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ABSTRACT

BIOMINERALIZATION WITH ENGINEERED CELLULAR

SYSTEMS
Elif ERGUL
PhD in Materials Science and Nanotechnology
Adyvisor: Urartu Ozgiir Safak Seker

August, 2019

Hydroxyapatite (HAP) is the final product of bone biomineralization process and
HAP formation is controlled by proteins, enzymes and small molecules secreted to
extracellular matrix (ECM). Among these molecules, alkaline phosphatase (ALP)
leads formation of HAP crystals and noncollagenous proteins control crystal
nucleation and growth, and inhibit crystal formation. Osteocalcin (OCN) and
osteopontin (OPN), are the most abundant noncollagenous proteins in ECM, which
controls mineralization events. In this study, effect of OCN and OPN on HAP crystal
formation was studied in order to achieve controlled crystal growth. In vitro
biomineralization assays were conducted to understand the effect of OCN and OPN
on the crystal structure of as formed minerals. While OCN decreases crystal growth
rate and inhibit mineralization, which leads to more uniform crystal formation, OPN
provides faster mineral formation with reduced Ca/P ratio. Moreover, a mammalian

engineered cell line was constructed to achieve expression of bone extracellular



matrix (ECM) proteins. For this purpose, genetic cassettes were produced to express
OCN and OPN proteins, which are the most common non-collagen proteins that
control bone mineral formation. By this way, production of bone type minerals with
controlled size, shape and Ca/P ratio can be possible. Our system provides a truly
biomimetic approach to HAP formation compared to chemical synthesis methods in
literature. We believe our current findings will lead to innovative approaches for

bone biomineralization in regenerative medicine and bone tissue engineering.

Keywords: Osteocalcin, Osteopontin, ALP Enzymatic Activity, Biomineralization,

Genetically Modified Cells
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OZET

GENETIGI DEGISTIRILMIiS HUCRELER iLE

BiYOMINERALIZASYONUN SAGLANMASI
Elif ERGUL
Malzeme Bilimi ve Nanoteknoloji, Doktora

Tez Damismani: Urartu (")zgiir Safak Seker

Agustos, 2019

Hidroksiapatit (HAP), kemik biyomineralizasyon isleminin son tiriiniidiir ve HAP
olusumu, hiicre dig1 matrikse (ECM) salgilanan proteinler, enzimler ve kiiciik
molekiiller tarafindan kontrol edilir. Bu molekiiller arasinda, alkalin fosfataz (ALP),
HAP kristallerinin olusmasini saglar ve kolajen olmayan proteinler, kristal
cekirdeklenmesini, biiyiimesini kontrol eder ve kristal olusumunu inhibe eder.
Osteokalsin (OCN) ve osteopontin (OPN), mineralizasyon olaylarini kontrol eden ve
ECM' de en ¢ok bulunan kolajen olmayan proteinlerdir. Bu ¢alismada, kontrollii
kristal biiyiimesini saglamak i¢in OCN ve OPN'nin HAP kristal olusumu {izerindeki
etkisi incelenmigtir. OCN ve OPN'nin olusan minerallerin kristal yapis1 tizerindeki
etkilerini anlamak i¢in in vitro biyomineralizasyon deneyleri yapilmistir. OCN kristal
biiylimesini azaltir, daha diizgiin kristal olusumuna yol agar ve mineralizasyonu

inhibe ederken, OPN Ca / P oranini diisiiriir ve daha hizli mineral olusumu saglar.

Ayrica, kemik hiicre dis1 matrisinde bulunan proteinlerin ifade edilmesini saglamak

amactyla genetigi degistirilmis bir hiicre hatt1 olusturulmustur. Bu amacla, kemik

il



mineral olusumunu kontrol eden, en ¢cok bulunan kolajen olmayan proteinler olan
OCN ve OPN proteinlerini ifade edebilecek genetik kasetler olusturulmustur. Bu
sekilde, boyut, sekil ve Ca / P orani kontrol edebilmek ve kemik tipi mineraller
tiretmek miimkiin olabilecektir. Sistemimiz, literatiirdeki kimyasal sentez
yontemleriyle karsilastirildiginda HAP olusumuna biyomimetik bir yaklasim
sunmaktadir. Mevcut bulgularimizin, rejeneratif tip ve kemik dokusu
miihendisliginde, kemik biyomineralizasyonunda yenilikg¢i yaklagimlara yol

acacagina inantyoruz.

Anahtar kelimeler: Osteocalcin, Osteopontin, ALP Enzim Aktivitesi,

Biyomineralizasyon, Genetigi Degistirilmis Hiicreler
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2 CHAPTERI: INTRODUCTION

2.1 The mechanism of biomineralization in mammalian hard

tissues

Bone tissue is composed of a dense extracellular matrix which is synthesized by two
main cell types: osteoblasts and osteocytes, and degraded by another cell type,
osteoclasts, each are differentiated from bone marrow stromal cells. (Liu, Luo et al.
2016) Osteoblasts are responsible for the formation of the organic part of the matrix,
including Collagen (type I) 90%, noncollagenous proteins, proteoglycans,
glycosaminoglycans and lipids. Osteocytes are terminally differentiated forms of
osteoblasts and they synthesize and are trapped inside inorganic matrix, primarily
hydroxyapatite (Cas(PO4)3;(OH),) crystals. (Crichton 2012)

HAP formation in bone is composed of two phases. In the first phase, matrix vesicles
(MVs), which are membranous compartments, are released from osteoblasts. ALP is
found both in ECM and in the membrane of MVs, and converts organic phosphate
into inorganic phosphate (P;). Ca>" and P; ions are internalized from ECM and
amorphous CaP crystals are formed inside MVs. Amorphous CaP crystals were
converted to octa-CaP (OCP) crystals, and OCP crystals were converted to HAP
crystals. In second phase, HAP crystals penetrate MV membrane and secreted to the
ECM. Continued nucleation of hydroxyapatite crystals in ECM is controlled by the
levels of extra-vesicular Ca>*, P;, and H', as well as Ca>*-binding proteins including

Collagen I, OCN, and OPN. (Golub 2009)



Collagen I is the most abundant protein in ECM of bone and serves as a template for
the growth of crystals in parallel orientation. It is composed of triple helical fibers,
and mineralization starts in gap regions of these fibers. (Crichton 2012) However, the
presence of collagen I is not enough for mineralization, noncollagenous proteins
(NCPs) play important roles in controlling mineralization process. NCPs control size,
shape and Ca/P ratio of the crystals, inhibit mineralization to prevent excessive
calcification and to provide c-axis elongated growth of crystals, and provide
uniformity to the crystals. (Gehron Robey 2008) Mainly, there are two class of NCPs
in bone ECM, gamma-carboxylated proteins, and small integrin-binding ligand, N-
linked glycoproteins (SIBLINGs). OCN and OPN belongs to these families,
respectively, and are the most abundant NCPs. OCN and OPN are both inhibitor of
mineralization but OPN also acts as a nucleator when it is cross linked to the gap
regions of the collagen fibers (Hauschka and Wians Jr 1989; Denhardt and Guo

1993; Ducy, Desbois et al. 1996; Kaartinen, Pirhonen et al. 1999).

2.2 Currents strategies to mimic hard tissue extra cellular matrix

Although hard tissues in the body are difficult to injure, the intrinsic healing capacity
of these tissues is highly limited. (Edwards, Simmons et al. 1988) In addition, several
diseases can affect homeostasis of bone and teeth, such as bone cancer, osteoporosis,
and dental pulp infections. (Riggs and Melton 1986; Jemal, Siegel et al. 2008; Trope
2008) Commercial bone substitutes and dental prostheses for fracture healing and
disease treatment are available. (Greenwald, Boden et al. 2001; Wittneben, Buser et
al. 2014) 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. (Puzas, Miller et al. 1989; Ai-Aql, Alagl et al.
2008)

Among synthetic bone substitutes, hydroxyapatite (HAP) grafts are one of the best in
terms of their bioinertness and osteointegration capability. (Heise, Osborn et al.
1990; Landi, Celotti et al. 2003; Li, Yubao et al. 2005; Sadat-Shojai, Khorasani et al.
2013; Teotia, Raina et al. 2017). There are several methods for HAP synthesis;
among them, wet chemical synthesis and high temperature synthesis are the most
studied routes. (Sadat-Shojai, Khorasani et al. 2013) 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. (Sadat-Shojai, Khorasani et al. 2013) 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. (Sadat-Shojai, Khorasani et al. 2013)

Several organisms including mammalians can synthesize HAP crystals and other
mineral forms. (Kirkham, Brookes et al. 2002) 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. (D'Souza, Cavender
et al. 1997; Gajjeraman, Narayanan et al. 2007; Abbarin, San Miguel et al. 2014;
Ibsen, Gebauer et al. 2016; Siller Alejandro and Whyte Michael 2017; Tsao, Huang
etal. 2017; O’Neill, Awale et al. 2018) These components possess important roles in
hard tissue development, bone remodeling, and bone regeneration. (Romberg,

Werness et al. 1986; Yang, He et al. 2011; Siller Alejandro and Whyte Michael



2017; O’Neill, Awale et al. 2018) 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. (Kikuchi, Ikoma et al. 2004; Wang, Guan et al. 2007;

Cai, Mei et al. 2010; Yang, He et al. 2011)

2.3 Expression of recombinant proteins in E. coli

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. (Prince, Oosawa et al. 1987) On the other hand,
bacterial platforms are easy to handle for production and purification of recombinant
proteins. (Guan and Dixon 1991; Baneyx 1999; Serensen and Mortensen 2005; Choi,
Keum et al. 2006; Structural Genomics, Architecture et Fonction des
Macromolécules et al. 2008) Several bone-related proteins are successfully produced
and purified in these platforms, and they were investigated for their
biomineralization activities. (Sampath, Maliakal et al. 1992; Kidkonen, Hellman et al.
1996; Smith, Cheung et al. 1996; Xiong, Yu et al. 2002; He, Dahl et al. 2003;
Tartaix, Doulaverakis et al. 2004; Lee, Kim et al. 2012; Svensson Bonde and Bulow

2012; Yun, Kim et al. 2012)



2.4 The significance of the method used in this study to control

crystal behavior

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 biomineralization in bone regeneration

and tissue repair. (Figure 1)
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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 propagates osteoblast

differentiation.

2.5 The significance of the method used in this study to engineer

mammalian cells by bone mineralizing factors

Differentiation of osteoblast cells from mesenchymal stem cells in vitro is a
promising route for in vitro bone tissue formation. However, it is hard to isolate
MSCs from human and the differentiation capacity of these cells varies from patient
to patient. Therefore, a platform for generation of bone-type minerals by non-
mineralizing somatic cell types is needed. Engineering of somatic cells is necessary
to make them suitable for bone type mineral formation. In order to achieve this, bone
ECM specific proteins were produced in mammalian cells. Main mineral-controlling
proteins, OCN and OPN, were successfully produced in this work. They have huge
potential to provide reprogramming somatic cells in order to achieve mineralization
in different non-osteoblast cell lines. The reprogrammed cells can be a better
alternative to the mesenchymal cells to provide bone tissue regeneration and healing

at the fracture site. (Figure 2)
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Figure 2. Graphical illustration depicting the effect of bone related proteins on reprogramming
of somatic cells and induction of mineralization. In the presence of bone mineralizing proteins, Ca*

ions and organic phosphate source, somatic cells can secrete inorganic matrix.



3 CHAPTER II: BIOMINERALIZATION OF CALCIUM
PHOSPHATE CRYSTALS CONTROLLED BY PROTEIN-

PROTEIN INTERACTIONS

3.1 Objective

Gene transfer from one organism to another by synthetic biology made production of
proteins in different organisms possible. By this way, human proteins were
successfully produced and isolated from bacterial and yeast cells with high yield and
low cost. (Swartz 2001; Sanchez-Garcia, Martin et al. 2016) Production of insulin in
bacterial cells was a breakthrough in recombinant protein technology, which
eliminated the risk of immunogenicity of animal derived insulin and reduced the cost
of exogenous insulin drugs used in diabetes treatment. (Keen, Pickup et al. 1980)
Other drugs were also developed by recombinant technology including recombinant
human erythropoietin for treatment of anemia, human growth hormone, for treatment
of the growth hormone deficiency, recombinant hirudin for treatment of thrombotic
disease. (Lee-Huang 1984; Shin, Kim et al. 1998; Tan, Wu et al. 2002; Choi and Lee
2004) For the treatment of bone-related diseases such as acute tibial fractures and
osteoporosis, human bone proteins can be used directly or these proteins can be used

for biomimetic mineral scaffold formation. (Liu, Luo et al. 2016)

In this part of my thesis project, expression and characterization of important bone
mineralizing proteins, ALP, OCN, and OPN in bacterial platforms was achieved.

Understanding and optimization of in vitro biomineralization activities with these



proteins gave us the opportunity to produce biomimetic minerals for bone

regeneration applications.

3.2 Materials And Methods

3.2.1 Cell strains, growth, cell maintenance and transformation

E. coli DH5a strain was used in this study for cloning. E. coli DH5a strain contains
mutations in recAl and endA1 genes which increase transformation efficiency.
Plasmid recombination is reduced and plasmid stability is increased by recAl,
plasmid yield is improved by endA1. (Singer, Eiteman et al. 2009; Borja, Meza Mora
et al. 2012) Cell stocks was prepared in freezing medium containing 25% glycerol in
Lysogeny Both (LB) medium in order to maintain viability in the long term. E. coli
BL21 (DE3) strain was used for protein expression and purification. This strain
encodes T7 polymerase under the control of Lac promoter and is deficient of
proteases for improving protein yield. (Jeong, Barbe et al. 2009) Both strains were
inoculated in LB medium and incubated on LB agar at 30 or 37 °C.

Chemical transformation was performed for the uptake of plasmids into bacterial
cells. Chemically competent cells were prepared by TSS (Transformation and
Storage Solution) buffer (PEG 8000 20% (w/v), DMSO 10% (w/v), MgCl, 100 mM,
in LB). Briefly, bacterial cells were inoculated in LB medium overnight and diluted
in LB in 1:100 ratio. The bacterial cells were grown until OD600 becomes 0.2-0.5,
incubated on ice for 10 min and centrifuged at 3000 RPM, +4 °C. LB-supernatant

was removed, the bacterial cells were resuspended in 1:10 volume of TSS buffer



compared to morning growth and aliquoted into pre-chilled microcentrifuge tubes.
Positive control was done by transformation of an existing plasmid, negative control
was done by spreading cells into several LB agar plates containing different
antibiotics (ampicillin, chloramphenicol, kanamycin). The aliquots were stored at -80
°C for several months.

