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ABSTRACT: Hydroxyapatite (HAP) is the major biomineral of bone.
Despite the large number of studies addressing HAP formation, a
fundamental understanding of the critical roles of HAP-forming
proteins in vitro is needed. Effects of two HAP-interacting proteins,
osteocalcin (OCN) and osteopontin (OPN), on HAP formation was
investigated via in vitro biomineralization experiments, and their
outcomes on the crystal structure of calcium phosphate (CaP) was
revealed. Our data suggest that OCN concentration is negatively
correlated with crystal formation rate and crystal size, yet the presence
of OCN leads to a more ordered HAP crystal formation. On the other
hand, OPN protein promotes faster formation of CaP crystals
potentially working as a growth site for mineral formation, and it decreases the Ca:P ratio. This effect results in a shift from
HAP-type minerals to less ordered crystals. The crystal size, shape, and Ca:P ratio can be tuned to design improved mammalian
hard tissue environment-mimicking matrices by taking advantage of the OCN and OPN proteins on crystal formation. We
believe our current findings will lead to innovative approaches for bone biomineralization in regenerative medicine.
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■ INTRODUCTION

Although hard tissues in the body are difficult to injure, the
intrinsic healing capacity of these tissues is highly limited.1 In
addition, several diseases can affect homeostasis of bone and
teeth, such as bone cancer, osteoporosis, and dental pulp
infections.2−4 Commercial bone substitutes and dental
prostheses for fracture healing and disease treatment are
available.5,6 However, the properties of these materials need to
be enhanced in order to provide better osteointegration while
controlling the bone regeneration rate and preventing ectopic
bone formation.7,8

Among synthetic bone substitutes, hydroxyapatite (HAP)
grafts are one of the best in terms of their bioinertness and
osteointegration capability.9−13 There are several methods for
HAP synthesis; among them, wet chemical synthesis and high-
temperature synthesis are the most studied routes.9 Despite
their straightforward protocol, the methods suffer from many
limiting factors. For example, wet chemical synthesis is the
most promising method; however, precise control of
crystallinity is not possible, which yields a low number of
ordered crystals and high-impurity content. In addition, aging
of crystals can take too long, which makes the process time
consuming.9 High-temperature synthesis of HAP can be a
better alternative to wet synthesis in terms of a more pure

phase composition and higher crystallinity, but it requires a
high amount of energy to heat the sample up to 2000 °C.9

Several organisms including mammalians can synthesize
HAP crystals and other mineral forms.14 Organisms perform
mineral synthesis with tight control mechanisms to provide
high crystallinity and shape uniformity. Proteins, enzymes, and
even small ions take part in this process.15−21 These
components possess important roles in hard tissue develop-
ment, bone remodeling, and bone regeneration.18,21−23

Mimicking biological mineral formation has potential as a
promising route for HAP synthesis, as the physiological
conditions such as pH and temperature can be easily adapted
to the in vitro environment. Synthesized HAP molecules can be
better adapted to the host tissue environment by biomimetic
mineral formation.23−26

The nucleation and growth of HAP crystals are controlled
by the proteins found in the extracellular matrix (ECM) in
hard tissues.27 The organic part of the ECM is composed of
collagen and noncollagenous proteins (NCPs). The main
organic component of bone ECM is collagen I, which ensures
growth of the crystals in a parallel orientation. However, many
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other tissues, such as skin, cornea, blood vessels and tendons,
also contain collagen I but are not mineralized. Collagen I is
identified as a scaffold for mineralization, yet, NCPs present in
ECM environment play important roles in controlling size,
shape, and uniformity of crystals, in inhibition of mineraliza-
tion, or in controlling crystal growth.28 OCN and OPN are the
most abundant NCPs.29,30 OCN and OPN are both inhibitors
of mineralization, but OPN also acts as a nucleator when it is
cross-linked to the gap regions of the collagen fibers.31−34

Therefore, OCN and OPN are the most suitable candidates to
study HAP formation in vitro.
Purification of proteins from bone tissue is a laborious work

to study the interaction of these proteins in vitro. In addition,
purification of the proteins may alter the secondary structure
and functionality of the proteins since harsh conditions are
applied during the extraction.35 On the other hand, bacterial
platforms are easy to handle for production and purification of
recombinant proteins.36−40 Several bone-related proteins are
successfully produced and purified in these platforms, and they
were investigated for their biomineralization activities.41−49

In this study, in vitro biomineralization of calcium phosphate
(CaP) crystals was controlled in a truly biomimetic system
composed of ALP, OCN, and OPN, which are the main
components of bone ECM. While ALP is enough for mineral
formation, the reaction rate, size, and shape of the crystals were
affected by the presence of OCN and OPN. Controlled HAP
growth will improve construction of mammalian hard tissue
environment-mimicking matrices and tissue scaffolds in order
to provide bone healing at the fracture site. These matrices will
be suitable candidates to host hMSCs and pre-osteoblast cells.
Fine-tuning/manipulation of OCN-OPN concentrations and
ratio can create a valuable platform to control biomineraliza-
tion in bone regeneration and tissue repair (Figure 1).

■ EXPERIMENTAL SECTION
Plasmid Construction. To express ALP, OCN, and OPN

proteins in Escherichia coli BL21 (DE3), coding sequences were
cloned in expression vectors. ALP coding gene phoA is found in most
organisms with a universal function, conversion of organic phosphate
into inorganic phosphate.18,50−54 Therefore, E. coli ALP was amplified
by the primers listed in Table S3 from E. coli K12 MG1655 genome.
pET22b(+) vector was modified to add a polyhistidine tag coding
sequence to the 5′ of the MCS after the pelB periplasmic space
localization signal coding sequence. The modified plasmid was
restriction digested with BamHI-HF (NEB R3101S) and XhoI (NEB

R0146S) in order to form 5472 bp linear vector. The phoA gene was
double digested with BamHI and XhoI in order to form a 1356 bp
insert. Ligation by T4 ligase (NEB M0202S) was performed by using
a 1:3 insert to vector molar ratio. The assembly product was
transformed into a chemically competent E. coli DH5α bacteria.
Selected positive clones containing the phoA gene were sequenced,
and phosphatase activity assay was performed for verification (Figures
S1 and S4).

Human OCN and OPN coding sequence was codon optimized to
E. coli K-12 by using the IDT codon optimization tool (http://eu.
idtdna.com/CodonOpt). Signal sequences were removed, and
synthetic OCN and OPN genes were synthesized by Genscript
Company. Nucleic acid and amino acid sequences of recombinant
OCN and OPN are shown in Tables S1 and S2.

