements. We developed a method
for synthesizing dispersive aragonite particle and ACC (Fig. 5
and 6).>*°®%* These CaCO; polymorphs were characterized
and stabilized using techniques such as Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD),
scanning electron microscopy (SEM) and X-ray absorption
fine structure (XAFS). Based on these analyses, the dispersive
particles were confirmed to be suitable for use in solution
NMR measurements.

2.6 Conformational and functional analysis of DDRK-repeat
region in Pif 80

Pif, an acidic matrix protein, is essential for the formation
of aragonite crystal tablets in the nacreous layer of P.
fucata. The aragonite crystals grow with their c-axis
aligned parallel to the shell surface, as demonstrated by
knockdown assays.”® Pif is initially synthesized as a single
translation product and then cleaved by a Kex2-like
protease at the RMKR site (Kex2-like proteinase cleavage
site), yielding two fragments: Pif 97 and Pif 80.”” Pif 97
contains von Willebrand A (VWA) and chitin-binding
domains, which are involved in interactions with organic
matrices. Pif 80, on the other hand, features
complexity regions rich in both acidic and basic amino
acids and exhibits aragonite-binding activity.”®”®

Previous studies reported that acidic and basic amino
acids can interact with Ca** and CO;* ions, influencing the
formation of CaCO;. Notably,>**"®> Pif 80 contains a unique
Asp-Asp-Arg-Lys (DDRK) repeat region. However, the

low-
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molecular mechanisms underlying the organic-inorganic
interactions in the DDRK repeat region remain unclear. To
investigate the role of acidic and basic amino acids in Pif 80,
we directly analyzed the interactions between the low-
complexity region and CaCO; using solution NMR with
dispersive aragonite particles.

We hypothesized that the low-complexity region of
biomineral proteins might partially adopt a three-
dimensional structure on the solid CaCO; surface, thereby
influencing shell crystallization. To test this hypothesis, we
synthesized peptides and mutants containing two DDRK

repeat regions. The peptide sequences and their
abbreviations were as follows: GDDRKDDRKG (GDR),
GEERKEERKG  (GER), = GAARKAARKG  (GAR), and
GDDAADDAAG (GDA). NMR samples were denoted as

“peptide name/sample condition”; for example, a sample
with dispersive aragonite particles incorporated into GDR
was labelled GDR/Ara.

The calculated conformations of the peptide are
presented in (Fig. 7(a)-(d)). When focusing on the main
chain, the peptide-only structures, in the absence of
dispersive aragonite particles and Ca®', were folded and
rounded. This characteristic was particularly evident in the
GER/water and GDA/water systems. By contrast, the
incorporation of dispersive aragonite particles caused the
main chains of the peptides to elongate, a feature that
was particularly evident in the GDR/Ara and GAR/Ara
systems.

Focusing on the side chain, in GDR/Ara, the four Asp
Hp residues were aligned in the same plane and
sandwiched between Arg and Lys. In GER/Ara, the four
Glu H, side chains corresponding to Asp Hp in GDR/Ara
were arranged in the same plane, even if a slight
misalignment was present, and sandwiched between Arg
and Lys. This conformational feature of acidic amino
acids in the side chain was not observed in GDA/Ara. In
GAR/Ara, the four Ala Hg residues corresponding to Asp
Hg in GDR were arranged in the same plane and
sandwiched between Arg and Lys. These results suggested
that it does not matter whether the side chains are Asp,
Glu, or Ala for alignment in the same plane. On the other
hand, Arg and Lys are structurally indispensable for
aligning the side chains of the sandwiched amino acid
residues in the same plane.

In the GDR/Ca ion and GER/Ca ion samples, the acidic
and basic residue side chains were clustered on the same
side, and these peptides formed a folded and rounded
structure, indicating that free Ca®" in the solution promoted
electrostatic interactions between acidic and basic residues
and induced the folded structure of the peptides. On the
other hand, Ca®>" in aragonite was fixed in the crystal. Fixed
Ca”®" may promote the elongated and aligned structure of the
peptides.