The competent cells were used for transformation of plasmids. First, the competent
cell stock was thawed on ice for 10 minutes, intact plasmid, ligation or Gibson
assembly reaction mix was added on competent cells, incubated on ice for 10
minutes. The cells were heated at 42°C for 45 seconds for plasmid uptake via heat-
shock, incubated on ice for 5 more minutes and diluted in 1 ml LB medium. Diluted
cells were inoculated at 37 °C for 30-60 minutes in shaking incubator. Cells were
centrifuged at 13000 RCF for 1 minute, excess supernatant was removed, the cells
resuspended in remaining medium and spread onto antibiotic containing LB-agar

plate. The plate was incubated at 37 °C overnight for single-colony growth.

3.2.2 Construction of plasmid maps and cloning

ALP is a phosphatase, which has a universal function, generating inorganic
phosphate by breaking phosphate bonds in organic phosphorylated molecules. The
corresponding gene, phoA, is a universal gene with conserved domains and function.
(Galperin and Jedrzejas 2001) E. coli ALP works in the same manner with human
ALP. (Halford, Schlesinger et al. 1972) Therefore, bacterial ALP is used in this
study. E. coli ALP was amplified by the primers listed in Table B1. E. coli

K12MG1655 genomic DNA was used as template. pET22b(+) vector was used for



cloning with modifications. Polyhistidine tag coding sequence was added the 5' of
the multiple cloning site (MCS). 6 Histidine residues was expressed at the N-terminal
of the protein after pelB periplasmic space localization signal peptide. Plasmid map

was shown in Figure C1.

BamHI-HF (NEB R3101S) and Xhol (NEB R0146S) was used to cut the plasmid by
restriction digestion. 5472 bp linear vector was generated after restriction enzyme
digestion. Same restriction enzymes were used to cut amplified phoA gene PCR
product. 1356 bp insert was generated upon restriction enzyme digestion. T4 ligase
(NEB M0202S) was used to ligate the vector and insert. 1:3 insert to vector molar
ratio was used and the mix incubated at room temperature for 10 minutes. The
ligation mix was transformed into chemically competent E. coli DH5a bacteria. After
overnight incubation, single colonies were selected and positive clones containing

phoA gene were verified by Sanger sequencing. (Figure D1)

Codon optimization of human OCN and OPN coding sequences were performed for
overexpression of the proteins in E. coli K-12 strain. Online IDT codon optimization
tool was used to generate sequences. (http://eu.idtdna.com/CodonOpt) Briefly, native
signal sequences of both genes were excluded and the coding sequences of pro-
proteins were analyzed based on E. coli codon usage. Rare codons in E. coli was
changed to more frequently used codons in order to increase expression levels. The
resulting sequences, synthetic OCN and OPN genes, were synthesized by Genscript
Company. Nucleic acid sequences of synthetic OCN and OPN genes, and amino acid

sequences of recombinant OCN and OPN were shown in Table Al, E1.

Gibson assembly method was used to clone synthetic OCN gene into pGEX-6P1

vector. GST fusion protein was placed before MCS of the vector in order to enhance
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expression of non-native proteins. Moreover, TEV protease cleavage site was
inserted to the 5' of OCN nucleotide sequence via PCR extension. TEV protease
provides cleavage of GST fusion protein after expression and/or purification. Also,
6X-His coding sequence was inserted at the 3' of OCN nucleotide sequence so as to
detect expression and for purification. Primers which were used to amplify synthetic
OCN gene were listed in Table B1. For cloning, restriction enzyme digestion was
performed to cut pGEX-6P1 vector with BamHI-HF (NEB R3136S) and EcoRI-HF
(NEB R31015S) , 4999 bp linear vector was formed and verified by agarose gel
electrophoresis. Gibson assembly was performed by using equamolar ratio of insert
and vector according to the protocol used elsewhere. (Gibson, Young et al. 2009)
Briefly, vector and insert were mixed in equimolar ratio in the reaction mix
containing exonuclease, polymerase and ligase. Exonuclease trims one of the strands
in each DNA template, the resulting single stranded regions match and stick together
since there is at least 20 bp overlapping homologous regions which were introduced
to insert by extension PCR. Ligase closes the last gap between bases. Then, the
assembly product was transformed into chemically competent E. coli DH5a bacteria.
After overnight incubation, single colonies were selected and positive clones
containing synthetic OCN gene (273 bp) was verified by Sanger sequencing. (Figure

D2)

Standard ligation method was used to clone synthetic OPN gene into pET22b(+)
vector, which contains 6x-His tag coding sequence before stop codon. The primers
listed in Table B1 was used to amplify synthetic OPN gene via PCR. Restriction
enzyme digestion was performed to cut pET22b(+) vector, and synthetic OPN gene
product with Notl-HF (NEB R3189S) and Xhol (NEB R0146S). 5492 bp linear

vector and 855 bp insert were formed, respectively and agarose gel electrophoresis

11



was performed to verify digestion. Ligation was performed at room temperature for
10 minutes and the ligation mix was transformed into chemically competent E. coli
DH5a bacteria. After overnight incubation, single colonies selected and positive

clones containing synthetic OPN gene (855 bp) was verified by Sanger sequencing.

(Figure D3)

3.2.3 Sequence alignments

The plasmid maps were designed by Benchling online tool for the insertion of the
codon optimized gene fragments. After cloning, selected positive colonies was
sequenced by Genewiz Company. The sequencing results were analyzed by
Geneious R9.0.5 software by pairwise alignment. The sequences of gene fragments
in Benchling were used for comparison of identity. Automatically determine
direction, Global alignment with free end gaps, 65% similarity options were chosen

for alignment.

3.2.4 Expression of recombinant proteins in E. coli

E. coli BL21 (DE3) strain was used to express ALP, OCN and OPN proteins. The
plasmids containing the synthetic genes of the proteins was isolated from DH5a
bacteria and transformed into E. coli BL21 (DE3) strain via chemical transformation
method described in 3.2.1. Expression of genes encoding ALP and OPN are
controlled by T7 promoter and expression of gene encoding OCN is controlled by

Tac promoter. Both promoters were switched on in the presence of a commonly used
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inducer, Isopropyl B-D-1-thiogalactopyranoside (IPTG). Bacteria containing
expression plasmids were inoculated overnight. Then, they were diluted at 1:50 ratio
and inoculated for approximately 2 hours. 1 mM IPTG (Amresco 0487-10G), inducer
of gene expression, was added when bacteria reaches OD=0.5-0.6, where they enter
pre-log phase. In log phase, population density of the bacterial culture rapidly
increases. Therefore, pre-log phase is the most suitable time for switching on
inducible promoters. After several optimizations, induction of ALP was performed
for 4 hours at 37 °C, while induction of OCN and OPN were performed for 6-8 hours
at 30 °C. Following the induction of the proteins, bacterial culture centrifuged at
8000 RCF and the medium was discarded. Bacterial pellets were freezed at -80 °C to

keep the proteins intact until purification.

3.2.5 Purification of recombinant proteins

3.2.5.1 Cell Lysis

Bacterial pellet was obtained from 25 mL cell culture, the pellet was resuspended in
1 mL lysis buffer (50 mM Na,HPO4.2H,0 (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 phenylmethane sulfonyl fluoride (PMSF) (Amresco m145-
5@G). Cell lysis was provided by lysozyme and sonication. Sonication was made for 5

min on ice. Then, the cell lysate was centrifuged at maximum speed for 30-60
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minutes to separate intact components from soluble proteins. The supernatant was

filtered with 0.45 pm syringe filter (Isolab) before loading to mobile/immobile resin.

3.2.5.2 Purification of recombinant proteins by cobalt resin for small

scale purification

Cobalt resin was used to trap his-tagged proteins and separate them from the rest of
the proteins. Imidazole groups of histidines can bind to cobalt ions on resins. Thus,
they can be purified from cell lysate. 200 pL cobalt resin (Thermo Scientific 89964-
10 ML) was washed with 1 mL wash buffer (50 mM Na,HPO,, 300 mM NaCl, 10
mM Imidazole) to remove EtOH. Soluble proteins obtained from the previous step
were mixed with cobalt resin and incubated at room temperature in an end-over-end
rotator for 1 h. The resin was centrifuged at 700 RCF for 2 minutes to allow the resin
to precipitate and washed with wash buffer 2-3 times with 1 ml of wash buffer in
order to remove all non-specific proteins. Then, 100 pL elution buffer (50 mM
Na,HPOj4, 300 mM NacCl, 150 mM Imidazole) was mixed with the resin in an end-
over-end rotator for 5 min and the resin was centrifuged at 700 RCF for 2 min. The
supernatant contains eluted His-tag proteins since high imidazole concentration in
elution buffer provides unbinding of His-tagged proteins from resin by replacing

them. The elution was repeated for 5 times to elute all of the proteins bound to resin.
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3.2.5.3 Purification of recombinant proteins by nickel column for

large scale purification

Nickel column (HisTrap HP 1 ml, GE Healthcare) was used to purify large quantities
of proteins. Nickel column was washed with 10 volumes of ddH,O to remove EtOH.
Then, the soluble part of the cell lysate were loaded to column in preparative high
pressure liquid chromatography (Prep-HPLC, Agilent) device. Binding buffer (50
mM Na,HPOy4, 300 mM NacCl, 20 mM Imidazole) was used for both binding and
washing, and elution buffer (50 mM Na2HPO4, 300 mM NaCl, 500 mM Imidazole)
was used for eluting proteins. The following reaction conditions were operated for
purification: 35 min binding buffer for washing, 10 min elution buffer with 1
mL/min flow rate, 2 ml of elution aliquots was collected in fraction collector, 5 bar

maximum pressure limit.

3.2.5.4 Removal of GST tag from OCN

GST was removed from OCN by TEV protease cleavage. Purified GST-OCN was
concentrated to 1 ml with a 10 kDa cutoff filter unit (Thermo) and loaded into
desalting column (Desalt 5 ml, GE Healthcare). Desalting column was washed with
10 ml ddH»O and was equilibrated with 5 ml 25 mM Tris Buffer prior to loading of
the proteins. Then, the proteins were eluted in 2 ml 25 mM Tris Buffer.
Concentration of GST-OCN was determined by BCA assay and GST-OCN (2 ml)

was mixed with TEV protease (1:100 ratio of TEV:GST-OCN). For efficient
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cleavage by TEV protease, 100 ul of 20X TEV Reaction Buffer (1 M Tris-HCI
(Sigma T5941-500G) (pH 8.0), 10 mM EDTA (Sigma E5134-500G)), and 20 ul of
0.1 M DTT (Invitrogen P2NY00147) were added into the reaction. Almost 90% of
the protein was cleaved at room temperature when incubated for 16 h, which was

detected by SDS-PAGE analysis.

After verification of efficient cleavage, the reaction mixture was concentrated to 1 ml
with a 3 kDa cutoff filter unit (Millipore) and loaded to a desalting column. Desalting
column was washed with 10 ml ddH,O and was equilibrated with 5 ml 20 mM
binding buffer prior to loading proteins. Then, the proteins were eluted in 2 ml 20
mM binding buffer. Then, binding to cobalt resin explained in section 3.2.5.2 was
repeated. Thus, GST-OCN-His (Uncut protein), GST-TEV-His, OCN-His was bound
and eluted with cobalt resin while GST remained in unbound fragment. The elution
was concentrated to 1 ml with a 3 kDa cutoff filter unit, and loaded to a desalting
column. The desalting column was washed with 10 ml ddH,O, and was equilibrated
with 5 ml 1X PBS (prepared from 10X PBS stock containing 1.37 M NacCl, 26.8 mM
KCI (Merck 1.04936-1KG), 0.1 M Na,HPOy, 17.6 mM K,;HPO4 (Merck 1.05104-
1KG), pH=7.4 by dilution with ddH,0) prior to loading the proteins. Then, the

proteins were eluted in 2 ml 1X PBS.

GST Bind Resin (Novagen 70-541-3-10ML) was used to separate GST-TEV-His,
and GST-OCN-His from OCN-His. 1 mL of the GST resin was washed twice with
2.5 mL 1X PBS to remove EtOH. The proteins obtained from the previous step were
added onto the GST Bind Resin. Binding of the GST-tagged proteins to GST-Bind
Resin was performed at room temperature for 1 h in an end-over-end rotator. Then,

the resin was centrifuged at 500 RCF for 5 min. The unbound fragment and first 2
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washes contain almost pure OCN-His and were collected. GST-tagged proteins were
eluted at least twice in 250 uL GST Elution Buffer (50 mM Tris-HCI, 10 mM L-

Glutathione, reduced (Cayman Chemical 10077461-10G), pH=8.0).

The unbound proteins were concentrated to 1 ml with a 3 kDa cutoff filter unit, and
loaded to a desalting column. Desalting column was washed with 10 ml ddH,O and
was equilibrated with 5 ml 25 mM Tris or OCN storage buffer (0.121% Tris, 50%
Glycerol, 0.435% Sodium chloride). Then, the proteins were eluted in 2 ml 25 mM
Tris or OCN Storage Buffer for either immediate use or -20/-80 °C storage,

respectively.

3.2.6 Verification of expression and purification

3.2.6.1 SDS-PAGE and Coomassie Blue Staining

2.2 ml ddH;0, 2.6 ml 1.5 M Tris-HCI (Sigma) (pH 8.8), 100 pl 10% (w/v) SDS, 5 ml
Acrylamide/Bisacrylamide (VWR) (30%/0.8% w/v), 100 pl 10% (w/v) APS (Biorad
Ammonium persulfate), 10 pl tetramethylethylenediamine (TEMED) (Biorad) were
used to prepare 15% SDS resolving gel. 3.2 ml ddH;0, 2.6 ml 1.5 M Tris-HCI (pH
8.8), 100 ul 10% (w/v) SDS, 4 ml Acrylamide/Bisacrylamide (30%/0.8% w/v), 100
ul 10% (w/v) APS, 10 ul TEMED were used to prepare 12% SDS resolving gel.
2.975 ml ddH,0, 1.25 ml 0.5 M Tris-HCI (pH 6.8), 50 ul 10% (w/v) SDS, 0.67 ml
Acrylamide/Bisacrylamide (30%/0.8% w/v), 50 ul 10% (w/v) APS, 5 ul TEMED

were used for preparing the stacking gel. Resolving gel was allowed to dry for 30
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min at room temperature after addition of 250 ul isopropanol. Stacking gel was
added after complete removal of isopropanol, the combs were placed immediately,

and the gel was allowed to dry for 30 min at room temperature before use.