The synthetic OCN gene was cloned into a pGEX-6P1 vector using
the Gibson assembly method with an addition of TEV protease
cleavage site at 5′ of OCN for cleavage of the GST fusion protein,
whose gene sequence is located at 5′ of MCS of the plasmid, after
expression and 6xHis-tag at 3′ for purification by cobalt resin. The
synthetic OCN gene was amplified by the primers listed in Table S3.
A pGEX-6P1 vector was double digested with BamHI-HF (NEB
R3136S) and EcoRI-HF (NEB R3101S) to form a 4999 bp linear
vector. Digestion was verified by agarose gel electrophoresis. Gibson
assembly was performed by using an equimolar ratio of insert and
vector according to the protocol used elsewhere.55 The assembly
product was transformed into chemically competent E. coli DH5α
bacteria. Selected positive clones containing the synthetic OCN gene
product (273 bp) was sequence verified (Figure S2).

A synthetic OPN gene was cloned into a pET22b(+) vector, which
contains a 6X-His tag before stop codon, by ligation. A synthetic OPN
gene was amplified by the primers listed in Table S3. The pET22b(+)
vector and OPN gene were double digested with NotI-HF (NEB
R3189S) and XhoI(NEB R0146S) to form a 5492 bp linear vector
and 855 bp insert, respectively. Digestion was verified by agarose gel
electrophoresis (data not shown). After the ligation step, the assembly
product was transformed into chemically competent E. coli DH5α
bacteria. One of the positive clones containing the synthetic OPN
gene product (855 bp) was sequence verified (Figure S3).

Recombinant Protein Expression. Sequence verified plasmids
containing ALP, OCN, and OPN genes were transformed into
chemically competent E. coli BL21 (DE3) bacteria for expression.
ALP and OPN are under the control of isopropyl β-D-1-
thiogalactopyranoside (IPTG) inducible T7 promoter, whereas
OCN expression is controlled by IPTG inducible tac promoter.
Overnight culture of transformed bacteria were diluted in Luria−
Bertani (LB) broth in a 1:50 ratio, inoculated in a 37 °C 200 rpm
incubator until bacteria reach the pre-log phase (OD600 = 0.5−0.6)
and protein expression was induced by 1 mM IPTG (Amresco 0487-
10G). ALP was induced for 4 h at 37 °C, and OCN and OPN were

Figure 1. Graphical illustration depicting the effect of size/shape/CaP ratio controlled HAP scaffold on differentiation of osteoblast cells and
induction of mineralization. In the presence of Ca ions and organic phosphate source, pre-osteoblasts can differentiate into osteocyte cells and
deposit inorganic matrix. HAP scaffold hastens mineral deposition and propagate osteoblast differentiation.
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induced for 8 h at 30 °C. The bacteria were centrifuged at 8000 RCF
following inductions, and cell pellets were stored at −80 °C until the
purification step.
Purification of Recombinant Proteins by Cobalt Resin for

Small-Scale Purification. For 25 mL of culture, the cell pellet was
resuspended in 1 mL of lysis buffer (50 mM Na2HPO4·2H2O (Merck
106342), 300 mM NaCl (Merck 1.06404-1KG), 10 mM imidazole
(VWR 0527-50G)), 1 mg/mL lysozyme (Sigma L6876-10G) and 1
mM phenylmethanesulfonylfluoride (PMSF) (Amresco m145-5G).
Bacteria were allowed to lyse for 1 h on ice and then centrifuged for
25 min at 18000 RCF. 200 μL of cobalt resin (Thermo Scientific
89964-10 ML) was washed twice with 1 mL of wash buffer (50 mM
Na2HPO4, 300 mM NaCl, and 10 mM imidazole) to remove EtOH,
and the lysis supernatant was added to the cobalt resin. Binding of
His-tagged proteins to cobalt resin was performed at room
temperature in an end-over-end rotator for 2 h. The resin was
washed twice with 1 mL of wash buffer, and proteins were eluted in
100 μL of elution buffer (50 mM Na2HPO4, 300 mM NaCl, and 150
mM imidazole) for 5 times. Purification of proteins was verified by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting using antibody against 6x His-tag.
Purification of Recombinant Proteins by Nickel Column for

Large-Scale Purification. For 150 mL of culture, the cell pellet was
resuspended in 5 mL of lysis buffer (50 mM Na2HPO4, 300 mM
NaCl, and 20 mM Imidazole), 5 mg/mL lysozyme, and 5 mM PMSF.
Bacteria were allowed to lyse for 1 h on ice and then centrifuged for
25 min at 18,000 RCF. The supernatant was filtered through a 0.45
μm PTFE membrane filter (Isolab). The proteins were loaded to a
nickel column in an preparative high-pressure liquid chromatography
(Prep-HPLC, Agilent) device with binding buffer (50 mM Na2HPO4,
300 mM NaCl, and 20 mM imidazole) and eluted to a fraction
collector in 2 mL aliquots with elution buffer (50 mM Na2HPO4, 300
mM NaCl, and 500 mM imidazole). HPLC reaction conditions were
as following: 35 min binding buffer, 10 min elution buffer with 1 mL/
min flow rate, and 5 bar maximum pressure limit. Purification of
proteins was verified by SDS-PAGE and Western blotting.
Removal of GST Tag from OCN. Purified GST-OCN (35 kDa)

was concentrated and buffer exchanged to 25 mM Tris (pH 7.4) with
a 10 kDa cutoff filter unit. A 1−2 μL of TEV protease (Sigma T4455)
was used to cut the GST tag from the GST-OCN protein purified
from 25 mL of culture. The GST cleavage reaction was carried out in
25 mM Tris (pH 7.4) with 20× reaction buffer (1 M Tris-HCl (Sigma
T5941-500G) (pH 8.0), 10 mM EDTA (Sigma E5134-500G), and 1
mM DTT (Invitrogen P2NY00147) at 30 °C for 5 h or at room
temperature for 24 h (Figure S5B). 20 μL of cleavage reaction mixture
was taken for SDS-PAGE analysis. The reaction mixture buffer was
exchanged to 1× PBS (prepared from 10× PBS stock containing 1.37
M NaCl, 26.8 mM KCl (Merck 1.04936-1KG), 0.1 M Na2HPO4, 17.6
mM K2HPO4 (Merck 1.05104-1KG), pH = 7.4 by dilution with
ddH2O) with 3 kDa cutoff filter unit (Pierce 88515). GST bind resin
(Novagen 70-541-3-10 ML) was used to separate GST from OCN
after a TEV cut. One mL of GST resin was washed twice with 2.5 mL
1× PBS to remove EtOH. The TEV reaction mix was diluted in 1×
PBS to 2.5 mL and added onto the GST bind resin. The binding step
was performed at room temperature for 2 h in an end-over-end
rotator. The unbound fragment was collected, concentrated, and
buffer exchanged to 25 mM Tris (pH 7.4) with a 3 kDa cutoff filter
unit. The resin was washed twice with 2.5 mL 1× PBS, and GST was
eluted at least twice in 250 μL GST elution buffer (50 mM Tris-HCl,
10 mM L-glutathione, reduced (Cayman Chemical 10077461-10G),
pH = 8.0). 20 μL of unbound, 2 wash and 2 elution samples was
collected for SDS-PAGE analysis (Figure S5C).
SDS-PAGE and Coomassie Blue Staining. 20 μL of protein was

premixed with 4 μL of 6× Laemmli sample buffer (1.2 g SDS, 6 mg
bromophenol blue (Amresco 0449-25G), 4.7 mL of glycerol (VWR
0854-1L), 1.2 mL Tris (0.5M, pH 6.8), 2.1 mL of ddH2O) and
denatured at 95 °C for 5 min. ALP and GST-OCN and OPN samples
were loaded in 12% SDS-polyacrylamide gel, and OCN samples were
loaded in 15% SDS-polyacrylamide gel. SDS-PAGE was performed at
120 V for 10 min for stacking and 190 V for 50−60 min for resolving.