These results of conformational analysis using ROESY
indicated that the main GDR chain was stretched, and
the acidic residue side chains in GDR were located on the

CrystEngComm, 2025, 27, 2043-2063 | 2049
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Fig. 5 (a) Schematic diagram of synthesis of dispersive CaCOs particles. The synthesized dispersive CaCOs particles were washed three times with
ultrapure water and ultrasonicated before mixing into the NMR sample. (b)-(f) Measurement of dispersive aragonite particles. (b) SEM, (c) the
histogram indicated the size and distribution of dispersive aragonite particles. (d) XRD, (e) FT-IR, and (f) XAFS. Signals derived from aragonite
indicate red in (e) and (f). Reproduced with permission from ref. 24. Copyright 2023, American Chemical Society.
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Fig. 6 (a) and (b) Ca K-edge XANES spectra of (a) Pi-ACC powder and (b) Mg-ACC powder. Signals derived from ACC indicate red in (a) and (b).
The peak shoulder in the range 4044.8-4045.3 eV and the maximum absorption of 4048.3 eV that are unique to ACC was detected. The features
of these spectra are identical to each other. (c) and (d) SEM images of CaCOs from Pi-ACC solution. Low magnification image (c) and high
magnification image (d). (e) The histogram indicated the size and distribution of dispersive Pi-ACC particles. Reproduced with permission from ref.

58. Copyright 2020, Oxford Academic.

GDR/water

GDR/Ara

GDR/Ca ion

GAR/water

GAR/Ara

Fig. 7

GER/water

GER/Ara

GER/Ca ion

GDA/water
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(a)-(d) Conformations of each peptide calculated using CYANA. Overlay of 20 best-matched 3D structures of each peptide (left); the main

chain is labeled “ball and stick”, and all side chains are labeled (center). The surface was displayed as “coulombic surface coloring” (right). (a) GDR,
(b) GER, (c) GAR, and (d) GDA. Reproduced with permission from ref. 24. Copyright 2023, American Chemical Society.

same plane, suggesting that GDR/Ara may be the most
suitable structure to adhere to the aragonite surface.

We also measured STD (saturation transfer difference) to
clarify which amino acid residue mainly interacts with
aragonite. The STD method is commonly used to detect

This journal is © The Royal Society of Chemistry 2025

correlations between ligands and receptors.®>** 1In this
study, H,O hydrated on the aragonite surface was used as
the fixed receptor, and a peptide was used as the
ligand.*>*® The STD results of GDR/Ara indicated that Asp
Hp was the residue with the highest STD, value, suggesting
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initial rate of the A buildup curve, STDo, for the Hg protons of each residue. The STD, value for the Asp Hj is set to 100%. (c) Schematic diagram
of the 3D structure of GDR on the aragonite surface. The trapezoid has four side chains with acidic residues at the top. The upper side was 6.9 A,
the lower side was 20.3 A, and the height was 3.5 A. The positions of Ca®* were corresponding to the corners in the trapezoid. Reproduced with

permission from ref. 24. Copyright 2023, American Chemical Society.

that Asp Hp is closest to aragonite and binds to it
(Fig. 8(a) and (Db)).

To investigate the effect of peptides on CaCO;
crystallization, we conducted in vitro crystallization
experiments as follows. When Ca®" and CO;>” concentrations
become supersaturated, spherical shapes of ACC and vaterite
initially form. These phases eventually dissolve, leading to
the precipitation of rhombohedral calcite.’” Peptides were
added to this system to evaluate their interaction with CaCO;
by comparing the duration for which ACC and vaterite were
retained. ACC and vaterite exhibited spherical morphologies,
whereas calcite displayed a characteristic rhombohedral
shape.”®®” The crystalline polymorphism of CaCO; was
assessed based on the observed morphologies using SEM.