4 ul 6X Laemmli sample buffer (1.2 g SDS (sodium dodecyl sulfate), 6 mg
bromophenol blue, 4.7 ml glycerol, 1.2 ml Tris (0.5M, pH 6.8), 2.1 ml ddH,0), and
20 pl protein were mixed prior to loading SDS gel. Cell lysates were denatured at 95
°C for 5 min. 12% SDS gel was used to detect proteins higher than 15 kD (ALP and
GST-OCN and OPN ) and 15% SDS gel was used to separate proteins as low as 10

kD (OCN).

SDS-PAGE was performed at 120-190 V for 45-90 minutes for an efficient protein
separation. For detecting whole proteins, the gels were stained with Coomassie
Brilliant Blue (CBB) Solution (45 MetOH%, 10% glacial acetic acid, 3 g/ CBB
R250 (Sigma 27815-25G)), and destained in destaining buffer (10% acetic acid, 30%
methanol). For detecting his-tagged proteins, the proteins on gel were transferred to a

PVDF (Thermo Scientific 88520) membrane.

3.2.6.2 Western blotting

The proteins were transferred to a PVDF membrane in a Transblot Turbo Transfer
System (Biorad). Transfer conditions were as following for ALP, GST-OCN and

OPN: 25 kV, 1.3 A for 7 min. Transfer conditions for OCN were as following: 25
kV, 1.3 A for 5 min. The membrane was incubated in blocking solution (3% milk

powder in 1X TBS-T) for 1 h in a rotator at room temperature. Immediately after
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blocking, the membrane was transferred to 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 1X TBS-T). Primary antibody was allowed to bind His-tagged
proteins on membrane for 1 h at room temperature or for overnight at +4 °C in a
rotator. Prior to and after incubation in secondary antibody solution (1: 10000
dilution of Goat anti-mouse IgG H&L (HRP) (Abcam ab6789-1 MG) in 5% milk
powder in 1X TBS-T), the membrane was washed 3 times in 1X TBS-T for 5, 15, 5
min in a rotator at room temperature. Secondary antibody binding was performed at
room temperature for 1 h in a rotator. ECL Substrate (Biorad 170-5060-200 ML) was
used to detect the secondary antibody. Briefly, the membrane was incubated in 1 ml
of substrate solution in dark without agitation and imaged immediately in ChemiDoc

MP Imaging System (Biorad).

3.2.7 Protein quantitation

Serial dilutions of BSA (2 mg/mL, Pierce 23209) were prepared and used to form a
standard curve. Equal amount of BSA standard curve samples and protein of interest
were placed in 96-well plates in triplicate. BCA Protein Assay Kit (Pierce 23225)
was used to measure protein concentrations. Reagent A and Reagent B was mixed in
50:1 ratio prior to measurement and 200-260 pl of mix was added on proteins by a
multichannel pipette. The plate was incubated at 37 °C for 30 min, and was read in
SpectraMax M5 spectrophotometer (Molecular Devices) at 562 nm absorbance.
Protein concentrations were automatically calculated by the standard BCA assay

protocol in SoftmaxPro software.

19



3.2.8 Analysis of enzyme Kinetics

3.2.8.1 Determination of unit enzyme concentration

ALP in 25 mM Tris (pH 7.4) was diluted, and 7 serial dilutions were prepared. 0.5
mM pNPP and ALP were incubated at 37 °C for 5 min. ALP and pNPP (Sigma 20-
106 EMD MILLIPORE) were mixed in 1:1 ratio, and each reaction was prepared in
triplicate. Absorbance measurement was performed in a spectrophotometer at 405
nm. pNP (Fluka 35836) was used to prepare standard curve. 140 uM pNP was used
as the starting substrate for serial dilutions. 7 serial dilutions was prepared.
Absorbance measurement was performed at 405 nm at spectrophotometer. ALP
converted pNPP into pNP, and pNP concentration was calculated based on the
standard curve. (Figure F1) Then, the reaction velocity (pNP/min) was calculated.
The concentration of ALP which generates 1 pM pNP in 1 min was determined as 1

U enzyme. (Figure F2)

3.2.8.2 ALP enzymatic activity in the presence of OCN and OPN

4 mM pNPP substrate was prepared in pNPP reaction buffer (0.1 M Lysine
(Amresco 0167-1 KG), 1 mM MgCl, (Sigma M4880-100 G), 1 mM ZnCl, (NEB
7646-85-7)). 5 serial dilutions of pNPP were performed in the pNPP reaction buffer.
1 U ALP (25 mM Tris, pH=7.4) was used for each reaction in the presence of OCN,

OPN, both or none. Each reaction was performed in triplicate at 37 °C for 10 min.
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Absorbance measurement was performed at 405 nm at spectrophotometer. pNP
standard curve which was prepared previously was used to calculate pNP
concentration and reaction velocity (WM pNP/min). Michaelis-Menten graphics were
generated at Graphpad Prism 6 software. Then, reaction rate constant, k,, (uM), and
maximum velocity, Vi (WM/min), values were calculated. Nonlinear regression
curve fitting was performed to fit experimental data with the 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 on the
curves of Michaelis-Menten graphs. Statistical significance of k;,, and vy values

were calculated by TWO-WAY ANOVA in Graphpad Prism 6 software.

3.2.9 Secondary structure analysis by circular dichroism (CD)

measurement

CD Spectra Measurement Device (Jasco J-815) was used to analyze the secondary
structures of OCN and OPN. In addition, the effects of calcium and phosphate on the
secondary structure of the recombinant proteins were analyzed. A temperature
gradient was selected between 22 and 37 °C with 5°C intervals, 300 sec delay time, 1
mm band width. OCN and OPN proteins were prepared in 25 mM Tris, pH=7.4. | M
CaCl, (Merck 1.02378-500 G), 1 M Na,HPOy, or 1 M B-GP (Calbiochem 35675-100
G) was used to analyze the interaction of the proteins with calcium, organic and

inorganic phosphate. 5 mM CaCl,, Na,HPO,4 and B-GP was used in the analysis.
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3.2.10Biomineralization of calcium and phosphate in the presence of

recombinant proteins

CaP crystal formation in the presence of ALP, organic phosphate source (B-GP), and
calcium was studied. The effect of the most abundant bone mineralizing extracellular
matrix proteins, namely OCN and OPN, on CaP crystal formation was analyzed. To
do this, a biomineralization buffer (BB) was prepared based on the protocol
described elsewhere. (Gungormus, Fong et al. 2008) The BB was prepared as 2X (48
mM CaCl2, 28.8 mM B-Glycerophosphate, 25 mM Tris-HCI pH 7.4) and used 100 pl
for each 200 pl reaction. 200 pl reaction was composed of 1X BB, 1 mM MgCl,, 5 U

ALP, and varying concentrations of OCN and OPN.

3.2.10.1 Spectrophotometry measurements

The reaction was performed in 96 well plate for spectrophotometry measurements in
SpectraMax Microplate Reader. A light scattering measurement at 820 nm
absorbance was performed for 1 h with 1 min intervals at 37 °C so as to detect initial
CaP crystal formation. All reactions were performed in triplicate for statistical
analysis. After about 20 min, the reaction becomes observable. The slope of the first
30-40 min of CaP formation reaction was calculated (R*>>=0.98), and designated as

observable reaction rate constant (Kopservable)-
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3.2.10.2 Imaging of CaP crystals by electron microscopy

The plate was incubated at 37 °C for up to 24 h to prepare samples for scanning
electron microscopy (SEM) imaging and energy-dispersive X-ray spectroscopy
(EDS) analysis. Briefly, silicon wafer was cut into small pieces and washed with
isopropanol prior to sample preparation. 5 pL of sample from 200 pl CaP formation
reaction was dropped onto a wafer, and incubated for 10 min at room temperature.
The wafer was dried with a lint-free napkin carefully and washed twice with 1 pL.
ddH,O for 1 min each. The wafer was kept in a vacuum desicator till SEM imaging.
Before imaging, the wafer surface was coated with 5 nm Au/Pd. The images were
taken by E-SEM microscope (FEI-Quanta 200 FEG). A representative image was
shown in the figures for all groups. Crystal sizes were measured from SEM images
by ImagelJ Software. Statistical analysis of crystal size was done by Graphpad Prism
6 Software by unpaired t-test. The number of size measurements, the mean size, and
standard error mean (SEM) values were indicated in both results section and in figure
captions. EDS analysis was performed with EDAX Genesis software attached to the
SEM microscope. Same operating conditions were used for all measurements

(Accelerating voltage: 5 kV, Spot size 3.0).
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3.2.10.3 Quantitative analysis of Ca/P ratio and determination of
crystallinity by X-ray photoelectron spectroscopy (XPS)

analysis

CaP crystal formation reaction was transferred to a low-binding microcentrifuge tube
after incubation at 37 °C for 24 h. The sample was centrifuged at 8000 RCF for 8 min
and supernatant was removed. 100 uL of pH 10 water (10% NH4OH) was added
onto the tube to stop reaction, and the tube was centrifuged at 8000 RCF for 8 min.
Supernatant was removed, and the sample was washed with 100 uLL EtOH. The
sample was centrifuged at 8000 RCF for 8 min, supernatant was removed, and the
sample powder was air dried for at least 3-5 min. The sample was kept at room
temperature until analysis. The elemental composition of sample 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 number 10-30 based on the intensity
of the signal. 400 um spot size was chosen for each point and all samples were
scanned from 3 different points. Adjusted Ca/P ratio was calculated based on the
protocol described in a previous research in the literature (Lu, Campbell et al. 2000).
Statistical analysis of Ca/P ratio was done by Graphpad Prism 6 Software by
unpaired t-test for comparing two samples, and by One-Way ANOVA for comparing

more than two samples.
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3.3 Results and Discussion

3.3.1 Cloning, expression and purification

3.3.1.1 Cloning of proteins into prokaryotic expression vectors

ALP is an enzyme which converts organic phosphate into inorganic phosphate. CaP
mineral formation in bone cannot start before the formation of inorganic phosphate,
so, expression of ALP is the most fundamental requirement of the bone mineral
formation. The enzyme transfers phosphate group to Ser102 position of itself in
transition state, and generates inorganic phosphate by removing phosphate group at
this position. (Zhang, Yang et al. 2018) The bacterial ALP has a structural homology
with human ALP, and it has the same function. (Figure 3) (Herries 1981). Therefore,
the phoA gene-coding for the bacterial ALP was amplified from the genomic DNA of
the E. coli K-12 strain (Figure 4) with the primers listed in Table B1, and cloned into

the pET22b(+) plasmid. (Figure C1)
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ALRDSLSDKPAKNITLLIGDGMGDSEI TAARNYAEGAGGF FRGIDALPLTGOY THY ALME
LELQKLNTNVAKNVIMF LGDGMEYVSTVTAARILEGD - LHHMPGEETRLEMDEFPFVALSE
LELQKLNTNVAKNYIMF LGDGMEVSTWTAARILEGO - LHHNTGEETRLEMDKFPFVALSK
LRLQHLNQNVAKNLILF LGDGMGYVSTWVTAARILKGY - LOHRKGEESLLEMDEFPYVALAK

TaEPIYVTDSAASATAWSTEVETYNGALGYDIHE- - - - - - - - - -KDHPTILEMAKAAGL
TYNTHAQVPDSAGTATAY LCGVEANEGTVGYSAATERSRCNT TOONENVTS ILRWA K DAGE
TYNTHAVPDSAGTATAY LCGVEANEGTVGYVSAATERTRCNT TQGNENVTS ILRWAKDAGE
TYMTNAQVPDSAGTATAYLCGVEANEGTVEVSAGYTRORCNT TEGQEVT SILRMAK DEGK

ATGNVSTAELQDATRPAALVAHVTSRECYGPSATSEK CPGNALEKGGKGSITEQLLNAR- -

[Homo SVGIVTTTRVNHATPSAAYAHSADRDWYSDNE- - - -MPPEALSQGCKD- TAYQLMHNIRD
[Mus SVGIVTTTRVNHATRSAAYAHSADRDWYSDNE- - - -MPPEALSQGCKD- TAYQLMHNIED
[Gallus

AVGINTTTRVTHATPSAAYAHSANRDWYSDGE- - - -MPLDALEGGCKD- TARQLVDNIPD

Figure 3. ALP is a conserved enzyme and functions similarly in several organisms. Multiple
sequence alignment of ALP proteins from 4 selected organisms is performed by Clustal Omega and is

partially shown.

Figure 4. Amplification of phoA gene from bacterial genomic DNA. DH5a genomic DNA was
used as a template to amplify phoA gene. PCR reaction was performed according to the protocol of Q5

Polymerase (NEB). 2-log DNA ladder (NEB) was used for detection.
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Commercial plasmid contains 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 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 periplasmic space, the native periplasmic space localization signal of
ALP was removed. A GS linker was added between ALP and His-tag sequence in

order to provide flexibility to His-tag. (Figure 5, C1)

pelB ; 6His ALP —_—
T7 RBS T7 Term

Figure 5. Schematic diagram of ALP expression cassette. Native periplasmic space localization
sequence was replaced with pelB periplasmic space localization peptide. His-tag was added after pelB
to the N-terminal of the protein for detection of expression and purification. GS linker provide

flexibility to His-tag. T7 promoter and terminator were used for expression by T7 polymerase.

Synthesis of human proteins in bacterial platforms is widely used since bacterial cells
are easy to grow. However, codon bias, the difference in the tRNA abundance among
organisms, may cause the reduction in protein yield or even loss of protein
expression. (Plotkin and Kudla 2010) Therefore, codon optimization is necessary in
order to produce recombinant proteins in distant organisms. Synthetic human OCN
gene fragment was synthesized by Genscript Company (Table A1) in order to
prevent codon bias. Synthetic OCN gene was amplified by PCR (Figure 6), and
cloned into the pET22b(+) plasmid (data not shown), which contains 6x-His tag at

the 3' end of MCS.
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Figure 6. OCN gene was amplified by PCR. Synthetic OCN gene fragment was used as template in
PCR. PCR reaction was performed according to the protocol of Q5 Polymerase (NEB). 50 bp ladder

(NEB) was used for detection.

OCN is a ~10-kDa small soluble protein, and it could not be detected in Western blot
using 6x-his antibody (data not shown). Therefore, it was cloned into another vector,
pGEX-6P1 (Figure C2), which contains the glutathione S-transferase (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. (Kédkonen, Hellman et al. 1996) 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

7)
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Figure 7. Schematic diagram of OCN expression cassette. GST tag added to the N-
terminal of the protein for enhancing solubility, expression and purification. TEV
recognition site was inserted between GST and OCN for removing GST after expression.
His-tag was added to the C-terminal of the protein for detection of expression and

purification. T7 promoter and terminator were used for expression by T7 polymerase.