The gel was either stained with Coomassie Brilliant Blue (CBB)
solution (45% methanol (Sigma 34885-2.5L), 10% acetic acid (Sigma
27225-2.5L), 3 g/L Brilliant Blue G (Sigma 27815-25G-F)) and
destained in destaining buffer (10% acetic acid, 30% methanol) or
used for transferring proteins into a polyvinylidenedifluoride (PVDF)
transfer membrane (Thermo Scientific 88520) for Western blotting.

Western Blotting. After SDS-PAGE, the proteins in the gel were
re-transferred into a PVDF membrane with Transblot Turbo Transfer
System (Biorad). For high MW proteins, transfer was performed at 25
kV, 1.3 A for 7 min, and for low MW proteins, transfer was performed
at 25 kV, 1.3 A for 5 min. The membrane was blocked in 3% milk
powder in 1× TBS-T (Prepared from 10 TBS stock containing 24.2 g
of Tris-base (Merck 1.08387-2.5KG), 80 g of NaCl pH 7.6 in 1 L of
ddH2O. 100 mL 10× TBS was diluted in 900 mL of ddH2O, and 10
mL of 10% Tween-20 (Thermo Scientific 85114-250 ML) was added
to prepare 1× TBS-T for 1 h with agitation. Then, it was transferred
into the primary antibody solution (1:10000 dilution of mouse anti-
6X-His Tag mAb (HIS.H8) (PTGLAB 66005-1-1G-0.15 ML) in 5%
milk powder in 1× TBS-T) and incubated for 1 h at room
temperature with agitation. The membrane was washed with 1× TBS-
T 3 times for 5, 15, and 5 min each. Then, the membrane was
incubated in secondary antibody solution (1:10,000 dilution of goat
anti-mouse IgG H&L (HRP) (Abcam ab6789-1 MG) in 5% milk
powder in 1× TBS-T) for 1 h at room temperature with agitation.
The membrane was washed with 1× TBS-T 3 times for 5, 15, and 5
min each. The HRP-conjugated secondary antibody was detected by
ECL substrate (Biorad 170-5060-200 ML) after 1 min incubation in
the dark and imaged using a ChemiDoc MP imaging system (Biorad).

Protein Quantitation. All proteins were concentrated and buffer
exchanged to 25 mM Tris (pH 7.4) before quantitation. Seven serial
dilutions of 2 mg/mL BSA (Pierce 23209) were prepared for standard
curve preparation according to manufacturer’s protocol (Pierce BCA
Protein Assay Kit 23225). 9 μL of BSA or protein of interest and 260
μL of working reagent was used for reaction in triplicates. Working
reagent was freshly prepared from reagent A and reagent B in a 50:1
ratio. The reaction was performed at 37 °C for 30 min and read in a
SpectraMax M5 spectrophotometer (Molecular Devices) at 562 nm
absorbance. The concentrations of proteins were calculated by
standard BCA assay protocol in Softmax Pro software.

ALP Unit Enzyme Concentration. Purified ALP was concen-
trated and buffer exchanged to 25 mM Tris (pH 7.4) using a 30 kDa
cutoff filter unit (Pierce 88529). A standard curve was prepared with 7
serial dilutions of 140 μM pNP (Fluka 35836), and 7 serial dilutions
of ALP were performed and mixed with 0.5 mM pNPP (Sigma 20-106
EMD Millipore) in 1:1 ratio. Each reaction was performed in
triplicate. The plate was incubated at 37 °C for 5 min, and absorbance
at 405 nm was measured. pNP concentration formed in each dilution
was calculated based on the pNP standard curve. Reaction velocity
(pNP/min) was calculated, and 1 U enzyme was designated to the
concentration which forms 1 μM pNP/min (data not shown).

ALP Enzymatic Activity. Five serial dilutions of 4 mM pNPP
substrate were performed in the pNPP reaction buffer (0.1 M lysine
(Amresco 0167-1 KG), 1 mM MgCl2 (Sigma M4880-100 G), and 1
mM ZnCl2 (NEB 7646-85-7)). A final concentration of 1 U ALP in
25 mM Tris was used for each reaction with or without the addition
of OCN and OPN proteins. Each reaction was performed in triplicate.
The plate was incubated at 37 °C for 10 min, and absorbance at 405
nm was measured. pNP concentration was calculated for each dilution
sample based on the pNP standard curve. Reaction velocity (μM
pNP/min) was calculated, Michaelis−Menten graphics were drawn,
and Km (μM) and vmax (μM/min) values were calculated by Graphpad
Prism 6 software. Nonlinear regression curve fitting was performed to
fit experimental data with maximum number of iterations (95%
confidence interval, R2 > 0.9 for each group). Second-order
polynomial smoothing and 4 number of neighbors averaging were
applied to the curve of Michaelis−Menten graphs. Statistical
significance of Km, kcat (data not shown), and vmax values were
calculated by Two-Way ANOVA in Graphpad Prism 6 software.

Circular Dichroism (CD) Spectra Analysis. Secondary struc-
tures of OCN and OPN and the effect of calcium and phosphate on
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their secondary structures were assessed by a CD spectra measure-
ment device (Jasco J-815) at 25 and 37 °C with 300 s delay time, 1
mm bandwidth. OCN and OPN proteins were buffered in 1 mM Tris,
and their interactions with calcium and phosphate were measured by
addition of 1 M CaCl2 (Merck 1.02378-500 G), Na2HPO4, or β-GP
(Calbiochem 35675-100 G) to a final concentration of 5 mM.
Biomineralization Assay. HAP formation capacity of ALP in the

presence of varying concentrations OCN and OPN was analyzed. The
protocol was adapted from previous work in the literature.56 Briefly,
2× biomineralization buffer (BB: 48 mM CaCl2, 28.8 mM β-
glycerophosphate (β-GP), 25 mM Tris-HCl pH 7.4) was prepared.
1× BB, 1 mM MgCl2, 5 U ALP, and varying concentrations of OCN
and OPN were mixed in 96-well plate wells. Light scattering
measurement was performed for 1 h at 37 °C to detect initial CaP
formation. Then, the plate was incubated at 37 °C for 24 h to prepare
samples for SEM imaging, energy dispersive spectroscopy (EDS), and
X-ray photoelectron spectroscopy (XPS) measurements. The
reactions were performed in triplicate. Observable reaction rate

values were calculated from the reaction curves. The slope of the first
30−40 min of mineral formation was designated as kobservable.