2052 | CrystEngComm, 2025, 27, 2043-2063

Among the peptides tested, GDR maintained ACC for
the longest duration. Conformational analysis revealed
that the acidic side chains of GDR aligned in the same
plane, facilitating interaction with the CaCO; surface. In
contrast, ACC retention time for GDA was shorter than
that of GDR, suggesting that basic side chains also
contribute to stronger interactions with CaCO;. GER
retained ACC for a shorter time than both GDR and
GDA, indicating that Asp interacts more strongly with
CaCO; than Glu.

Based on these experimental results, the GDR/Ara
structure appeared to be particularly well-suited for
adhesion to the CaCO; surface and interaction with
aragonite. The distance between the carboxyl groups of

This journal is © The Royal Society of Chemistry 2025
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the four Asp side chains in GDR was measured to
understand this interaction further. The four Asp side
chains formed a trapezoid with a 6.9 A upper side, 20.3 A
lower side, and 3.5 A height (Fig. 8(c)). This trapezoidal
arrangement closely resembled the spacing of Ca®" ions in
the {001} plane of aragonite, which has a trapezoid shape
with a 5 A upper base, 20 A lower base, and 4.3 A height.
These results suggest that the spatial arrangement of Asp
side chains in GDR aligns with the Ca®" positions in
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aragonite, facilitating binding to aragonite crystals during
the crystallization process.

From our results, we observed that the acidic side
chains of GDR closely matched the arrangement of Ca>*
ions on the {001} plane of aragonite. Fig. 8(c) provides a
schematic diagram of the GDR structure on the aragonite
surface, showing that Asp Hpy residues aligned in the same
plane may interact directly with the {001} plane of
aragonite. The DDRK repeat sequences found in Pif play a
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Fig. 9 (a) (i), (i) SEM and (i) TEM images of CaCOs crystals after 24 h under aragonite-forming conditions with 50 ug mL™ of paramyosin added.
(iv) Electron diffraction pattern of (iii). (b) The most likely conformation of each peptide (left). The surface is displayed as “coulombic surface
coloring” (center). Overlay of 20 best-matched conformation of each peptide (right). The white box above shows the conformations only
backbone. Conformation shows that the main chain is labeled “ball and stick”, and all side chains are labeled. (i) EEAE and (ii) DDAD. (c) STD
amplification factors plotted against saturation time (STD buildup curves) for well-separated peaks. (d) STDg of the 1HB of each residue. (i) EEAE; (ii)
DDAD. Reproduced with permission from ref. 26. Copyright 2024, American Chemical Society.
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crucial role in forming organic frameworks and mediating
interactions between organic frameworks and aragonite.”
Since the {001} plane is the primary surface of aragonite
tablets in the nacreous layer, the DDRK sequence likely
binds to this plane via Asp residues, enhancing organic-
inorganic interactions.

This binding of the carboxyl group in the DDRK sequence
to the {001} plane of aragonite regulates crystal growth along
the c-axis, facilitating the formation of aragonite tablets in
the nacreous layer.

2.7 Conformational and functional analysis of amorphous
calcium carbonate-binding protein paramyosin in P. fucata

ACC serves as a critical precursor phase for the formation
of aragonite crystals in the shells of P. fucata. To identify
proteins involved in ACC binding within the inner
aragonite layer (nacreous layer and myostracum) shell
extracts were subjected to ACC-binding experiments.
Semiquantitative analyses using liquid chromatography-
mass spectrometry (LC-MS/MS) identified paramyosin, a
major component of the adductor muscle, as strongly
associated with and specifically incorporated into ACC.
Western blotting confirmed that paramyosin is present
in the myostracum, a microstructure in the shell attached
to the adductor muscle (Fig. 3(c)). Since aragonite is the
main component of the myostracum, we synthesized
aragonite crystals in vitro in the presence of paramyosin.
These experiments revealed that paramyosin promotes the
formation of prism-shaped aragonite crystals elongated
along the c-axis, which resembles the morphology of prism
aragonite crystals in the myostracum (Fig. 9(a)). From these
findings, paramyosin was identified as an ACC-binding
protein that influences the formation and morphology of
prism-shaped aragonite crystals. Paramyosin contains
numerous Glu residues and a low-complexity region near its
C-terminal, including the Glu-Glu-Ala-Glu (EEAE) repeat
region (Fig. 4(c)). We hypothesized that the EEAE repeat
region in paramyosin may undergo conformational changes
upon interacting with the ACC surface, thereby influencing
CaCO; crystal formation in a manner similar to Pif 80.