Compared to OCN, OPN is a large ~33 kDa soluble protein, and it can be produced
in bacteria recombinantly without any solubility-enhancing tag. Synthetic OPN gene
fragment was synthesized, amplified by PCR (Figure 8), and cloned into the
pET22b(+) plasmid. (Figure C3) 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

9)
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Figure 8. OPN gene was amplified by PCR. Synthetic OPN gene fragment was used as template in
PCR. PCR reaction was performed according to the protocol of Q5 Polymerase (NEB). 2-log DNA

ladder (NEB) was used for detection.

OPN m

T7 RBS T7 Term

Figure 9. Schematic diagram of OPN expression cassette. His-tag was added to the C-
terminal of the protein for detection of expression and purification. T7 promoter and

terminator were used for expression by T7 polymerase.

3.3.1.2 Verification of cloning

Restriction enzyme digestion, colony PCR and Sanger sequencing were performed
for verification of all cloning experiments. For restriction enzyme digestion of
pEt22b-ALP, HindIII-HF enzyme was used to cut candidate pEt22b-ALP constructs.

6500 bp expected band was observed for the last candidate. (Figure 10) This plasmid

30



was sent sequencing (Genewiz Company). Sequencing result was aligned with phoA
gene sequence at Geneious software. (Figure D1) Although sequence identity is 81%,
the proceeding experiments was performed with this plasmid since the first 1000 bp
matches 100%. The reduction in identity was due to the loss of effective reading after

1000 bp during sequencing.

Figure 10. Agarose gel electrophoresis image of pEt22b-ALP plasmid verification by restriction
enzyme digestion. Uncut plasmid was used as digestion control (Lane 2). 3 colonies was selected to
verify insertion of ALP into pEt22b by HindIII digestion (Lanes 3-5). Last plasmid in image has a
higher band (6500 bp vs. 5000 bp), which verifies insertion. The ladder was 2-log DNA ladder (NEB)

in Lane 1.

For restriction enzyme digestion of pGEX-6P1-OCN, EcoRI-HF and BamHI
enzymes were used to cut candidate pGEX-6P1-OCN constructs. 300-400 bp
expected band was observed for the last candidate. (Figure 11) This plasmid was

sent to sequencing (Genewiz Company). Sequencing results was aligned with OCN
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gene sequence at Geneious software (Figure D2) OCN gene fragment sequence

aligns with the sequencing results completely.

Figure 11. Agarose gel electrophoresis image of pGEX-6P1-OCN plasmid verification by
restriction enzyme digestion. Uncut plasmid was used as digestion control (Lane 2). 2 colonies was
selected to verify insertion of OCN into pGEX-6P1 by BamHI and EcoRI digestion (Lanes 3-4). Last
plasmid in image has a band (300-400 bp), which verifies insertion. The ladder was 2-log DNA ladder

(NEB) in Lane 1.

For restriction enzyme digestion of pEt22b-OPN, EcoRI-HF and BamHI enzymes
were used to cut candidate pEt22b-OPN constructs. 900 bp expected band was
observed for one of the candidate. (Figure 12) This plasmid was sent to sequencing
(Genewiz Company). Sequencing results was aligned with OPN gene sequence at
Geneious software. (Figure D3) OPN gene fragment sequence aligns with the

sequencing results completely.

32



Kilobases

10.0 -
80—

@ o
00 O
[N

Figure 12. Agarose gel electrophoresis image of pEt22b-OPN plasmid verification by restriction
enzyme digestion. Uncut plasmid was used as digestion control (Lane 2). One of the colonies was
selected to verify insertion of OPN into pEt22b by Notl and Xhol digestion (Lane 3). Last plasmid in
image has a band (900 bp), which verifies insertion. The ladder was 2-log DNA ladder (NEB) in Lane

1.

3.3.1.3 Overexpression of native and recombinant proteins in E. coli

The expression of ALP was induced by IPTG in 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 by pNPP phosphatase assay. The bacteria

containing no plasmid was used as negative control. (Figure 13)
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Figure 13. Phosphatase assay detects overexpression of ALP in transformed cells.
Overexpression of ALP in periplasmic extract of pET22b-ALP bacteria (A) compared to that of

control bacteria (B) after 4 hour IPTG (1 mM) induction at 200 RPM, 37 °C.

The expression of OCN and OPN was induced by IPTG in BL21 strain, and proteins

were extracted by standard lysis protocol (Figure 16,18)

3.3.1.4 Purification of recombinant proteins by affinity

chromatography and verification by Western Blotting

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 polyhistidine tag. (Figure 14, 15) The smaller fragment might
correspond to the periplasmic space-localized ALP, and the larger one could
correspond to the cytoplasmic fraction since 22 amino acid long pelB signal

fragment is cleaved after localization. (Singh, Sharma et al. 2013)
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Figure 14. Purification of ALP by IMAC detected by SDS-PAGE analysis. Lane 1 Page Ruler
(NEB) ladder, Lane 2 cell lysate, Lane 3 purified ALP. Purification was done by either Cobalt resin or

Ni-NTA resin.
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Figure 15. Purification of ALP by IMAC detected by Western blot analysis. Lane 1 Page Ruler
(NEB) ladder, Lane 2 purified ALP. Detection was done by anti-his-tag primary antibody, HRP-

conjugated secondary antibody and ECL substrate.

For purification of GST-OCN fusion protein, immobilized metal affinity

chromatography (IMAC) method was used (Figure 16) Then, the GST-OCN fusion
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protein was cleaved with TEV protease, and GST was removed with the GST

binding resin. (Figure 16) The purification was detected by SDS-PAGE and Western

blot analysis. (Figure 16, 17)

180kD 180kD
130kD
130kD 100kD
100kD 70kD
T0kD 55KD
55kD 40kD 40kD
40kD 35kD
25kD
35kD 25kD
25kD 15kD
15kD
15kD 10kD
4.6kD

10kD

Figure 16. Purification of OCN detected by SDS-PAGE. Image 1: Lane 1 Page Ruler (NEB)
ladder, Lane 2 cell lysate, Lane 3 purified GST-OCN (36 kD). Purification was done by either Cobalt
resin or Ni-NTA resin. Image 2: Lane 1 Spectra Low Range (NEB) ladder, Lane 2 GST (26 kD) and
OCN (10 kD) were cut by TEV protease. Image 3: Lane 1 Page Ruler (NEB) ladder, Lane 2 OCN (10

kD), Lane 3 GST (26 kD). Purification was done by GST bind resin.
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Figure 17. Purification of OCN by IMAC detected by Western blot analysis. Image 1: Lane |
Page Ruler (NEB) ladder, Lane 2 purified GST-OCN (36 kD). Image 2: Lane 1 Spectra Low Range
(NEB) ladder, Lane 2 GST-OCN (36 kD), GST (26 kD) and OCN (10 kD). GST-OCN were cut by
TEV protease. Detection was done by anti-his-tag primary antibody, HRP-conjugated secondary

antibody and ECL substrate.

OPN was expressed in the E. coli BL21 (DE3) strain using IPTG induction.
Following 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 18, 19) 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. (Denhardt and

Guo 1993)

37



180kD
130kD

100kD
70kD

S5kD

40kD

35kD

25kD

15kD

Figure 18. Purification of OPN by IMAC detected by SDS-PAGE analysis. Lane 1 Page Ruler

(NEB) ladder, Lane 2 cell lysate, Lane 3 purified OPN. Purification was done by either Cobalt resin or

Ni-NTA resin.
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Figure 19. Purification of OPN by IMAC detected by Western blot analysis. Lane 1 Page Ruler
(NEB) ladder, Lane 2 purified OPN. Detection was done by anti-his-tag primary antibody, HRP-

conjugated secondary antibody and ECL substrate.
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3.3.2 Effect of recombinant proteins on enzyme Kinetics

The Michaelis-Menten kinetics relates reaction velocity of the enzyme to substrate
concentration. In order to apply the Michaelis-Menten kinetics to a reaction,
Substrate (S) should bind reversibly to the Enzyme (E), form an enzyme-substrate
(ES) complex, and generate the free enzyme E and product P. V.« represents the
maximum velocity achieved by the system, at maximum (saturating) substrate
concentrations. K, (the Michaelis constant) is the substrate concentration at which
the reaction velocity is 50% of the Vin.x. (Johnson and Goody 2011)

In this study, the effect of OCN and OPN proteins on the enzyme activity of ALP
was studied by commonly used phosphatase assay. In this assay ALP converts
organic phosphate (pNPP) into inorganic phosphate (pNP), which results a yellow
color. The intensity of this color correlates with the enzymatic activity and is
detected by absorbance measurement at 405 nm in spectrophotometer. I performed
Michaelis-Menten kinetic analysis in the presence of OCN and OPN to understand if
these proteins affect ALP activity or not. According to the results of kinetic analysis,
Vmax did not altered, but k,, increased when OCN and OPN was added to the reaction.
(Figure 20) Since vmax did not change, I concluded that ALP enzymatic activity was
not affected by the presence of OCN and OPN. ALP still conserves its secondary
structure and exerts its activity on phosphate conversion. The increase in k,, indicates
that OCN and OPN bind to organic phosphate and reduce the chance of ALP to
interact with this molecule. In other words, a higher concentration of substrate was

required to reach the enzyme to half-maximum velocity.
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Figure 20. Michaelis-Menten kinetic analysis of ALP activity in the presence of OCN and OPN.
A. ALP activity in the presence of OCN or OPN. B. V., and K., of ALP in the presence of OCN or
OPN. K, (uM), 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. v, and k;;, of ALP in the
presence of OCN and OPN. K,,,, the reaction rate constant, increased in the presence of varying
concentrations of OCN and OPN. V... (1M pNP/min) is constant for all cases. 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
ALP only group (B-D). V,.x was not statistically significant while k,, significantly increased for all

groups.

In the presence of 1 U ALP and 0.5 uM OCN or OPN, £, increased 1.4- and 1.5-
fold, respectively. (Figure 20) 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
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U ALP and varying concentrations of OCN and OPN, the same effect can be
observed. (Figure 20) In the presence of 1 uM OCN and 0.1 uM OPN, £, increased
1.8-fold. When the OCN concentration was decreased to 0.5 uM and the OPN
concentration was increased to 0.5 uM, k,, increased 2-fold. When the OCN
concentration was further decreased to 0.1 uM and the OPN concentration was
increased to 1 uM, k,, increased more dramatically (2.9-fold) supporting the idea of
OPN being more effective in the competitive binding to organophosphate.

In summary, vyax Was not altered, 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.

3.3.3 Secondary structure analysis

CD measures the emission of UV light from the proteins and each structural element
(a helix, B-sheet, turns, random coils) in a protein gives a characteristic excitation in
spectrum. Therefore, secondary structure of proteins can be determined by CD
easily. (Micsonai, Wien et al. 2015)

In order to observe the structural elements in OCN and OPN, I performed CD
analysis. In addition, I added calcium, organic and inorganic phosphate on each
protein in order to analyze the structural changes of the proteins upon interaction
with these molecules. (Figure 21) The analysis was done at 37 °C and pH 7.4 to
understand the structural characteristics in physiological conditions. In order to
analyze the spectrum, Bestsel online tool was used and percentage of each structural

element was calculated (Table G1, Figure G1). (Micsonai, Wien et al. 2015)
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a-helices, anti parallel B-sheets and turns was observed in OCN secondary structure.
OCN-calcium interaction increased the degree of compact structures. The percentage
of helices and anti parallel B-sheets was increased while the percentage of turns was
decreased. (Figure 21, Table G1, Figure G1) The increase in compact structures
could be explained by the interaction of OCN and calcium. Hauschka et al. have
shown that helix content of native chicken osteocalcin was increased 30% and the
helix content of decarboxylated chicken osteocalcin was increased 8%. (Hauschka
and Carr 1982) The increase of helix content in our recombinant osteocalcin was
3.4%. This could be due to the lack of carboxylation. Although the effect of Ca®" and
other cations on the secondary structure of OCN was extensively studied (Wians,
Krech et al. 1983; Dowd, Rosen et al. 2001), 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 upon these interactions. In this study, the interactions of
OCN with organic and inorganic phosphates were also studied. While the interaction
of OCN with organic phosphate resulted in no change in the protein structure, the
interaction of OCN with inorganic phosphate disrupted secondary structure. (Figure
21, Table G1, Figure G1) According to enzyme kinetics and CD spectroscopy
results, OCN-organic phosphate interaction occurred without any conformational
change. (Figure 20) On the other hand, OCN-inorganic phosphate interaction altered
the secondary structure of the protein, the helices were largely disrupted and more
anti-parallel B-sheets were formed. (Figure 21, Table G1, Figure G1)

OPN formed a-helices, anti parallel B-sheets and turns in addition to random coils.
Upon addition of Ca®", secondary structure of OPN was largely conserved. (Figure
21, Table G1, Figure G1) The conservation of secondary structure implies that the

interaction of Ca®" and OPN is not via compact domains but via flexible unstructured

42



domains, which are mainly D-rich HAP binding domain and ASARM peptide
(Kazanecki, Uzwiak et al. 2007; Hunter, O’Young et al. 2010) Upon addition of 3-
GP, the secondary structure of the protein was slightly changed, but the anti-parallel
B-sheet structures were still conserved. (Figure 21, Table G1, Figure G1) Because the
interaction of OPN with B-GP was resulted in protection of the secondary structure,
OPN interacts with B-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 20) Upon addition of HPOA4%, the a-
helical and parallel B-sheet contents of the protein increased while anti-parallel 3-
sheet content decreased. (Figure 21, Table G1, Figure G1) These changes may be
due to an interaction that stabilizes the protein.

Gorski et al. has previously studied secondary structure of rat OPN in the presence
and absence of Ca”". They have found that low concentrations of OPN showed
random coil conformation, while high concentrations of OPN had helices, -sheets
and turns (29,24,17%, respectively). (Gorski, Kremer et al. 1995) 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. (Gericke, Qin et al. 2005; Kazanecki, Uzwiak et al. 2007) For instance,
phosphorylation of serine at LKFRISHEL sequence disrupt B-sheet structure.
(Kazanecki, Uzwiak et al. 2007) Absence of phosphorylation may be the reason why
some compact structures were observed in our system.

Kazanecki et al. was predicted 2 B-sheet regions in the secondary structure of OPN:
SVVYGLR and LKFRISHEL. (Kazanecki, Uzwiak et al. 2007) Positively charged

residues in these regions (K, R, H) may contribute to increase in -sheet content
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upon addition of HPO4?", Positively charged residues are probably neutralized in the
presence of HPO4>, makes these regions more compact and stabilize B-sheets.