Scanning Electron Microscopy (SEM). 5 μL of sample from the
biomineralization assay plate was dropped onto a prewashed silicon
wafer and incubated for 10 min at room temperature. The wafer was
dried with a lint-free napkin and washed twice with 1 μL ddH2O for 1
min. After drying, the wafer was kept in a vacuum desiccator until
imaging. Before imaging, the wafer surface was coated with 5 nm Au/
Pd. The images were taken by an E-SEM microscope (FEI-Quanta
200 FEG). A representative image was shown in the figures for all
groups. Crystal sizes from SEM images were measured by ImageJ
Software. Statistical analysis of crystal size was performed by
Graphpad Prism 6 software by unpaired t test. The number of size
measurements, the mean size, and standard error mean (SEM) values
are indicated both in the results section and figure captions. EDS
analysis was performed with the EDAX Genesis software attached to a
SEM microscope. Operating conditions were the same for all
measurements (accelerating voltage: 5 kV, spot size 3.0).

Figure 2. Genetic design, protein modeling, expression, and purification of ALP, GST-rhOCN, and rhOPN. (A) Genetic part designs of ALP,
OCN, and OPN expression vectors. (B) Expression and purification of recombinant proteins. First lane is the ladder (NEB PageRuler) for each
image, second lane is the cell lysate supernatant for ALP, GST-OCN, and OPN. Last lanes are purified proteins, and expected bands are shown in
rectangles. Removal of the GST tag from OCN is shown in more detail in Figure S5. (C) Verification of protein purification by Western blot
analysis using antibodies against the 6X-His tag. First lane is the ladder for each image, and the second lanes are ALP, GST-OCN, GST, and OCN
after TEV protease cleavage and OPN, respectively. Expected bands are shown in rectangles. (D) Protein secondary structure models generated by
ExPASy Online Tool by using codon optimized DNA sequences of each protein except bacterial ALP, which was not codon optimized.
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X-ray photoelectron spectroscopy (XPS) analysis. Biominer-
alization assay plate was taken from 37 °C at 24 h, and the content of
each well was transferred into a microcentrifuge tube. The sample was
centrifuged at 8000 RCF for 2 min, and the supernatant was removed.
100 μL of pH 10 water (10% NH4OH) was added to each tube to
stop the reaction, and and each tube was centrifuged at 8000 RCF for
2 min. Supernatant was removed, and the sample was washed with
100 μL of EtOH. The sample was centrifuged at 8000 RCF for 2 min,
supernatant was removed, and the sample was air-dried for 3−5 min.
The samples were kept at room temperature in a desiccator until
analysis. The elemental composition of samples was analyzed by XPS
(Thermo Scientific K-Alpha spectrometer). The binding energy (BE)
scale was adjusted based on the measurement of adventitious C
(284.6 eV). The survey scan was acquired with scan number 2, and
the high-resolution detailed scans of Ca(2p), P(2p), O(1s), and
C(1s) were acquired with scan numbers 10−30 based on the intensity
of the signal. A 400 μm spot size was chosen for each point, and all
samples were scanned from 3 different points. An adjusted Ca/P ratio
was calculated based on the protocol described elsewhere.57 Statistical
analysis of crystal size was performed by Graphpad Prism 6 Software
by unpaired t test.

■ RESULTS AND DISCUSSION

Cloning, Expression, and Purification of ALP, OCN,
and OPN. ALP is a conserved enzyme, and it is found in
different species, from mammalians to prokaryotes. Bacterial
ALP has a structural homology with human ALP, and it has the
same function of converting organophosphate into inorganic
phosphate, which is the initial requirement of mineral
formation.53 Therefore, phoA gene coding for bacterial ALP
was amplified from the genomic DNA of the E. coli K-12 strain
and cloned into the pET22b(+) plasmid (Figure 2A).
Commercial plasmid contains a 6X His-tag sequence at the
3′ end of the MCS, at the C-terminal of the protein. Protein
purification and Western blot analysis of bacterial ALP with C
terminal His tag using an anti-His tag antibody were not
successful (data not shown). Consequently, the His tag
sequence was moved to the N-terminal of the ALP
downstream of the periplasmic translocation signal pelB.
Since pelB can localize ALP to the periplasmic space, the
native periplasmic space localization signal of ALP was

Figure 3. Characterization of ALP enzymatic activity in the presence of OCN and OPN. (A) ALP activity in the presence of OCN or OPN. (B) Km
(μM), the reaction rate constant, increased in the presence of OCN and OPN. (C) ALP activity in the presence of varying concentrations of OCN
and OPN. (D) Km increased in the presence of varying concentrations of OCN and OPN. The vmax (μM pNP/min) is constant for all cases. The
experiment was performed in triplicate. Nonlinear regression curve fitting was performed to fit experimental data on Michaelis−Menten curve (A−
C). Two-way ANOVA was performed to compare each group with the ALP only group (B−D). The vmax was not statistically significant, while Km
significantly increased for all groups.
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removed (Figure 2A). The expression of ALP was induced by
IPTG in a BL21 strain, and ALP was extracted by standard
lysis protocol to obtain both cytoplasmic and periplasmic
fractions. Prior to purification, the overexpression of ALP was
detected in cloned bacteria after a 4 h induction with 1 mM
IPTG compared to control bacteria by PNPP phosphatase
assay (Figure S4). Then, ALP was purified by immobilized
metal affinity chromatography (IMAC). Two fragments that
have approximately 50 kDa molecular weights were detected
both in SDS-PAGE followed by Coomassie blue staining and
in Western blotting using antibodies against the polyhistidine
tag (Figure 2B,C). The smaller fragment might correspond to
the periplasmic space-localized ALP, and the larger one could
correspond to the cytoplasmic fraction since the 22 amino acid
long pelB signal fragment is cleaved after localization.58

A synthetic OCN gene was amplified by PCR and cloned
into the pET22b(+) plasmid, which contains 6X-His tag at the
3′ end of MCS. OCN is a ∼10 kDa small soluble protein, and
it could not be detected in Western blot using the 6X-His
antibody (data not shown). Therefore, it was cloned into
another vector, pGEX-6P1, which contains the GST gene prior

to MCS. GST is a highly soluble and easily producible protein,
and it is generally used to improve the efficiency of
recombinant protein production and solubility of the protein.46