Previous studies have shown that acidic amino acids
strongly interact with Ca®', affecting CaCO; crystal
formation.>***' However, differences between Asp and Glu

in their roles in CaCO; crystal formation remain unclear. To
address this, we analyzed the conformational changes of the
EEAE peptide (QLIEEAEHRA) and DDAD peptide
(QLIDDADHRA) (Fig. 4(c)) using solution NMR with ACC,
applying the same methodology as for the DDRK repeat
region. The small size of ACC, with a diameter of
approximately 100 nm, allows it to rotate and disperse freely
in solution, minimizing anisotropy effects and producing
sharp NMR signals.?”>>°°

Based on 'H chemical shift attributions, peptide
conformations were calculated using CYANA-3.98.15 with
ROESY peaks.”’ The results are presented in (Fig. 9(b)).
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Both EEAE/water and DDAD/water structures exhibited
folded and rounded main chains in the absence of ACC.
However, incorporation of ACC elongated the entire
molecule. Examining the side chains, the EEAE/ACC
structure revealed that the three Glu side chains and the
imidazole group of His8 were aligned in the same plane,
a feature not observed in DDAD/ACC. These results
suggest that EEAE/ACC forms a structure more suited for
attachment to the ACC surface. The longer side chain of
Glu in EEAE likely facilitates flexible conformational
changes during ACC binding, enabling alignment of
carboxy and imidazole groups for optimal interaction with
the ACC surface (Fig. 9(b)).

To identify the amino acid residues primarily interacting
with ACC, we performed STD measurements. The residue with
the highest STD, value—indicating the greatest degree of
saturation transfer—was Ala6 Hf in the EEAE peptide and Asp
Hp in the DDAD peptide (Fig. 9(c)). Relative saturation mobility
was computed, normalizing the STD, values of Ala6 in the
EEAE peptide and Asp in the DDAD peptide to 100% (Fig. 9(d)).

In the EEAE peptide, Glu Hf and Ala10 HP exhibited
the next highest relative values at 51.4% and 49.7%,
respectively (Fig. 9(d)). These results suggest that if the
carboxyl group of Glu binds to Ca** ions on the ACC
surface, Ala6 may be positioned on the opposite side of
the ACC particle. However, STD measurements primarily
reflect the proximity of residues to hydrated water
molecules associated with ACC. Thus, when the carboxyl
group of Glu binds to Ca*" and penetrates into the deeper
interior of ACC, Ala6 is likely the residue closest to the
hydrated water molecules on the ACC surface. In the
DDAD peptide, Asp Hf and Ala Hf exhibited the highest
relative values, at 100% and 81.2%, respectively. These
findings indicate that the Asp side chain, due to its
shorter length and lack of flexibility compared to Glu,
binds to Ca®* ions on the surface of ACC rather than
penetrating deeper into the ACC interior. Consequently,
Asp remains closer to the hydrated water molecules on
the ACC surface.