Both OCN and OPN bind to B-GP without any significant conformational change, as
the proteins affected ALP enzymatic activity through competitive binding. (Figure
20) The helical structures in OCN was disrupted upon HPO4% 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 20) due to the disruption in the secondary structure of OCN.
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Figure 21. CD spectrum measurement for secondary structure analysis of OCN and OPN in the
presence of biomineralization molecules. A.OCN helical and anti parallel structures was increased
following the addition of Ca**. B-C. a-helical structure of OCN is disrupted in the presence of
inorganic phosphate, not organic phosphate. D. Secondary structure of OPN following the addition of
Ca®" is largely conserved. E-F. OPN becomes more compact in the presence of inorganic phosphate,

not the organic phosphate.
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3.3.4 Effect of recombinant proteins on ALP-mediated 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 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. (Gungormus, Fong et al. 2008) The
initialization of crystal formation was recorded, the differences between groups were
differentiated, and k,pservanie 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 rate among groups.

3.3.4.1 Effect of OCN on ALP activity

3.3.4.1.1 Spectrophotometric measurements

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
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rates of ALP and the different concentrations of OCN. (Figure 22, 26) However,
when ALP was added after the BB, the reaction rate was significantly reduced upon
increasing concentrations of OCN. (Figure 23, 26) The biomineralization reaction
starts when the two essential components are combined; ALP and the BB. ALP
converts B-GP to P;, and these inorganic phosphates interact with the Ca”" ions in the
solution to form initial CaP crystals. (Siller Alejandro and Whyte Michael 2017)
First, amorphous CaP aggregates are formed till 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 compounds. (Birkedal
2017) When the BB was added before ALP and OCN, OCN has time to interact with
Ca®" ions in the solution. The interaction of OCN with Ca”" ions increased a-helices
and anti-parallel B-sheets. (Figure 21, Table G1, Figure G1) Binding of OCN to Ca®"
not only decreased the number of free Ca®" ions, but it also delayed formation of
critical size nuclei and reduced the reaction rate. (Figure 23, 26)When the BB was
added after ALP, P;ions started to form before the interaction of OCN with the Ca*
ions because the P; ions disrupted the helical structure of OCN. (Figure 21), the
affinity of OCN to Ca®" ions was lowered. Consequently, OCN cannot delay critical

size nuclei formation, and the crystal formation reaction hastens. (Figure 22, 26)
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Figure 22. In vitro biomineralization in the presence of ALP and OCN-P;. A. Initial mineral
formation was detected by spectrophotometer when OCN and ALP were added into the reaction
before BB (Ca”" and p-GP). Initial mineral formation rate was calculated based on first 30 minutes of
mineral formation. The legends in the first graphic are also valid for the columns in Kpgervanie graphic.
Statistical analysis was performed in Graphpad Prism software by One-Way ANOVA. BB: 24 mM
CaCly, 14.4 mM B-GP, 25 mM Tris-HCI (pH=7.4) ALP (5 U), 1 mM MgCl, used for each reaction.

All samples are in 25 mM Tris-HCI, pH=7.4.
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Figure 23 In vitro biomineralization in the presence of ALP and OCN-Ca®*. A. Initial mineral
formation was detected by spectrophotometer when OCN and BB Ca2+ and -GP) were added into
the reaction before ALP. Initial mineral formation rate was calculated based on first 30 minutes of
mineral formation. The legends in the first graphic are also valid for the columns in Kpservabie graphic.
Statistical analysis was performed in Graphpad Prism software by One-Way ANOVA. BB: 24 mM
CaCl,, 14.4 mM B-GP, 25 mM Tris-HCI (pH=7.4) ALP (5 U), 1 mM MgCl, used for each reaction.

All samples are in 25 mM Tris-HCL, pH=7.4.

47



3.3.4.1.2 Electron microscopy imaging

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 24, 26) The decrease in crystal size was
quantified by ImagelJ software by measuring the crystal area of 20 (ALP) and 18
(ALP and OCN) crystals. The average crystal size decreased from 2.17 pm? to 0.44
um? and the standard error of the mean (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 24, 26)
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Figure 24. Electron microscopy imaging of in vitro biomineralization in the presence of ALP and OCN. A. SEM imaging of mineral formation in the presence
of ALP after 24 h of incubation at 37 °C. B. SEM imaging of mineral formation in the presence of ALP and OCN after 24 h of incubation at 37 “C. A-B. Scale bars
represent | um. C. 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. BB: 24 mM CaCl,, 14.4 mM B-GP, 25 mM Tris-HCI (pH=7.4) ALP (5 U), 1 mM MgCl, used for each reaction.

All samples are in 25 mM Tris-HCI, pH=7.4.
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3.3.4.1.3 Elemental Analysis

In order to analyze crystallinity of the minerals, the surface Ca:P ratio was calculated
based on the XPS measurements. XPS is based on scanning the micro focused x-ray
beam across the sample surface. Exciting a sample surface with mono-energetic Al
ka x-rays causes photoelectrons to be emitted from the sample surface. The energy of
the emitted photoelectrons is measured and from the binding energy and intensity of
a photoelectron peak, the elemental identity, chemical state, and quantity of a
detected element can be determined.

Higher Ca:P ratio is an indicator of higher degree of crystallinity in CaP crystals.
(Birkedal 2017) 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 25, 26) 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. (Wang and
Nancollas 2008) Therefore, EDS analysis was performed to analyze crystallinity of
the minerals. (Figure 25, 26) However, the difference cannot be observed. The inner
layers are not more crystalline than the surface. So, it was 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 at mineral surfaces.

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 by the
time compared to the initial phase (pH 7.4). (Isbell, Du et al. 1993) H" ions bind to

negatively charged residues on OCN and OCN becomes more compact due to
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neutralization of the charges. (Hunter 2013) When OCN becomes more compact, a-
helical content is promoted, although to a lesser extent compared to Ca®" binding.
(Hunter 2013) 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. (Hunter 2013)

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. (Hauschka and Carr 1982)

Although some studies suggest that inhibition of crystal growth in the presence of
OCN diminished upon decarboxylation (Romberg, Werness et al. 1986), others
support the idea that decarboxylation is reduced the effect of OCN to inhibit crystal
growth. (Hauschka and Carr 1982) Our results 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.
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Figure 25. 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 and EDS, respectively. 3 points with 400 um spot size were
selected for XPS scanning. Unpaired t-test was performed to analyze statistical significance. 5-6

points were selected EDS analysis. One-Way ANOVA was performed to analyze statistical

significance.
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GP).

53



3.3.4.2 Effect of OPN on ALP activity

3.3.4.2.1 Spectrophotometric measurements

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 lastly to the reaction mixture, the reaction started
earlier and occurred faster in the presence of OPN compared to ALP only condition.
(Figure 27, 28) One possible explanation is OPN can interacts to both Ca”" and P;
ions, but it has a higher affinity to P; ions. Because P; helps to conserve the compact
structures of OPN (Figure 21), OPN sequesters more P; ions, and this hastens the
reaction. On the other hand, when ALP is added lastly to the reaction mixture, OPN
first interacts with Ca>" ions, not the P;ions. This interaction prevents OPN to be
more compact when P; is formed after addition of ALP. (Figure 21) Upon the
addition of ALP, P; formation starts, but P; can no longer interacts with OPN or
affinity of OPN to P; was lowered. (Figure 27) Ergo, the reaction started later
compared to the former case. (Figure 28) Subsequently, the reaction rate was
calculated from the slope of the reaction curve (first 30 minutes 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 27, 28)
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Figure 27. In vitro biomineralization in the presence of ALP and OPN-Ca*". Initial mineral
formation was detected by spectrophotometer when BB and OPN added into the reaction before ALP.
Initial mineral formation rate was calculated based on first 30 min of mineral formation. (Error bars
represents N=3 = SEM.) The legends in spectrophotometry measurement graphic are also valid for
the columns in Kopservanle graphics. Statistical analysis was performed in Graphpad Prism software by
One-Way ANOVA. BB: 24 mM CaCl,, 14.4 mM B-GP, 25 mM Tris-HCI (pH=7.4) ALP (5 U), 1 mM

MgCl, used for each reaction. All samples are in 25 mM Tris-HCIl, pH=7 4.
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Figure 28. In vitro biomineralization in the presence of ALP and OPN-P,. Initial mineral
formation detected by spectrophotometer when ALP and OPN added into the reaction before
BB. Initial mineral formation rate was calculated based on first 30 min of mineral formation.
(Error bars represents N=3 + SEM.) The legends in spectrophotometry measurement graphic
are also valid for the columns in Kopservanie graphics. Statistical analysis was performed in
Graphpad Prism software by One-Way ANOVA. BB: 24 mM CaCl,, 14.4 mM B-GP, 25 mM
Tris-HCl1 (pH=7.4) ALP (5 U), 1 mM MgCl, used for each reaction. All samples are in 25

mM Tris-HCI, pH=7.4.
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3.3.4.2.2 Electron microscopy imaging

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 29) The crystal size was quantified by
Imagel software by measuring the crystal area of 14 (ALP) and 21 (ALP and OPN)
crystals. The average crystal size was 3.8 pm” and 3.4 um” and the SEM was 0.52
um? and 0.31 pm?, respectively. Unpaired t-test analysis revealed no significant

difference. Early and late phases of crystal formation was illustrated in Figure 31.
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Figure 29. A.SEM imaging of mineral formation in the presence of ALP after 24 h of incubation at 37 °C. B. SEM imaging of mineral formation in the presence of
ALP and 3 uM OPN after 24 h of incubation at 37 °C. A-B. Scalebars represent 1um. C. 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.
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3.3.4.2.3 Elemental Analysis

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 uM. (Figure 30,
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 34) Ca:P ratio was reduced in

the presence of OPN, same as the XPS analysis.
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Figure 30. 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. 3 points with 400 um spot size are selected for scanning.

ONE-WAY ANOVA was performed to analyze statistical significance of each sample compared to

ALP.

Our results consistent with the literature that unphosphorylated OPN does not inhibit

mineralization reaction. (Gericke, Qin et al. 2005) Yet, it hastened mineralization in
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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 (Kaartinen, Pirhonen et al. 1999).
Upon crosslinking, OPN forms aggregates which can induce mineralization event.
(Kazanecki, Uzwiak et al. 2007) Promotion of nucleation was achieved in another
study by using high concentrations of nonphosphorylated OPN peptide (NPP).
(Wang, Guan et al. 2008) This peptide is highly negatively charged containing 7
aspartic acid and 1 glutamic acid residue. 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. (Wang, Guan et
al. 2008) 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. (Kaartinen, Pirhonen et al. 1999; Wang and Nancollas 2008)
Contrary to OCN, OPN has no effect on crystal size, suggesting it does not alter
crystal growth. (Figure 29) The results are consistent with literature, where
nonphosphorylated OPN has no effect on crystal growth inhibition. (Ohri, Tung et al.
2005; Kazanecki, Uzwiak et al. 2007; Wang, Guan et al. 2008; Hunter, O’ Y oung et

al. 2010; Hunter 2013)
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Figure 31. Illustration of initial and late phases of CaP crystal formation in the presence of ALP only, and both ALP and OPN.
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3.3.4.3 Effect of combination of OCN and OPN on ALP activity

3.3.4.3.1 Spectrophotometric measurements

To observe the combined effects of OCN and OPN on biomineralization, a protein
titration experiment was performed. 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 P;-bound OPN should increase the reaction rate. In the reaction set-up,
the BB contains both Ca®" and B-GP, and after being added to the buffer, proteins
immediately interact with the ions. In the presence of OCN, reaction rate was
decreased compared to ALP only. (Figure 32) In the presence of OPN, reaction rate
did not change but reaction started earlier. (Figure 33) When OCN and OPN was
used together, reaction started earlier compared to ALP only condition but later
compared to OPN. (Figure 32, 33) In addition, reaction rate decreased compared to
ALP only condition. It means OCN still delays crystal formation and OPN still
hastens reaction. (Figure 32, 33) The effects of two proteins can be used in single

reaction. Early and late phases of crystal formation was illustrated in Figure 35.
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Figure 32. In vitro biomineralization in the presence of ALP and varying concentrations of
OCN and OPN. Initial mineral formation detected by spectrophotometer. Initial mineral formation
rate calculated based on first 40 min of mineral formation (ONE-WAY ANOVA). BB: 24 mM CaCl,,
14.4 mM B-GP, 25 mM Tris-HCI1 (pH=7.4) ALP (5 U), 1 mM MgCl, used for each reaction. All

samples are in 25 mM Tris-HCI, pH=7 4.
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3.3.4.3.2Electron microscopy imaging

Figure 33. SEM imaging of mineral formation after 24 h of incubation at 37 °C in the presence of
ALP only, ALP and 3 uM OPN, ALP and 1 uM OCN, and ALP, combination of, 3 uM OPN and

1uM OPN, respectively. Scalebars represents 1 pm.
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3.3.4.3.3Elemental Analysis

After 24 hours, SEM imaging and EDS analysis 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 34)
Moreover, the surface CaP ratio of commercial HAP (Sigma) was calculated as a
positive control. The crystallinity of biominerals formed in our in vifro system was
higher than that of commercial HAP (Figure H1), and biominerals synthesized in
this system can be a promising alternative for osteoblast differentiation and tissue

regeneration. (Figure 1)
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Figure 34. Ca:P ratio of the minerals formed in the presence of ALP and OCN after 24 h of
incubation at 37 °C detected by EDS. 5-6 points were selected EDS analysis. One-Way ANOV A was

performed to analyze statistical significance.
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Figure 35. Illustration of initial and late phases of CaP crystal formation in the presence of ALP only, and ALP, OCN and OPN.
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4 CHAPTER III: ENGINEERING CELLS FOR

BIOMINERALIZATION

4.1 Objective

Synthetic biology enabled cloning of genes from one cell to another, even one
organism to another. By this way, reprogramming cells to behave in a different
manner became possible. The very popular and exciting example of this is the IPSCs
(Induced Pluripotent Stem Cells), in which fibroblasts cells reprogrammed to stem
cell state by defined stem cell factors, namely Yamanaka factors. In this study,
pluripotent stem cells directly generated from fibroblast cultures by the introducing
four factors, Oct3/4, Sox2, c-Myc, and Klf4. (Takahashi and Yamanaka 2006)
Similarly, differentiation of embryonic mesenchymal cells to odontoblast-like cells
achieved by overexpression of DMP1 (dentin matrix protein 1), an extracellular
matrix protein plays important role in biomineralization of bone and dentin.
(Narayanan, Srinivas et al. 2001) These examples show that reprogramming a cell to
behave like another cell is possible. Another example from literature that support this
phenomena is the comparison of the calcifying vascular smooth muscle cells (C-
VSMCs) and osteoblasts. Trans-differentiation of VSMCs into C-VSMCs is a
pathological condition associated with cardiovascular disease and mortality. The
researchers found that VSMC keeps their own identity during ectopic calcification
while using mechanisms that osteoblasts use to mineralize. (Alves, Eijken et al.