A TEV protease recognition site was added between GST and
OCN to cleave the GST tag after purification. A 6X-His tag
was added to the C-terminal of the protein for IMAC
purification (Figure 2A). First, the GST-OCN fusion protein
was expressed in E. coli BL21 (DE3) bacteria. The bacteria
were lysed, and fusion protein was purified with the IMAC
method (Figure 2B,C). Then, the GST-OCN fusion protein
was cleaved with TEV protease (Figure S5B and Figure 2D),
and GST was removed with the GST binding resin (Figure 2B
and Figure S5C).
Compared to OCN, OPN is a large ∼33 kDa soluble

protein, and it can be produced in bacteria recombinantly
without any solubility-enhancing tag. A synthetic OPN gene
was amplified by PCR and cloned into the pET22b(+)
plasmid. A 6X-His tag was placed at the 3′ end of the MCS of
commercial plasmid, and it was therefore added to the C-
terminal of protein (Figure 2A). OPN was expressed in the E.
coli BL21 (DE3) strain using IPTG induction. Following

Figure 4. CD spectrum measurement for secondary structure analysis of OCN and OPN in the presence of biomineralization molecules. (A) OCN
helical and anti-parallel structures were increased following the addition of Ca2+. (B, C) The α-helical structure of OCN is disrupted in the presence
of inorganic phosphate, not organic phosphate. (D) Secondary structure of OPN following the addition of Ca2+ is largely conserved. (E, F) OPN
becomes more compact in the presence of inorganic phosphate, not the organic phosphate.
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IMAC purification, a clear band around 50 kDa was observed
after SDS-PAGE Coomassie blue staining and Western blot
analysis using antibodies against 6X-His tag (Figure 2B,C).
Because OPN is a negatively charged protein, it was observed
at a higher molecular weight than expected (∼33 kDa).
Detection of OPN as an approximately 50 kDa fragment is
consistent with the literature.33

OCN and OPN Change the Enzyme Activity of ALP by
Competitive Binding. OCN and OPN affect the biominer-
alization process because their negatively charged residues
provide binding sites for calcium phosphate crystals. However,
it is not known whether they change the enzymatic activity of
ALP or not. To investigate, the Michaelis−Menten kinetic
analysis was performed in the presence of ALP, OCN, and/or
OPN. Although vmax did not change, Km increased in the
presence of OCN and/or OPN (Figure 3B,D). When the
substrate concentration was increased, the chance of OCN and
OPN to reduce enzyme activity was decreased due to the high
abundance of substrate. However, a higher concentration of
substrate was required to reach the enzyme to half-maximum
velocity, which means OCN and OPN increased Km, indicating
a competitive binding. In the presence of 1 U ALP and 0.5 μM
OCN or OPN, Km increased 1.4- and 1.5-fold, respectively
(Figure 3A,B).The data suggest that OCN and OPN bind to
organophosphate, decreasing its probability of interaction with
ALP. Moreover, OPN was more effective in competitive
inhibition of ALP than OCN. In the presence of 1 U ALP and
varying concentrations of OCN and OPN, the same effect can
be observed (Figure 3C,D). In the presence of 1 μM OCN and
0.1 μM OPN, Km increased 1.8-fold. When the OCN
concentration was decreased to 0.5 μM and the OPN
concentration was increased to 0.5 μM, Km increased 2-fold.
When the OCN concentration was further decreased to 0.1
μM and the OPN concentration was increased to 1 μM, Km
increased more dramatically (2.9-fold), supporting the idea of
OPN being more effective in the competitive binding to
organophosphate. In all cases, vmax did not change significantly,
suggesting that ALP conformation and the binding of
organophosphate to the active site of ALP were not affected
by the presence of OCN and OPN.
Binding of OCN and OPN to Calcium and Phosphate.

The CD spectra of OCN and OPN were obtained to analyze
the secondary structures of OCN and OPN. Moreover, the
change in the secondary structure upon interaction of OCN
and OPN with Ca2+, HPO4

−2, and β-GP (organic phosphate
source) was studied at 37 °C (Figure 4). The secondary
structures of proteins were analyzed by the Bestsel online tool
(Table S4).59

OCN formed α-helices, anti-parallel β-sheets and turns.
Upon addition of Ca2+, the helical and anti-parallel content
increased and the turns decreased (Figure 4A and Table S4).
Due to the presence of negatively charged residues, it is highly
possible that OCN interacts with Ca2+, and this interaction
increases helical and anti-parallel content. The interaction of
Ca2+ and OCN has been proven in the previous studies.
Hauschka et al. have shown that helix content of native chicken
OCN was increased 30% and the helix content of
decarboxylated chicken OCN was increased 8%.60 The
increase of helix content in our recombinant OCN was 3.4%.
This could be due to the lack of carboxylation. Although the
effect of Ca2+ and other cations on the secondary structure of
OCN was extensively studied,61,62 there is no information in
the literature if OCN interacts with organic and inorganic

phosphate and if the secondary structure of OCN is affected or
not. In our study, upon the addition of β-GP, the secondary
structure of the protein was largely conserved (Figure 4B and
Table S4). Because the interaction of OCN with β-GP resulted
in protection of the secondary structure, our data suggested
that OCN interacted with β-GP without any conformational
change or no interaction occurred. Michaelis−Menten kinetics
experiments showed that OCN interacted with organic
phosphate (Figure 3). So, the idea that OCN interacts with
organic phosphate was supported by CD analysis. Upon the
addition of HPO4

−2, the helices were largely disrupted, and
more anti-parallel β-sheets were formed (Figure 4C and Table
S4). Therefore, the addition of inorganic phosphate ion (Pi)
changed the secondary structure of OCN.
OPN formed α-helices, anti-parallel β-sheets and turns in

addition to random coils. Upon addition of Ca2+, the
secondary structure of OPN was largely conserved (Figure
4D and Table S4). The conservation of secondary structure
implies that interaction of Ca2+ and OPN is not via compact
domains but via flexible unstructured domains, which are
mainly a D-rich HAP binding domain and ASARM
peptide.63,64 Upon addition of β-GP, the secondary structure
of the protein was slightly changed, but the anti-parallel β-sheet
structures were still conserved (Figure 4E and Table S4).
Because the interaction of OPN with β-GP resulted in the
protection of the secondary structure, OPN interacts with β-
GP without any conformational change, or no interaction
occurs. Similar to OCN, OPN interacted with organic
phosphate. These observations were supported by kinetic
experiments (Figure 3). Upon addition of HPO4