These results suggest that the EEAE peptide is more
likely to interact with ACC than the DDAD peptide. The
longer and more flexible Glu side chains in the EEAE
peptide allow for conformational adjustments, aligning
carboxyl groups for electrostatic interactions with Ca*
ions. This flexibility enables the carboxyl groups of Glu to
penetrate deeply into the ACC structure and bind to Ca**
ions in the interior (Fig. 10(a)). In contrast, the shorter
and less flexible Asp side chains in the DDAD peptide
limit its ability to adjust conformation, restricting its
interactions to Ca*' jons on the ACC surface. As a result,
Asp remains closer to the hydrated water molecules on
the ACC surface (Fig. 10(a)).

Based on our findings, we propose the following model
for myostracum formation presented in (Fig. 10(b)). In the
area where the adductor muscle attaches to the nacreous
layer, both calcification and muscle cell destruction occur.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Model of peptide binding to ACC: (i) EEAE; (ii) DDAD. (b) Model of myostracum formation. Reproduced with permission from ref. 26.
Copyright 2024, American Chemical Society.

Cell destruction results in the release of paramyosin and
intracellular proteases, leading to paramyosin degradation.
The degraded paramyosin forms a

nacreous

layer,

scaffold on

This journal is © The Royal Society of Chemistry 2025

the

facilitating myostracum formation and

promoting the growth of columnar aragonite crystals. This
study demonstrated that paramyosin, a Glu-rich muscle
protein with a repeating EEAE sequence, stabilizes ACC
from within CaCO; and promotes the growth of columnar
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aragonite crystals, highlighting its critical role in

myostracum biomineralization.

3 Conformational analyses of the
protein involved in the synthesis of
gold nanoparticles

3.1 Synthesis of gold nanoparticles by Collimonas sp. strain
D-25

Gold nanoparticles (AuNPs) are widely utilized in fields such as
electronics, sensors, probes, catalysts, electronic wiring, and
medical materials.****%® Compared to traditional chemical
and physical synthesis methods, microbial synthesis of AuNPs
offers an environmentally friendly alternative. In this study, we
focused on a microorganism, Collimonas sp. strain D-25 (D-25),
isolated from Japanese soil. D-25 demonstrated the ability to
reduce gold ions under both aerobic and anaerobic conditions.
When D-25 bacterial cells were washed with sterile water and
incubated in a gold chloride solution, the solution turned
purple, indicating the synthesis of AuNPs, a characteristic color

Intensity

View Article Online
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(Fig. 11(a)).”° TEM (transmission electron microscopy) and
EDS (energy dispersive X-ray spectroscopy) analyses confirmed
the formation of AuNPs with an average particle size of 25.7 nm
around the bacterial cells (Fig. 11(b)).

To identify substances contributing to AuNP synthesis by
D-25, we examined the ultrasonic disruption solution of
D-25. Bacterial suspensions were subjected to ultrasonic
irradiation, and the resulting supernatant was mixed with
gold chloride solution. After incubation, AuNPs with an
average particle size of 20.3 nm were synthesized.

The protein components in the ultrasonic disruption
solution were analyzed via SDS-PAGE (polyacrylamide gel
electrophoresis). A protein band around 20 kDa disappeared
after 5 hours of reaction, suggesting that this protein was
involved in the synthesis of AuNPs.

LC-MS/MS analysis revealed that a protein with a
molecular weight of 20.7 kDa had an amino acid sequence
with no homology to any known proteins in the database.
This novel protein was designated as DP-1.

Recombinant DP-1 (rDP-1) was expressed using Escherichia
coli BL21 (DE3) and purified through nickel affinity

25.7£7.9 nm
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Diameter/nm

(©

Fig. 11

(@) and (b) AuNPs synthesized using D-25. (a) TEM image of bio-synthesized AuNPs and bacteria D-25. Insert photo indicates AuNPs