2014) Based on the information provided from these researches, it is possible to
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achieve biomineralization without changing the properties of the host cell by
inducing expression of biomineralization-related proteins.

In this part of my thesis project, I am working on programming non-biomineral
formation cells for biomineral formation. I have chosen Human Embryonic Kidney
Cell Line (HEK293), since they are very easy to grow and transfect very readily, and
I have chosen OCN and OPN proteins since they are most abundant noncollagenous
proteins in ECM of bone tissue. Transfection of mouse derived OCN and OPN genes
was done to achieve differentiation-free bone mineral formation in HEK293 cells. |
achieved expression of OCN and OPN proteins in HEK293 cells. Expression of these
proteins can lead to formation of mineralized ECM in appropriate conditions.
Combination of OCN/OPN expression cell line with an inorganic scaffold or with

osteogenic medium (OM) is a promising route for the generation of a cell based

bone-like scaffold.

4.2 Materials and Methods

4.2.1 Cell Lines

Human embryonic kidney cells (HEK 293, ATCC) were cultivated in DMEM
(Lonza) containing 2 mM L-glutamine, 4.5 g/L glucose, 10% FBS (Gibco, South
America origin), penicillin (5000 U/mL) and streptomycin (100 mg/mL) (Gibco) in

5% CO;, humidified incubator at 37°C (Binder).

67



Mouse pre-osteoblast cells (MC3T3, ATCC) were cultivated in a-MEM (Lonza)
containing 2 mM L-glutamine, 10% FBS, penicillin (5000 U/mL) and streptomycin

(100 mg/mL) in 5% CO2 humidified incubator at 37°C (Binder).

4.2.2 Differentiation of Pre-Osteoblast Cells

Osteogenic Medium (OM) (50 pg ascorbic acid, 10 mM B-GP in a-MEM Growth
Medium) was prepared freshly. MC3T3 pre-osteoblast cells were cultured for 14
days in OM. OM was renewed for every 2-3 days. After 14 days, the cells were

resuspended in Trizol and RNA isolation was performed.

4.2.3 Plasmid construction

Mouse osteoblast cDNA Library was synthesized by iScript cDNA Synthesis Kit
(Biorad) Mouse osteocalcin (mOCN) and mouse osteopontin (mOPNa) cDNAs were
amplified by the primers listed in Table B1 from total RNA of differentiated MC3T3
cells. 6X-Histidine tags were added to the C-terminals by the reverse primers. 22 bp
overhangs added both N- and C-terminals complementary to the vector. pPCDNA3
GFP LIC cloning vector (6D) was a gift from Scott Gradia (Addgene plasmid #
30127). GFP was removed from the vector with restriction enzymes HindIII (NEB)
and Xbal (NEB). PCR amplified mOCN (477 bp) and mOPNa (948 bp) cDNAs were
cloned into linearized pCDNA3 vector by Gibson Assembly (NEB Gibson assembly
kit) The assembly product was transformed into DH5a chemically competent cells

according to the protocol described 3.2.1, and incubated at 37 °C for 16 hours.
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Positive colonies was selected and digested with HindIII and Xbal. Positive clones
was verified by sequencing. pCDNA3-GFP, pCDNA3-mOCN and pCDNA3-

mOPNa plasmids were isolated by midi-prep plasmid isolation kit (Qiagen).

4.2.4 Transfection

HEK293 cells were seeded in 24 well plate at a concentration of 10° cells/well 24
hours prior to transfection. The cells were incubated in 5% CO, incubator at 37 °C in
growth medium. After the cells reach 60-70% confluency, they were transfected with
addition of Polyetylenimine (PEI) (Polyscience 23966-1) and one of the plasmids;
pCDNA3-GFP, pCDNA3-mOCN and pCDNA3-mOPNa. Briefly, 500 ug DNA was
mixed with 50 ul serum-free DMEM, 1500 pg PEI was mixed with 50 ul serum-free
DMEM. DNA containing medium was added on PEI containing medium and they
were mixed by gentle pipetting. The mix was incubated at room temperature for 20
min before adding on cells. After transfection, the cells were transferred into 5% CO,

incubator and allowed to express proteins for 24-72 hours.

4.2.5 mRNA and protein isolation

500 pl Trizol was added on each well of 24 well plate. The cells were stored at -80°C
until isolation. Before isolation, samples were thawed and 100 pl chloroform was
added on cells. Chloroform added samples were mixed and the samples incubated at
room temperature for 2-3 min. Then, the samples were centrifuged at 15000 RPM for

15 min at 4 °C.
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For RNA extraction, aqueous phase was carefully removed and 500 pl isopropanol
was added to precipitate RNA. The samples were incubated at RT for 10 min and
were centrifuged at 15000 RPM for 10 minutes at 4 °C. The supernatant was
carefully discarded. The pellet was washed with 750 pl 75% EtOH and was
centrifuged at 8000 RPM for 8 min. The supernatant was carefully discarded. The
pellet was washed with 750 ul 99% EtOH and was centrifuged at 8000 RPM for 8
min. The supernatant was carefully discarded and the samples were allowed to dry at
room temperature for 5-10 min. RNA pellet was dissolved in 30 pl ddH,O and
concentration was measured by Nanodrop spectrophotometer.

For protein extraction, 150 ul 99% EtOH was added on Trizol containing fraction to
precipitate DNA. The samples were mixed and incubated at room temperature for 2-
3 min. Then, the samples were centrifuged at 4600 RPM for 5 min at 4 °C. Aqueous
phase was taken and proteins were precipitated with 750 ul isopropanol. The samples
were incubated at room temperature for 10 min and were centrifuged at 15000 RPM
for 10 min at 4 °C. The supernatant was carefully discarded. The protein pellet was
washed 3 times in 1 ml 0.3 M Guanidine Hydrochloride in 95% ethanol for 10 min
incubation at room temperature for each. The protein pellet was washed in 1 ml 99%
EtOH and was incubated at room temperature for 10 min. The supernatant was
carefully discarded and the pellet was allowed to dry at room temperature for 5-10
min. The precipitated proteins were stored at -80 °C and were dissolved in 100 pl 8M

Urea, 1% TritonX-100 prior to loading SDS gel.
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4.2.6 Quantitative Real Time PCR (qRT-PCR)

cDNA synthesis was performed with 1000 ng mRNA by using iScript cDNA
Synthesis Kit (Biorad). Thermocycling conditions were as followed: 25° C 5 min, 46°
C 20 min, 95° C 1 min, 4° C Hold. cDNA samples were diluted in 1:10 ratio with
ddH,O prior to qRT-PCR. 200 nM Forward and Reverse Primers were used for each
reaction. Primer sequences, amplicon lengths and annealing temperatures were listed
in Table B2. 1Q Supermix (Biorad) was used to amplify DNA by using the following
thermocycling conditions: 95° C 3', (95° C 10", 63 ° C (GAPDH) / 57 °C (OCN) / 60
°C (OPN) 10-45", 72° C 30", Plate Read, *39X), 95° C 10", (Melt Curve: 65-95° C
Increment: 0.5° C), Plate Read 5". Amplicon size 70-150 bp: annealing/extension

time: 10". Amplicon size >250 bp: annealing/extension time 45".

4.2.7 Immunocytochemistry (ICC)

HEK 293 cells were transfected with mOCN or mOPNa plasmids with PEI at 80-
90% confluency. After 24 hours, the cells were detached and diluted in 1:10 ratio.
Diluted cells were seeded on microscope glass coverslips (autoclaved) and incubated
for 48 hrs at 37 °C CO, incubator. Medium was aspirated and cells were washed with
1X PBS, fixed with -20 °C fresh cold EtOH, washed 3*3 min with 1X PBS,
permeabilized with 0.2% TritonX 100 in 1X PBS, and washed 3*3 min with 1X
PBS. Blocking was done for 1 hr at room temperature with FBS (Fetal Bovine
Serum), primary antibody incubation was done for 1 hr at room temperature in moist
environment with sealing, wash was done 3*3 min with 1X PBS, secondary antibody

incubation was done overnight at +4 °C in moist environment with sealing, wash
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was done 3*3 min with 1X PBS. Images were taken in 1X PBS with an upright

fluorescent microscope.

4.3 RESULTS AND DISCUSSION

4.3.1 Cloning, expression and purification

4.3.1.1 Generation of osteoblast cDNA library

Mouse pre-osteoblast cell line MC3T3 was used to express OCN and OPN proteins.
MC3T3 cells were thawed from DMSO stock and passaged prior to differentiation.
They were differentiated for 14 days in OM. Verification of differentiation was done
by Alizarin Red Staining since it binds to Ca" ions deposited on ECM. (Gregory,
Grady Gunn et al. 2004) Alizarin Red staining performed after incubation in
osteogenic medium for 14 days. (Figure 37) After verification, the cells were

resuspended in Trizol for RNA isolation.
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Figure 36. Differentiation of MC3T3 cells for osteoblastic gene expression. Alizarin Red Staining
indicates CaP crystal formation of MC3T3 cells differentiated in osteogenic medium for 14 days.

Scalebar represents 100 pm.

Total RNA was subjected to cDNA synthesis and a cDNA library was created.

mOCN and mOPNa cDNA was amplified by primers listed in Table B1.

4.3.1.2 Cloning mOCN cDNA into mammalian expression plasmid

For cloning mOCN and mOPNa genes into pCDNA3 plasmid, design was done in
Benchling platform. (https://benchling.com/editor) Kozak sequence was added to the
5' of the gene fragment after HindlIII cut site and Kpnl cut site was inserted between
Kozak sequence and mOCN gene fragment. EcoRI cut site, GS linker and 4X-his tag
was added to the 3' of the mOCN cDNA. HindIII and Xbal cut sites in MCS were

chosen for backbone linearization. (Figure 38, 42)
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mocN -IGSI-EITE

CMV RBS BGH

Figure 37. Schematic diagram of mOCN expression cassette. Kozak translation initiation
sequence was added for enhanced expression. His-tag was added after a GS linker to the C-terminal of
the protein for detection of expression. GS linker provides flexibility to His-tag. CMV promoter and

BGH terminator were used for constitutive mammalian gene expression.

First, mOCN was amplified by PCR from cDNA library and the reaction was run by
agarose gel electrophoresis. (Figure 39) Expected bands were extracted from agarose
gel by gel extraction method (MN) and mOCN PCR amplicon was used for cloning

into linearized pCDNA3 plasmid (HindIII-Xbal). (Figure 40)
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Figure 38. mOCN gene was amplified by PCR. mOCN cDNA was used as template in 2-step PCR.

PCR reaction was performed according to the protocol of Q5 Polymerase (NEB). 2-log DNA ladder
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(NEB) was used for detection. Tm1= 53-62 °C (55 °C best), Tm2= 82 °C. All temperatures worked.

Lane 1: 2 log DNA Ladder (NEB) Lane 2-6: Gradient PCR reactions.

For insertion of mOCN and mOPNa ¢cDNAs, eGFP (800 bp) was removed from the
plasmid. The plasmid was digested with Xbal for 2 h and with HindIII for 1.5 h.
2000 ng plasmid was used in 100 ul reaction. Efficiently cut 800 bp insert visible.

Linearized pCDNA3 cut fragment was extracted from agarose gel for cloning.

08~

06—

Figure 39. Linearization of plasmid vector pCDNA3-eGFP with HindIII and Xbal digestion.

Lane 1 2-log DNA Ladder (NEB), Lane 2-3 double digested plasmid, Lane 4 uncut plasmid control.

For cloning mOCN c¢cDNA, Gibson assembly method was used. 1:1 vector: insert
ratio was not successful. (Data not shown) 1:5 vector: insert ratio was used for
cloning since mOCN is a small fragment (~300 bp). Reaction performed at 50 °C for
1 h and directly transformed to DH5a competent cells. Selected colonies were

inoculated in LB medium for 16 h and subjected to plasmid isolation. Restriction
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enzyme digestion was performed with EcoRI and Kpnl enzymes and 300 bp mOCN
fragment was observed. 5 colonies were selected for verification of cloning. 4 cuts
were successful, 300 bp insert is visible for each. (Figure 41) Purified plasmids were
sent to sequencing and one of the clones were selected for further use. Sequencing

results were shown in Figure D4.

Figure 40. Verification of mOCN-pCDNA3 Gibson Assembly. Restriction enzyme digestion was
performed with EcoRI and Kpnl. Lane 1: Ladder, Lane 2: uncut plasmid for 1st colony, Lane 3:
Double digested plasmid. Lane 4: uncut plasmid for 2nd colony, Lane 5: Double digested plasmid.
Lane 6: uncut plasmid for 3rd colony, Lane 7: Double digested plasmid. Lane 8: uncut plasmid for 4th
colony, Lane 9: Double digested plasmid. Lane 10: uncut plasmid for 5th colony, Lane 11: Double

digested plasmid.

4.3.1.3 Cloning mOPNa cDNA into mammalian expression plasmid

Then, mOPNa was amplified by PCR from cDNA library and the reaction was run

by agarose gel electrophoresis. (Figure 43) Expected bands were extracted from
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agarose gel by gel extraction kit (MN) and mOPNa PCR amplicon was used for

cloning into linearized pCDNA3 plasmid.

mopNa ) -JESI-ETTS

CMV RBS BGH

Figure 41. Schematic diagram of mOPNa expression cassette. Kozak translation initiation
sequence was added for enhanced expression. His-tag was added after a GS linker to the C-terminal of
the protein for detection of expression. GS linker provides flexibility to His-tag. CMV promoter and

BGH terminator were used for constitutive mammalian gene expression.

Figure 42. mOPNa gene was amplified by PCR. mOPNa cDNA was used as template in 2-step
PCR. PCR reaction was performed according to the protocol of Q5 Polymerase (NEB). 2-log DNA
ladder (NEB) was used for detection. Lane 1: 2-log DNA Ladder (NEB), Lane 2-6: mOPNa. cDNA

library template was amplified at 62-72 °C interval. 900 bp expected band was visible on gel.