−2, the α-
helical and parallel β-sheet contents of the protein increased,
while anti-parallel β-sheet content decreased (Figure 4F and
Table S4). These changes may be due to an interaction that
stabilizes the protein.
Gorski et al.27 has previously studied the secondary structure

of rat OPN in the presence and absence of Ca2+. They have
found that low concentrations of OPN showed random coil
conformation, while high concentrations of OPN had helices,
β-sheets, and turns (29, 24, and 17%, respectively). Other
studies have shown that OPN was largely unstructured.
Phosphorylation of serines in bone and milk OPN could be
responsible for the increase in flexibility on the secondary
structure.63,65 For instance, phosphorylation of serine at the
LKFRISHEL sequence disrupt β-sheet structure.63 Absence of
phosphorylation may be the reason why some compact
structures were observed in our system.
Kazanecki et al. predicted two β-sheet regions in the

secondary structure of OPN: SVVYGLR and LKFRISHEL.63

Positively charged residues in these regions (K, R, H) may
contribute to an increase in β-sheet content upon addition of
HPO4

−2. Positively charged residues are probably neutralized
in the presence of HPO4

−2, making these regions more
compact and stabilize β-sheets.
Both OCN and OPN bind to β-GP without any significant

conformational change, as the proteins affected ALP enzymatic
activity through competitive binding (Figure 3). The helical
structures in OCN were disrupted upon HPO4

−2 binding; this
may explain why OCN was less effective in increasing the
reaction rate constant of ALP phosphatase activity compared
to OPN. The formation of inorganic phosphate ions during
phosphatase assay led to reduced binding of OCN to organic
phosphate (Figure 3) due to the disruption in the secondary
structure of OCN.
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OCN and OPN Affect the Fate of Crystal Structures
Differently in in Vitro Biomineralization. The effect of
OCN and OPN on the formation of CaP crystals in vitro was
characterized by spectrophotometer measurement, electron
microscopy imaging, EDS, and XPS analysis. BB was prepared
to provide a calcium and phosphate source for crystal
formation. ALP unit enzyme concentration was determined
to be 5 U after several tests in order to find the concentration
range that was high enough to see initial mineral formation
within 1 h and low enough to differentiate the mineral
formation rates of different groups (data not shown). 820 nm
light scattering in the first 1 h for each reaction was recorded to
monitor crystal formation, since it is known that CaP crystals
scatter light at 820 nm.56 The initialization of crystal formation
was recorded, the differences between groups were differ-
entiated, and kobservable values were calculated from the slope of
the linear regions of the scattering measurement curve in order
to analyze the changes of initial mineral formation rates among
groups.
First, the effect of OCN on the initial mineral formation rate

was recorded. Surprisingly, the addition of ALP before or after
the BB affected the results. When ALP was added before the

BB, no difference was observed between the reaction rates of
ALP and the different concentrations of OCN (Figure 5B).
However, when ALP was added after the BB, the reaction rate
was significantly reduced upon increasing concentrations of
OCN (Figure 5C). The biomineralization reaction starts when
the two essential components are combined; ALP and the BB.
ALP converts β-GP to Pi, and these inorganic phosphates
interact with the Ca2+ ions in the solution to form initial CaP
crystals.18 First, amorphous CaP aggregates are formed until
CaP particles reach a critical size for nucleation. Once a critical
size is reached, CaP particles start to grow up, and amorphous
CaP aggregates are converted to more crystalline com-
pounds.66 When the BB was added before ALP and OCN,
OCN has time to interact with Ca2+ ions in the solution. The
interaction of OCN with Ca2+ ions increased α-helices and
anti-parallel β-sheets (Figure 4A and Table S4). Binding of
OCN to Ca2+ not only decreased the number of free Ca2+ ions
but also delayed formation of critical size nuclei and reduced
the reaction rate (Figure 5A−C). When the BB was added
after ALP, Pi ions started to form before the interaction of
OCN with the Ca2+ions because the Pi ions disrupted the
helical structure of OCN (Figure 4C), and the affinity of OCN

Figure 5. In vitrobiomineralization in the presence of ALP and OCN. (A) Schematic representation of the reaction with ALP in the absence of
OCN, and ALP was added to the reaction before or after BB (Ca2+ and β-GP). (B) Initial mineral formation was detected by spectrophotometer
when OCN and ALP were added into the reaction before BB (Ca2+ and β-GP). Initial mineral formation rate was calculated based on first 30 min
of mineral formation in (B). (C) Initial mineral formation was detected by spectrophotometer when OCN and BB (Ca2+ and β-GP) were added
into the reaction before ALP. Initial mineral formation rate was calculated based on the first 30 min of mineral formation in (C). (Error bars
represents N = 3 ± SEM.) The legends in (B) and (C) are also valid for the columns in kobservable graphics, respectively. Statistical analysis was
performed in Graphpad Prism software by one-way ANOVA. (D) SEM imaging of mineral formation in the presence of ALP after 24 h of
incubation at 37 °C. (E) SEM imaging of mineral formation in the presence of ALP and OCN after 24 h of incubation at 37 °C. Scale bars in (D,
E) represent 1 μm. (F) Crystal size is measured by the ImageJ program measure tool from SEM images from N = 20 ± SEM and N = 18 ± SEM
crystals. Unpaired t test was performed to analyze statistical significance. (G) Surface Ca:P ratio of the minerals formed in the presence of ALP and
OCN after 24 h of incubation at 37 °C detected by XPS. Three points with 400 μm spot size were selected for scanning. Unpaired t test was
performed to analyze statistical significance. BB: 24 mM CaCl2, 14.4 mM β-GP, 25 mM Tris-HCl (pH = 7.4) ALP (⩽5 U), 1 mM MgCl2 used for
each reaction. All samples are in 25 mM Tris-HCl, pH = 7.4.
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to Ca2+ ions was lowered. Consequently, OCN cannot delay
critical size nuclei formation, and the crystal formation reaction
hastens (Figure 5A,B).
SEM imaging was performed to observe the effect of OCN

on mineral shape. After 24 h of incubation at 37 °C, the crystal
size decreased, and the crystals became more uniform
compared to ALP only (Figure 5D,E). The decrease in crystal
size was quantified by ImageJ software by measuring the crystal
area of 20 (ALP) and 18 (ALP and OCN) crystals. The
average crystal size decreased from 2.17 μm2 to 0.44 μm2, and
the SEM was decreased from 0.44 to 0.02 upon OCN addition
to the reaction, indicating OCN not only caused a decrease in
crystal size but also narrowed down the size distribution of
crystals (Figure 5F). In order to analyze crystallinity of the
minerals, the surface Ca:P ratio was calculated based on the
XPS measurements. A higher Ca:P ratio is an indicator of a
higher degree of crystallinity in CaP crystals.66 Although we
expected an increase in the Ca:P ratio of the minerals because
the minerals are more ordered, there is no statistically
significant increase in the Ca:P ratio (Figure 5G). This may
be due to the measurement method. XPS only detects surface
atoms. The surface minerals may be newly formed less
crystalline forms, and the inner layers could still be more
crystalline.67 Therefore, EDS analysis was performed to analyze

crystallinity of the minerals (Figure S6). However, the
difference cannot be observed. The inner layers are not more
crystalline than the surface. So, it is depicted that OCN does
affect crystal size, but not crystallinity during mineral
formation. The decrease in crystal size could be due to
inhibition of crystal growth on mineral surfaces.
OCN has 3 glutamic acid residues at positions 17, 21, and