solution. (b) EDS spectrum of biosynthesized AuNPs. Insert histogram indicates particle size and distribution of AuNPs. (c) TEM images of AuNPs
synthesized after incubated using rDP-1. Insert photo indicates AuNPs solution. (d) TEM images of synthesized AuNPs using GBP. Insert photo
indicates AuNPs solution. Reproduced with permission from ref. 90. Copyright 2024, Chemistry Europe.
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chromatography. The size of AuNPs synthesized was
dependent on the concentration of rDP-1. At a concentration
of 100 ug mL™" of rDP-1, AuUNPs with an average particle size
of 13.6 nm were produced. Observations of gray contrasts
around the AuNPs indicated that rDP-1 formed a protein
complex, acting as an organic membrane enveloping the
entire surface of the AuNPs (Fig. 11(c)). In contrast, AuNPs
synthesized without any protein aggregated and precipitated.
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These findings confirm that DP-1 plays a critical role in the
stabilization and dispersion of AuNPs.

3.2 Structural analyses of DP-1, a protein with the ability to
bind gold nanoparticles

DP-1 regulates both the size and stability of AuNPs.”
However, the detailed molecular mechanisms governing the

— GBP

Gly1-Tyr9

(©

DP-1 ®

Fig. 12

Tyr9-Lys16

Gly1-Lys16

(a) Conformation of peptide calculated using CYANA. Overlay of 20 best-matched 3D structures of each peptide (left); the main chain is

labeled “ball and stick”, and all side chains are labeled (center). The surface was displayed as “coulombic surface coloring” (right). (b) The mean
distance between Glyl, Tyr9, and Lys16 of C,; error bars show S.D. (n = 20), *p < 0.01, t-test, GBP (blue) vs. GBP with AuNPs (orange). (c)
Interaction mechanism of DP-1 with AuNPs. Reproduced with permission from ref. 25. Copyright 2024, Chemistry Europe.
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interaction between DP-1 and AuNPs remain unclear. To
address this, we aimed to identify the specific region of DP-1
responsible for AuNP binding and analyze its conformational
changes using solution NMR.

Peptide fragments generated by trypsin digestion were
screened for their AuNP-binding capabilities to identify the key
Au-binding domain of DP-1. A fragment consisting of 16 amino
acid residues (GHAATPEQYGVVTANK) was identified as the
gold-binding peptide (GBP) with the highest AuNP-dispersive
activity (Fig. 11(d)).

Conformational changes of GBP on the AuNP surface were
analyzed by solution NMR using AuNPs, similar to the approach
used with dispersive CaCO; particles. The conformational
analysis revealed that the main chain of GBP's latter segment
(Tyr9 to Lys16) was elongated upon interaction with AuNPs,
while side chains of negatively charged residues in the peptide's
initial segment (Gly1 to GIn8) such as Thr5, Glu7, and GIn8, were
exposed on the AuNP surface (Fig. 12(a) and (b)). These results
suggest that DP-1 may interact with AuNPs primarily through
electrostatic interactions involving negatively charged residues
such as Thr5, Glu7, and GIn8 in the first part of the peptide.
Furthermore, hydrophobic residues in the latter part of the
peptide, including Val11, Val12, and Ala14, likely contribute to
the self-assembly of peptides via hydrophobic interactions. These
self-assembly forms an organic membrane on the AuNPs
surface. Self-assembling peptides have a stability on the solid
surface; therefore, individual peptides are expected to form a
specific conformation and a uniform molecular complex” The
schematic diagram of interaction between the DP-1 and AuNPs
is as follows (Fig. 12(c)). Many molecules of DP-1 molecules bind
to the AuNP surface, forming a protein corona. This corona
stabilizes AuNPs by maintaining dispersion through spatial and
charge interactions, preventing aggregation and ensuring
uniform particle distribution.

4 Conclusions and prospects

Conformational analysis of proteins 1is critical for
understanding detailed molecular mechanisms, such as

Biomineral protein
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reaction pathways and ligand interactions.
conformational analysis of proteins involved in organic-
inorganic interactions has historically been challenging due to
the difficulty in preparing mixed samples of minerals and
proteins. Solution NMR with dispersive minerals provides a
unique opportunity to elucidate the conformational changes of
biomineral proteins on mineral surfaces.