For cloning mOPNa cDNA, Gibson assembly method was used. mOCN-pCDNA3

plasmid was double digested with Kpnl and EcoRI enzymes in order to obtain
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modified linearized plasmid (Kozak sequence, GS linker, 4X his-tag). 1:1 vector:
insert ratio was used. Reaction performed at 50 °C for 1 h and directly transformed to
DH5a competent cells. Selected colonies were subjected to colony PCR with the
primers used in amplification of mOPNa. 900 bp mOPNa fragment was visible in

agarose gel electrophoresis. (Figure 44)

Kilobases

Figure 43. Colony PCR of mOPNa-pCDNA3 plasmid construct with PFU Polymerase. Lane 1:
Ladder, Lane 2-5: mOPNa colonies 1-4 amplified at 67 °C, Lane 6: mOPNa plasmid (positive

control).

Selected colonies (Figure 44, Lane 4-5) were inoculated in LB medium for 16 h and
subjected to plasmid isolation. Purified plasmids were sent to sequencing and one of
the clones were selected for further use. Sequencing results were shown in Figure
D5. There was a missense mutation in D-rich sequence, which is a functional site for
mineralization. The mutation was occurred around 50% of the plasmids. Therefore,
Transformation of the plasmid was repeated into chemically competent cells and 5

colonies were sent to sequencing. One of the colonies was selected without mutation
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and one of the colonies was selected with mutation. (Figure D6) In addition, there
was a nonsense mutation at K30. Since it was not in functional site, and it was not be
able to eliminated after repeating PCR reaction (Data not shown), the clone was used
as it is. The reason could be the presence of mutation in either cDNA library or in

mRNA itself.

4.3.2 Transient transfection of mammalian cells for OCN and OPN

expression

mOCN-pCDNA3, mOPNa-pCDNA3 and pCDNA3-eGFP plasmids were prepared
by midi-prep kit (MN) to remove endotoxins and to obtain high amount of plasmid.

400-2000 ng/pul plasmid were obtained from 150 ml LB culture of bacteria.

HEK?293 cell line was thawed and passaged at least once prior to transfection. 10

cells were seeded each well in 24 well plate and they allowed to grow for 24 hours.

First, pPCDNA-GFP plasmid DNA was used for each group. DNA (500 ng) and PEI
(1500 ng) were premixed in serum-free DMEM 20 min before transfection. After
adding DNA-PEI solution on cells, the cells were incubated at 37°C for 24 h and

GFP expression was detected. (Figure 45)
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Figure 44. Transfection of HEK293 cells with pCDNA-eGFP and PEI. 1:3 DNA:PEI ratio was
used. PEI was prepared in 0.1 N HCI and in 100% EtOH, respectively. 10° cells were seeded each
well in 24 well plate and they were allowed to grow for 24 h. 500 ng DNA was used for each group.
DNA and PEI were premixed in serum-free DMEM 20 min before transfection. Images were taken 24

hours after transfection by an inverted fluorescent microscope.

4.3.2.1 Detection of OCN and OPN expression by qRT-PCR

Then, mOCN and mOPNa plasmids were transfected into HEK293 cells. After 24,
48 and 72 h, the cells were collected for RNA isolation. A simultaneous GFP
plasmid transfection was performed to verify successful transfection. A cDNA
library was prepared by cDNA synthesis kit after RNA isolation. cDNA library was
used as template for qRT-PCR. mOCN and mOPNa forward and reverse primers
listed in Table B2 was used to detect exogenous OCN and OPN expression. Primers
against human GAPDH was used for analyzing relative mRNA amount. (Figure 46)
While OPN mRNA was expressed in high amount for 3 days (10° fold incerase),
OCN mRNA was less stable and was expressed in lesser amount (10° fold incerase).
OCN expression reduced by the time probably due to low mRNA length and

stability.
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Figure 45. Detection of mOCN and mOPNa mRNA levels in HEK293 cells by qRT-PCR. cDNA
library was created from equal amount of mRNA from each biological triplicate before qRT-PCR.
Equal amount of cDNA was used in technical triplicate. hGAPDH gene was used to normalize gene
expression levels. Untransfected HEK293 cells were used as negative control to calculate relative

expression levels.

4.3.2.2 Detection of OCN and OPN expression by SDS-PAGE

OCN and OPN expression could not be detected by SDS-PAGE even after 48 and 72
h of incubation with plasmids. Since OCN and OPN proteins are ECM proteins, they
could be secreted outside to cells. SDS-PAGE analysis was not informative to
analyze protein expression. Both cell culture supernatant and cell lysate were

analyzed for expression; however, no overexpression was observed. (Figure 47, 48)
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Figure 46. Protein expression analysis of mOCN in HEK293 cells by SDS-PAGE. Image 1. Cell
lysate. Lane 1: Page Ruler Ladder (NEB), Lane 2: Untransfected cells. Lane 3: mOCN transfected
cells after 48 h culture with plasmid. Image 2. Cell culture supernatant. Lane 1: Page Ruler Ladder
(NEB), Lane 2: Control cells without transfection cultured in the presence of osteogenic medium for

48 h, Lane 3: mOCN transfected cells after 48 h culture with plasmid.
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Figure 47. Protein expression analysis of mOPNa in HEK293 cells by SDS-PAGE. Image 1. Cell
lysate. Lane 1: Page Ruler Ladder (NEB), Lane 2: Untransfected cells. Lane 3: mOPNa transfected
cells after 48 h culture with plasmid. Image 2. Cell culture supernatant. Lane 1: Page Ruler Ladder
(NEB), Lane 2: Control cells without transfection cultured in the presence of osteogenic medium for

48 h, Lane 3: mOPNa transfected cells after 48 h culture with plasmid.
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4.3.2.3 Detection of OCN and OPN expression by Western Blotting

In order to understand if the proteins are expressed or not, Western blot analysis was
also performed. But, no expression detected. It was not expected, since qRT-PCR
results showed that the mRNAs were expressed. However, proteins cannot be

detected by both SDS-PAGE and Western blot analysis. (Figure 47-49)

48 h

Control mOCN mOPNa

180kD
130kD

100kD
70kD
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35kD

25kD

15kD

10kD

Figure 48. Protein expression analysis of mOPNa in HEK293 cells by Western Blotting. Cell
lysate. Lane 1: Page Ruler Ladder (NEB), . Lane 2: Control cells without transfection cultured in the
presence of osteogenic medium. Lane 3: mOCN transfected cells, Lane 3: mOPNa transfected cells.

Western Blot analysis was performed 48 h after transfection.
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4.3.2.4 Detection of OCN and OPN expression by immunostaining

Since gene expression analysis by Western Blot was not successful, immunostaining
was performed to detect gene expression after transfection. Expression of mOCN and
mOPNa genes was detected by ICC by using antibody against His-tag sequence.
(Figure 50)

I have tried to differentiate HEK293 cells into mineral forming cell type. I
transformed mOCN and mOPNa plasmids into HEK293 cells, after 48 hours, I added
osteogenic differentiation medium on transfected cells. Osteogenic medium changed
every 3-4 days for 21 days. However, I could not see mineral deposition. I concluded
that presence of single osteogenic gene expression is not enough for mineral
formation. Presence of a hydroxyapatite scaffold, and/or overexpression of ALP gene
could be necessary for mineral deposition. Another strategy could be the addition of
chemicals to increase epigenetic plasticity into the experimental setup such as 5-aza
cytidine, which inhibits DNA methylation and change epigenetic characteristics of

cells. (Harland, Day et al. 2014)
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Figure 49. Protein expression analysis of mOCN and mOPNa in HEK293 cells by ICC. A,D.
Untransfected HEK293 cells. B,E. mOCN transfected HEK 293 cells. C,F. mOPNa transfected HEK
293 cells. His Tag Monoclonal Antibody (HIS.HS) was used in 1:300 dilution in 5% milk powder in
1X PBS as primary antibody. Pierce Goat anti-Mouse IgG (H+L) Cross Adsorbed Secondary
Antibody, DyLight 550 was used in 1:600 dilution in 5% milk powder in 1X PBS as secondary
antibody. Images were taken fluorescent microscope. A-C. Overlay of brightfield and fluorescent

images. D-F. Fluorescent staining images. Scalebars represents 50 pm.
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S CHAPTERIV

5.1 CONCLUSION

Biomimetic ECM scaffolds are the most promising candidates for bone tissue
engineering applications. Synthetic bone scaffolds are generated by combination of
inorganic matrix, bone ECM proteins or bone ECM protein-like peptides, and
mesenchymal stem cells or pre-osteoblast cells. While generating these scaffolds,
several routes can be used. The important parameters includes formation of an
inorganic matrix with defined Ca/P ratio, size and shape, using accurate
concentrations of proteins and peptides to control mineralization event, and existence
of a cell type which can produce bone type minerals continuously or which can
differentiate into mineral forming cells. The inorganic matrix should truly mimic
bone tissue when it is produced in vitro. To do this, an environmentally friendly
biomineralization system was constructed in ambient conditions in this study, which
is composed of ALP, and recombinant bone ECM proteins, OCN and OPN. While
ALP produces inorganic phosphate ions required for biomineralization, OCN and
OPN controls size, shape and Ca/P ratio of the minerals, control crystal growth rate
and inhibit excessive mineralization.

ALP from E. coli was produced in this system owing to the structural homology and
functional overlap with human ALP. ALP was successfully lead CaP crystal
formation in a reaction which is composed of organic phosphate and calcium at
physiological pH and temperature. Recombinant OCN and OPN proteins were

produced and purified in our system in order to understand effect of each bone ECM
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proteins on CaP crystals formed in the presence of ALP. OCN was found to become
more compact upon interaction with calcium, but its secondary structure was
disrupted upon interaction with inorganic phosphate. The order of interaction of
OCN with calcium or phosphate changed the behavior of OCN in terms of
controlling biomineralization of CaP crystals. OCN-calcium interaction made the
biomineralization event slower, reduced the reaction rate and reduced the crystal
size. OCN-inorganic phosphate interaction hindered all the effects of OCN, due to
the changes in the structure upon interaction. OPN was a largely disordered protein,
but the compact structures occur because of the absence of phosphorylation in our
system. The interaction of OPN with inorganic phosphate causes aggregation of
OPN, and the aggregation makes CaP crystal formation faster. The interaction of
OPN with calcium hindered the effect of OPN, reaction was not faster anymore. This
was probably due to the disruption of OPN aggregates. OPN-calcium interaction had
no effect on secondary structure, but this interaction could be preventing OPN-
inorganic phosphate interaction. In addition, Ca/P ratio was reduced when OPN is
present in biomineralization reaction. The effect of OPN on Ca/P ratio was
compensated by the presence of OCN, when OCN and OPN was used in a singal
reaction. Moreover, the presence of OCN and OPN proteins in reaction causes a
decrease on ALP activity since they both can bind organic phosphate source and
compete with ALP in binding. Further analysis is needed to understand the molecular
mechanisms behind the interaction of bone ECM proteins with inorganic matrix and
small ions. Differentiation of osteoblast precursors can be tuned by the crystal
characteristics of the minerals which were formed in our system. Engineering

mammalian or bacterial cells for production and secretion of OCN and OPN proteins
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has great potential to control biomineralization events and produce bone-tissue
mimetic scaffolds for biomedical applications.

Moreover, an engineered mammalian cell line was generated in this study in order to
achieve differentiation free bone mineral formation in a somatic cell line. We
observed that OCN and OPN are not enough to achieve this goal, expression of ALP,
use of an inorganic matrix, and induction of epigenetic plasticity could also be
necessary. Reprogramming of cells will provide the production of CaP crystals
required for bone tissue repair to aid fracture healing. By means of engineered cells,
bone marrow stromal cells can be replaced with somatic cells in cell-based scaffolds
and aspiration of bone marrow can be eliminated, which is a painful procedure. The
results of this study will lead to engineering effective cell-based scaffolds in bone
tissue regeneration. The engineering approach can yield in engineering implantable
designer cells with genetic cellular devices for biomineralization to be used in

regenerative medicine applications.
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5.3 APPENDIX A

5.3.1 DNA sequences of genes and gene fragments

Table Al. Nucleotide sequences of phoA, GST-OCN, OCN and OPN genes.

E. coli phoA gene nucleotide
sequence with pelB, 6 X His-

Tag and GS Linker

ATGAAATACCTGCTGCCGACCGCTGCTGCTG

GTCTGCTGCTCCTCGCTGCCCAGCCGGCGAT

GGCCATGGGCCACCACCACCACCACCACGGT

GGCGGTGGATCCCGGACACCAGAAATGCCTG

TTCTGGAAAACCGGGCTGCTCAGGGCGATAT

TACTGCACCCGGCGGTGCTCGCCGTTTAACG

GGTGATCAGACTGCCGCTCTGCGTGATTCTCT

TAGCGATAAACCTGCAAAAAATATTATTTTG

CTGATTGGCGATGGGATGGGGGACTCGGAAA

TTACTGCCGCACGTAATTATGCCGAAGGTGC

GGGCGGCTTTTTTAAAGGTATAGATGCCTTA

CCGCTTACCGGGCAATACACTCACTATGCGC

TGAATAAAAAAACCGGCAAACCGGACTACG

TCACCGACTCGGCTGCATCAGCAACCGCCTG

GTCAACCGGTGTCAAAACCTATAACGGCGCG

CTGGGCGTCGATATTCACGAAAAAGATCACC

CAACGATTCTGGAAATGGCAAAAGCCGCAG

GTCTGGCGACCGGTAACGTTTCTACCGCAGA
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Table Al. (cont'd)

GTTGCAGGATGCCACGCCCGCTGCGCTGGTG

GCACATGTGACCTCGCGCAAATGCTACGGTC

CGAGCGCGACCAGTGAAAAATGTCCGGGTA

ACGCTCTGGAAAAAGGCGGAAAAGGATCGA

TTACCGAACAGCTGCTTAACGCTCGTGCCGA

CGTTACGCTTGGCGGCGGCGCAAAAACCTTT

GCTGAAACGGCAACCGCTGGTGAATGGCAG

GGAAAAACGCTGCGTGAACAGGCACAGGCG

CGTGGTTATCAGTTGGTGAGCGATGCTGCCT

CACTGAATTCGGTGACGGAAGCGAATCAGCA

AAAACCCCTGCTTGGCCTGTTTGCTGACGGC

AATATGCCAGTGCGCTGGCTAGGACCGAAAG

CAACGTACCATGGCAATATCGATAAGCCCGC

AGTCACCTGTACGCCAAATCCGCAACGTAAT

GACAGTGTACCAACCCTGGCGCAGATGACCG

ACAAAGCCATTGAATTGTTGAGTAAAAATGA

GAAAGGCTTTTTCCTGCAAGTTGAAGGTGCG

TCAATCGATAAACAGGATCATGCTGCGAATC

CTTGTGGGCAAATTGGCGAGACGGTCGATCT

CGATGAAGCCGTACAACGGGCGCTGGAATTC

GCTAAAAAGGAGGGTAACACGCTGGTCATA

GTCACCGCTGATCACGCCCACGCCAGCCAGA

TTGTTGCGCCGGATACCAAAGCTCCGGGCCT

CACCCAGGCGCTAAATACCAAAGATGGCGCA
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Table Al. (cont'd)