24, and these residues are found in the first α-helical domain
and regularly spaced (5.4 Å), which is similar to the distance in
HAP lattice.60,68 The correspondence of lattice structure with
the glutamic acids in α-helices provides binding of OCN to
HAP and prevents further growth. Binding of OCN to crystal
surfaces prevents binding of more Ca and P to mineral surfaces
and inhibits crystal growth. Helical domains are thought to
take part in crystal growth inhibition.22,69 Isbell et al. suggested
that 2 equiv of Ca2+is necessary for OCN to form an α-helical
structure and become a compact molecule, while it is less
ordered and more extended in the absence of Ca2+. Addition of
3 more equiv of Ca2+ does not change the secondary structure,
but makes the protein more stable. There is strong evidence
that OCN undergoes dimerization upon binding to Ca2+.70

The results obtained in this study are consistent with the
previous work; inhibition of crystal growth by OCN was
demonstrated via electron microscopy and crystal size analysis

Figure 6. In vitro biomineralization in the presence of ALP and OPN. (A) Illustration of initial and late phases of CaP crystal formation in the
presence of ALP only and both ALP and OPN. (B) Initial mineral formation was detected by spectrophotometer when BB and OPN were added
into the reaction before ALP. Initial mineral formation rate was calculated based on first 30 min of mineral formation in (B). (C) Initial mineral
formation detected by spectrophotometer when ALP and OPN were added into the reaction before BB. Initial mineral formation rate was
calculated based on first 30 min of mineral formation in (C). (Error bars represents N = 3 ± SEM.) The legends in (B and C) are also valid for the
columns in kobservable graphics, respectively. Statistical analysis was performed in Graphpad Prism software by one-way ANOVA. (D) SEM imaging
of mineral formation in the presence of ALP after 24 h of incubation at 37 °C. (E) SEM imaging of mineral formation in the presence of ALP and 3
μM OPN after 24 h of incubation at 37 °C. Scale bars in (D−E) represent 1 μm. (F) Crystal size is measured by the ImageJ program measure tool
from SEM images from N = 14 ± SEM and N = 21 ± SEM crystals. Unpaired t test was performed to analyze statistical significance. (G) Surface
Ca:P ratio of the minerals formed in the presence of ALP and OPN after 24 h of incubation at 37 °C detected by XPS. Commercial HAP was used
as a control. Three points with 400 μm spot size are selected for scanning. One-way ANOVA was performed to analyze statistical significance of
each sample compared to ALP. BB: 24 mM CaCl2, 14.4 mM β-GP, 25 mM Tris-HCl (pH = 7.4), ALP (5 U), 1 mM MgCl2 used for each reaction.
All samples are in 25 mM Tris-HCl, pH = 7.4.
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as well as disruption of critical size nuclei formation in the
beginning (Figure 5). So, OCN both delays critical size nuclei
formation in the initial phase of the reaction and inhibits
crystal growth in late phase (Figure 5).
It should also be noted that the composition of

mineralization reaction is constant in our system. So, while
the crystallization proceeds, the OH− ions are incorporated
into crystals leaving H+ ions in solution, which makes the
environment more acidic over time compared to the initial
phase (pH 7.4).70 H+ ions bind to negatively charged residues
on OCN and OCN become more compact due to
neutralization of the charges.71 When OCN becomes more
compact, α-helical content is promoted, although to a lesser
extent compared to Ca2+ binding.71 The interaction of OCN
and H+ ions could help the inhibition of crystal growth by
making OCN more helical and more prone to binding crystal
lattices by releasing H+ ions.71 Furthermore, positively charged
arginine residues in OCN might be involved in interaction with

HAP crystals, since they can bind to phosphate ions in crystal
structure.60

Although some studies suggest that inhibition of crystal
growth in the presence of OCN diminished upon decarbox-
ylation,22 others support the idea that decarboxylation reduces
the effect of OCN to inhibit crystal growth.60 Our results are
consistent with the latter that crystal growth inhibition is
possible with uncarboxylated recombinant OCN. The
controversial results may be explained by the differences in
experimental setups and measurement methods; most of the
studies measure crystal growth but not crystallinity of the final
minerals.
Then, the effect of OPN on the initial mineral formation rate

was analyzed. The addition of ALP before or after the BB
affected the results, as with OCN, but in a different manner.
When BB added last to the reaction mixture, the reaction
started earlier and occurred faster in the presence of OPN
compared to ALP only condition. (Figure 6C). One possible
explanation is OPN can interact with both Ca2+ and Pi ions,

Figure 7. In vitro biomineralization in the presence of ALP and varying concentrations of OCN and OPN. (A) Illustration of initial and late phases
of CaP crystal formation in the presence of ALP only and ALP, OCN, and OPN. (B) Initial mineral formation detected by spectrophotometer.
Initial mineral formation rate calculated based on the first 40 min of mineral formation (one-way ANOVA) in (B). (C) Ca/P ratio calculated by
EDS analysis. (D−G) SEM imaging of mineral formation after 243 h of incubation at 37 °C in the presence of ALP only, ALP and 3 μM OPN,
ALP and 1 μM OCN, and ALP, combination of 3 μM OPN and 1 μM OPN, respectively. Scale bars represent 1 μm. BB: 24 mM CaCl2, 14.4 mM
β-GP, 25 mM Tris-HCl (pH = 7.4) ALP (5 U), 1 mM MgCl2 used for each reaction. All samples are in 25 mM Tris-HCl, pH = 7.4.
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but it has a higher affinity to Pi ions. Because Pi helps to
conserve the compact structures of OPN (Figure 4F), OPN
sequesters more Pi ions, and this hastens the reaction. On the
other hand, when ALP is added last to the reaction mixture,
OPN first interacts with Ca2+ ions, not the Pi ions. This
interaction prevents OPN to be more compact when Pi is
formed after addition of ALP (Figure 4D). Upon the addition
of ALP, Pi formation starts, but Pi can no longer interact with
OPN or the affinity of OPN to Pi was lowered (Figure 6A,B).
Therefore, the reaction started later compared to the former
case (Figure 6). Subsequently, the reaction rate was calculated
from the slope of the reaction curve (first 30 min of linear
region of scattering plot). Although the mineral formation
started earlier when OPN and ALP was added into the reaction
before BB, there was no difference between the reaction rates
of the groups (Figure 6B,C).
After 24 h of incubation at 37 °C, SEM imaging was

performed, and there was no observable difference between
ALP only and ALP and OPN containing groups in terms of
crystal size and shape (Figure 6D−F). The crystal size was
quantified by ImageJ software by measuring the crystal area of
14 (ALP) and 21 (ALP and OPN) crystals. The average crystal
size was 3.8 μm2 and 3.4 μm2, and the SEM was 0.52 μm2 and
0.31 μm2, respectively. Unpaired t test analysis revealed no
significant difference. Early and late phases of crystal formation
are illustrated in Figure 6A.
Then, the surface Ca:P ratio was calculated based on the