Dispersive minerals synthesized under inorganic conditions
are essential for obtaining the sharp signals required for
solution NMR analysis. However, conventional methods often
result in bulk CaCO; crystals that precipitate in solution,
limiting their applicability for conformational studies. To
address this issue, we developed improved methods to
synthesize dispersive CaCO; particles that can rotate and
disperse in solution, including ACC and aragonite particles
synthesized under room temperature and pressure
conditions.>**® These advancements enabled the first detailed
conformational analyses of biomineral proteins, such as Pif 80
and paramyosin, on CaCOj surfaces.

In addition to biomineral proteins, we also analyzed the
conformational changes of GBP in interaction with AuNPs.
These findings highlight the versatility of solution NMR with
dispersive  particles for studying organic-inorganic
interactions, providing new insights into the molecular
mechanisms underlying biomineralization and nanoparticle
stabilization.

Our findings suggest that common conformational changes
in organic-inorganic interactions follow a general pattern
(Fig. 13). Biomineral proteins without minerals do not adopt a
fixed or ordered three-dimensional structure. However, when
interacting with the solid surface of minerals, these proteins
undergo specific conformational changes to facilitate organic-
inorganic interactions. These results demonstrate that
conformational analysis using solution NMR with dispersive
minerals can elucidate organic-inorganic interactions at the
molecular level.

If dispersive minerals can be synthesized under inorganic
conditions, solution NMR enables the elucidation of protein
conformations on mineral surfaces. However, the complexity

However,

Biomineral protein
on the mineral surfaces

Random conformation

[> @ = 0= 0 =0 =20
. o

Mineral crystals

Inorganic ions

"% Side chain

Fixed conformation

Fig. 13 Schematic diagram of biomineral protein on the mineral surfaces. The side chains of amino acid sequences from biomineral proteins in
solution cause the random structure because of lack of stabilization of minerals. On the solid surface of minerals, the amino acid sequences of
biomineral proteins are extended to cover the solid surface and likely to make the tight binding of minerals. These results suggested the

fundamental mechanism of biomineral proteins on the solid minerals.
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of preparation methods for dispersive mineral particles
depends on the type of mineral and its polymorph. Despite
these challenges, solution NMR offers a promising avenue for
clarifying organic-inorganic interactions at the molecular
level.

There are certain limitations to the current
conformational analysis method using solution NMR. Our
study utilized 2D-NMR spectra with non-labeled peptides,
which can only determine the conformation of peptides with
up to 20 amino acid residues. In contrast, solution NMR with
3D-NMR measurements can resolve the structure of proteins
up to 300 amino acids in length by using "*C/**N-labeled
recombinant proteins. However, acquiring the spectra for 3D-
NMR requires significant time and effort. Additionally, NMR
sample solutions are typically maintained at a pH of up to 7,
which is unsuitable for biominerals like CaCO; that dissolve
under these conditions. Therefore, the synthesis of dispersive
minerals that remain stable and suspended in solution at pH
7 for extended periods is necessary for conducting 3D-NMR
measurements.

The use of *C/**N-labeled recombinant proteins is both
costly and labor-intensive compared to non-labeled peptides.
Our approach using non-labeled peptides for solution NMR
offers a cost-effective and easily preparable alternative with
conventional instruments. To systematically clarify the
organic-inorganic interactions between biomineral proteins
and minerals, various features of minerals can be
synthesized using recombinant proteins, partial peptides,
and high-molecular-weight organic compounds that mimic
biomineral proteins. These engineered minerals have
significant material value due to their customizable
properties, including crystal polymorph, size, morphology,
defect density, and trace element composition. Furthermore,
these synthesis methods are environmentally friendly, as
they enable mineral production at room temperature and
atmospheric  pressure without the wuse of organic
solvents.”>*® Consequently, our studies may contribute to
the advancement of mineral synthesis that is both high-
value and eco-friendly.
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