XPS measurements. The Ca:P ratio decreased when the OPN
concentration increased to 3 μM (Figure 6G, one-way
ANOVA). This may be explained by the faster formation of
CaP crystals, which results in less crystallinity at the surface or
at all. In order to understand whether the change is at the
surface or not, Ca/P ratio was also investigated by EDS
analysis, and the results were similar to XPS (Figure 7). Ca/P
ratio was reduced in the presence of OPN, same as the XPS
analysis.
Our results are consistent with the literature that

unphosphorylated OPN does not inhibit mineralization
reaction.65 Yet, it hastened mineralization in the presence of
inorganic phosphate in our study. This could be due to the
nucleator property of OPN, which was observed when OPN
cross-linked to gap regions of collagen fibers via TG activity in
bone tissue.34 Upon cross-linking, OPN forms aggregates
which can induce a mineralization event.38 Promotion of
nucleation was achieved in another study by using high
concentrations of nonphosphorylated OPN peptide (NPP).
This peptide is highly negatively charged containing 7 aspartic
acid and 1 glutamic acid residues. Only high concentrations of
this peptide promoted the nucleation event since it was prone
to aggregation easily. This aggregation could be mimicking
cross-linked aggregation of OPN.72 In our study, we observed
nucleation of CaP crystals in the presence of OPN, which can
be also mimicking the aggregation of OPN which was shown in
previous research.34,67 Contrary to OCN, OPN has no effect
on crystal size, suggesting it does not alter crystal growth
(Figure 6F). The results are consistent with literature, where
nonphosphorylated OPN has no effect on crystal growth
inhibition.63,64,71−73

To observe the combined effects of OCN and OPN on
biomineralization, a protein titration experiment was per-
formed. The OPN concentration was increased when the
OCN concentration was constant to see if the behavior of each
protein changes in the presence of the other protein. Based on

previous experiments, we hypothesized that the binding of
calcium to OCN should decrease the crystal formation rate, yet
the addition of Pi-bound OPN should increase the reaction
rate. In the reaction setup, the BB contains both Ca2+ and β-
GP, and after being added to the buffer, proteins immediately
interact with the ions. In the presence of OCN, the reaction
rate was decreased compared to ALP only (Figure 7B). In the
presence of OPN, the reaction rate did not change, but the
reaction started earlier (Figure 7B). When OCN and OPN
were used together, the reaction started earlier compared to
the ALP only condition, but later compared to OPN (Figure
7A,B). In addition, the reaction rate decreased compared to
the ALP only condition. It means that OCN still delays crystal
formation and OPN still hastens reaction (Figure 7A,B). The
effects of two proteins can be used in a single reaction. After 24
h, SEM imaging and EDS analysis were performed to observe
the effect of proteins on late phases of mineral formation. Ca/P
ratio decreased in the presence of OPN, but the addition of
OCN reversed the decrease in Ca/P ratio (Figure 7C).
Moreover, the surface CaP ratio of commercial HAP

(Sigma) was calculated as a positive control. The crystallinity
of biominerals formed in our in vitro system was higher than
that of commercial HAP (Figures 6G and 7C, and Figure S6),
and biominerals synthesized in this system can be a promising
alternative for osteoblast differentiation and tissue regeneration
(Figure 1).

■ CONCLUSION
Protein−protein and protein−small molecule interactions are
crucial to understand the fundamentals of biomineralization.
Extracellular matrix is also important to understand the fate of
biomineralization and crystal formation, however a minimalist
approach was taken in this work. To reduce the degree of
complexity, we focused on two major biomineralization
proteins OCN and OPN. An E. coli bacterial expression and
purification system was constructed to study in vitro
biomineralization and to produce HAP crystals in environ-
mentally friendly and ambient conditions. This study is
important in terms of developing innovative systems for
HAP crystal synthesis by mimicking natural pathways. The
interaction of OCN and OPN proteins with Ca2+ ions and
organic and inorganic phosphate sources was studied to
understand the effect of small molecules on the activity of
these proteins. The interaction of OCN with Ca2+ ions makes
it more stable, and it can exert its activity in a biomineralization
reaction as nucleation delayer. Besides this, inorganic
phosphate ions have the opposite effects on these proteins.
While the OPN secondary structure is conserved, even it
becomes more compact, the OCN secondary structure is
disrupted upon binding to inorganic phosphate ions. The
interaction of OCN with inorganic phosphate ions results in
reduced nucleation delay activity, while the interaction of OPN
with inorganic phosphate ions results in faster formation of
initial CaP clusters. For organic phosphate sources, both
proteins have no conformational changes, but they both can
interact with organic phosphate and reduce the activity of the
ALP enzyme by competitive binding. The logic behind these
results should be further studied by calorimetric methods.
Moreover, the in vitro biomineralization system was con-
structed to produce bone-type CaP crystals. While OCN
reduces the reaction rate and crystal size, OPN promotes faster
mineral formation and decreases the surface CaP ratio of the
minerals. When the two proteins combined in a single reaction,
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both of them exerts their activity and becomes complementary
to each other. The change in crystal morphology can change
the differentiation capacity of as-formed CaP crystals. Out-
comes of this study have a potential to serve in the engineering
of innovative cellular pathways for OCN and OPN secretion at
predefined concentrations to control the CaP crystals. This
approach can yield in engineering implantable designer cells
with genetic cellular devices for biomineralization to be used in
regenerative medicine applications.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsbiomater-
ials.9b00649.

Nucleotide sequences of phoA, GST-OCN, OCN, and
OPN genes, amino acid sequences of ALP, GST-OCN,
OCN, and OPN proteins, nucleotide sequences of
primers used in cloning ALP, OCN, and OPN genes,
graphs for sequencing results of cloning, quantitative
secondary structure analysis of OCN and OPN proteins
and their changes upon addition of CaCl2 (Ca

2+), β-GP
(organic phosphate, P), and Na2HPO4 (inorganic
phosphate, Pi), phosphatase assay showing overexpres-
sion of ALP in transformed cells, SDS-PAGE analysis of
expression and purification of OCN, Ca/P ratio of the
minerals formed in the presence of OCN calculated by
EDS analysis (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: urartu@bilkent.edu.tr.
ORCID
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