GTGATGGTGATGAGTTACGGGAACTCCGAAG

AGGATTCACAAGAACATACCGGCAGTCAGTT

GCGTATTGCGGCGTATGGCCCGCATGCCGCC

AATGTTGTTGGACTGACCGACCAGACCGATC

TCTTCTACACCATGAAAGCCGCTCTGGGGCT

GAAATGATGA

Synthetic GST-TEV-OCN-
6X His-Tag nucleotide
sequence
(https://eu.idtdna.com/Codon

Opt)

ATGTCCCCTATACTAGGTTATTGGAAAATTA

AGGGCCTTGTGCAACCCACTCGACTTCTTTTG

GAATATCTTGAAGAAAAATATGAAGAGCATT

TGTATGAGCGCGATGAAGGTGATAAATGGCG

AAACAAAAAGTTTGAATTGGGTTTGGAGTTT

CCCAATCTTCCTTATTATATTGATGGTGATGT

TAAATTAACACAGTCTATGGCCATCATACGT

TATATAGCTGACAAGCACAACATGTTGGGTG

GTTGTCCAAAAGAGCGTGCAGAGATTTCAAT

GCTTGAAGGAGCGGTTTTGGATATTAGATAC

GGTGTTTCGAGAATTGCATATAGTAAAGACT

TTGAAACTCTCAAAGTTGATTTTCTTAGCAAG

CTACCTGAAATGCTGAAAATGTTCGAAGATC

GTTTATGTCATAAAACATATTTAAATGGTGA

TCATGTAACCCATCCTGACTTCATGTTGTATG

ACGCTCTTGATGTTGTTTTATACATGGACCCA

ATGTGCCTGGATGCGTTCCCAAAATTAGTTT

GTTTTAAAAAACGTATTGAAGCTATCCCACA
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Table Al. (cont'd)

AATTGATAAGTACTTGAAATCCAGCAAGTAT

ATAGCATGGCCTTTGCAGGGCTGGCAAGCCA

CGTTTGGTGGTGGCGACCATCCTCCAAAATC

GGATCTGGAAGTTCTGTTCCAGGGGCCCCTG

GGATCCGAAAACCTGTATTTTCAGGGCATGA

AACCGTCTGGCGCAGAAAGCTCTAAGGGTGC

GGCCTTCGTTTCAAAACAGGAAGGCTCGGAA

GTGGTTAAACGTCCGCGTCGCTATCTGTACC

AATGGCTGGGTGCCCCGGTTCCGTATCCGGA

CCCGCTGGAACCGCGTCGCGAAGTCTGCGAA

CTGAACCCGGATTGTGACGAACTGGCGGACC

ATATTGGTTTTCAGGAAGCCTATCGTCGCTTC

TACGGCCCGGTCCACCACCACCATCATCATG

AATTCCCGGGTCGACTCGAGCGGCCGCATCG

TGACTGA

Synthetic OCN nucleotide
sequence without secretion
signal sequence, with 6X
His-Tag sequence and codon
optimized to E. coli by
online tool
(https://eu.idtdna.com/Codon

Opt)

ATGAAACCGTCTGGCGCAGAAAGCTCTAAGG

GTGCGGCCTTCGTTTCAAAACAGGAAGGCTC

GGAAGTGGTTAAACGTCCGCGTCGCTATCTG

TACCAATGGCTGGGTGCCCCGGTTCCGTATC

CGGACCCGCTGGAACCGCGTCGCGAAGTCTG

CGAACTGAACCCGGATTGTGACGAACTGGCG

GACCATATTGGTTTTCAGGAAGCCTATCGTC

GCTTCTACGGCCCGGTCCACCACCACCATCA

TCAT
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Table Al. (cont'd)

Synthetic OPN nucleotide
sequence without secretion
signal sequence, with 6X
His-Tag sequence and codon
optimized to E. coli by
online tool
(https://eu.idtdna.com/Codon

Opt)

ATGATTCCGGTTAAACAGGCAGATAGCGGCA

GCTCTGAAGAAAAACAACTGTACAACAAATA

CCCGGATGCAGTGGCTACCTGGCTGAACCCG

GACCCGTCGCAGAAACAAAATCTGCTGGCTC

CGCAGACCCTGCCGAGCAAATCTAACGAATC

TCATGATCACATGGATGACATGGATGACGAA

GATGACGATGACCATGTCGATTCACAGGACT

CGATCGATAGCAATGACTCTGATGACGTTGA

TGACACCGATGACAGTCACCAATCCGATGAA

TCACATCACTCGGATGAAAGCGACGAACTGG

TGACCGATTTTCCGACGGACCTGCCGGCCAC

CGAAGTTTTCACGCCGGTGGTTCCGACCGTC

GATACGTATGACGGCCGTGGTGATTCCGTCG

TGTACGGTCTGCGCAGTAAATCCAAAAAATT

TCGTCGCCCGGATATTCAGTATCCGGACGCG

ACCGATGAAGACATCACGTCCCACATGGAAT

CAGAAGAACTGAACGGCGCGTACAAAGCCA

TTCCGGTTGCACAGGATCTGAATGCTCCGTC

GGATTGGGACAGCCGTGGTAAAGATTCTTAT

GAAACCAGTCAGCTGGATGACCAATCTGCGG

AAACGCATTCCCACAAACAGTCACGTCTGTA

CAAACGCAAAGCCAACGATGAATCGAATGA

ACATAGCGATGTGATTGACAGTCAAGAACTG

TCTAAAGTTAGTCGTGAATTTCATTCTCACGA
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Table Al. (cont'd)

ATTTCATAGTCACGAAGATATGCTGGTTGTC
GACCCGAAAAGCAAAGAAGAAGATAAACAT
CTGAAATTCCGCATCTCCCACGAACTGGATT
CAGCGAGTTCCGAAGTGAATCTCGAGCACCA

CCACCACCACCACTGAG
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Table A2. Nucleotide sequences of cDNAs.

mOCN cDNA sequence with TACTTCCAATCCAATGCCACCGGTACC

Kozak sequence, GS linker,

4x-His tag, stop codon

ATGAGGACCCTCTCTCTGCTCACTCTGCTGG

CCCTGGCTGCGCTCTGTCTCTCTGACCTCACA

GATGCCAAGCCCAGCGGCCCTGAGTCTGACA

AAGCCTTCATGTCCAAGCAGGAGGGCAATA

AGGTAGTGAACAGACTCCGGCGCTACCTTGG

AGCCTCAGTCCCCAGCCCAGATCCCCTGGAG

CCCACCCGGGAGCAGTGTGAGCTTAACCCTG

CTTGTGACGAGCTATCAGACCAGTATGGCTT

GAAGACCGCCTACAAACGCATCTACGGTATC

ACTATTGAATTCCTTAAGGGCGGTAGCGGTC

ACCATCACCAT
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Table A2. (cont'd)

mOPNa cDNA sequence
with Kozak sequence, GS

linker, 4x-His tag, stop codon

TACTTCCAATCCAATGCCACCGGTACCATGA

GATTGGCAGTGATTTGCTTTTGCCTGTTTGGC

ATTGCCTCCTCCCTCCCGGTGAAAGTGACTG

ATTCTGGCAGCTCAGAGGAGAAGAAGCTTTA

CAGCCTGCACCCAGATCCTATAGCCACATGG

CTGGTGCCTGACCCATCTCAGAAGCAGAATC

TCCTTGCGCCACAGAATGCTGTGTCCTCTGA

AGAAAAGGATGACTTTAAGCAAGAAACTCTT

CCAAGCAATTCCAATGAAAGCCATGACCACA

TGGACGACGATGATGACGATGATGATGACG

ATGGAGACCATGCAGAGAGCGAGGATTCTG

TGGACTCGGATGAATCTGACGAATCTCACCA

TTCGGATGAGTCTGATGAGACCGTCACTGCT

AGTACACAAGCAGACACTTTCACTCCAATCG

TCCCTACAGTCGATGTCCCCAACGGCCGAGG

TGATAGCTTGGCTTATGGACTGAGGTCAAAG

TCTAGGAGTTTCCAGGTTTCTGATGAACAGT

ATCCTGATGCCACAGATGAGGACCTCACCTC

TCACATGAAGAGCGGTGAGTCTAAGGAGTCC

CTCGATGTCATCCCTGTTGCCCAGCTTCTGAG

CATGCCCTCTGATCAGGACAACAACGGAAA

GGGCAGCCATGAGTCAAGTCAGCTGGATGA

ACCAAGTCTGGAAACACACAGACTTGAGCAT

TCCAAAGAGAGCCAGGAGAGTGCCGATCAG

TCGGATGTGATCGATAGTCAAGCAAGTTCCA
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Table A2. (cont'd)

AAGCCAGCCTGGAACATCAGAGCCACAAGT

TTCACAGCCACAAGGACAAGCTAGTCCTAGA

CCCTAAGAGTAAGGAAGATGATAGGTATCTG

AAATTCCGAATTTCTCATGAATTAGAGAGTT

CATCTTCTGAGGTCAACGAATTCCTTAAGGG

CGGTAGCGGTCACCATCACCAT
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5.4 APPENDIX B

5.4.1 List of primers

Table B1. Nucleotide sequences of primers used in cloning ALP, OCN and OPN genes.

pEt22b-ALP (BamHI- Forward
5' ATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTCATCATTTCAGCCCCAGAGCGGC 3'
HindIII) Primer
Reverse
5' ATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTA 3
Primer
5'
pGEX-6P1-OCN (BamHI- Forward
AAGTTCTGTTCCAGGGGCCCCTGGGATCCGAAAACCTGTATTTTCAGGGCATGAAACCG
EcoRI) Primer
TCTGGCGCAGA 3'
5V
Reverse
GCTCGAGTCGACCCGGGAATTCATGATGATGGTGGTGGTGGACCGGGCCGTAGAAGCG
Primer

AC3'
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Table B1. (cont'd)

pEt22b-OPN (NotI-

Xhol)

Forward

Primer

5' CGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCATGATTCCGGTTAAACAGGC 3

Reverse

Primer

5' GCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGATTCACTTCGGAACTCGCTG 3'

pCDNA3-mOCN

(HindIII-Xbal)

Forward

Primer

5'CTATAGGGAGACCCAAGCTTTACTTCCAATCCAATGCCACCGGTACCATGAGGACCCTCT

CTCTG 3

Reverse

Primer

5 1
ATAGAATAGGGCCCTCTAGATTAATGGTGATGGTGACCGCTACCGCCCTTAAGGAATTCAA

TAGTGATACCGTAGATG 3'

pCDNA3-mOPNa

(KpnlI-EcoRI)

Forward

Primer

5" AATCCAATGCCACCGGTACCATGAGATTGGCAGTGATTTG 3'

Reverse

Primer

5'CTACCGCCCTTAAGGAATTCGTTGACCTCAGAAGATGAAC 3'
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Table B2. Nucleotide sequences of primers used in qRT-PCR reactions.

Primer Name Primer Sequence Amplicon length Tm
hGAPDH Fwd 5' GCTCTCTGCTCCTCCTGTTC 3!
412 63
hGAPDH Rev 5' CAAATGAGCCCCAGCCTTCT 3'
mOCN Fwd 5'CTATAGGGAGACCCAAGCTTATGAGGACCCTCTCTCT 3'
> 475 57
mOCN Rev ATAGAATAGGGCCCTCTAGAATGGTGATGGTGATGGTGTCTGAA
CTTTATTTTGGAGC 3'
mOPNa Fwd 5' CGGTGAAAGTGACTGATTCTGGC 3'
114 60
mOPNa Rev 5' GCAAGGAGATTCTGCTTCTGAGATG 3'

106



5.5 APPENDIX C

5.5.1 Plasmid maps
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Figure C1. Schematic representation of pEt22b-pelB-6H-ALP plasmid.
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Figure C2. Schematic representation of pGEX-6P1-GST-OCN-6H plasmid.
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Figure C3. Schematic representation of pEt22b-OPN-6H plasmid.

109

Qo'

il



fog

)
g

<
g0
o @

= MOCN_pCDNA3
3 % 5709 bp

%

Figure C4. Schematic representation of pCDNA3-OCN-4H plasmid.
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Figure CS. Schematic representation of pCDNA3-OPN-4H plasmid.
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5.6 APPENDIX D

5.6.1 Sanger sequencing results
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Figure D 1. Sequencing alignment of pEt22b-ALP construct with phoA gene sequence. Analysis

performed in Geneious R9.0.5 Software. (Score = 5475.0, Identities = 1189/1458 (81%),

Positives = 1189/1458 (81%), Gaps = 261/1458 (17%))

112



Consensus
Identity

1.0CH
2. hgstocné
Gonsensus
ldentity

1. 0CN
2. hgstocn6
Consensus
ldentity

1.0CM
2. hgstocnB
Consensus
Identity

1.0CN
2. hgstocné
Consensus
ldentity

1.0CN
2. hgstocnB
Consensus
|dentity

1.0CH
2. hgstocné
Consensus
ldentity
1.0CN
2. hgstocng
Consensus
ldentity
1.0CN
2. hgstocnB
Consensus
Identity

1.0CN
2. hgstocné

40 a0 100 1o 120 130
mlIIITtmI‘IITHIUIITHHI‘II C]]I-L i LGCG-G_G-GGIE-C-C_GCCIGICG_G_G G RHE 6 RTG G AAG TG GIAAAR G TR G G TG K

GAAACCETOTES ARG 66 CHEHGE! GTTTEARAALAGGALG COTEGCARGTCETTARALG!

EAT G AANEEG TET G 06 BACANAGETETANG G GG N6 - BUTTE: TTTOARAADAG G AAG 6 ITIEG ¢ NAG TG &I TARAR 6 TG 86 Tec BT
180 170 180 190
CEECGCTTOCGTATONG G ADDTGETECAATR CEETE

ETIET c TARSANTG G TG 6 6T 6 BRI 6T G AT G & ATOG IO & G AN G I G T
WTETCTARNANT G GRTG G 6T G ORE G 6T TEE 6 TATEER G 6 ARG T & & & AT GG T

2?0 2?0 QQID SQD 310
ETTETALG 6 ELTG 6 TETAALTEGAG UALL AL ATCACTARTATT
=== 1
p___ocw g
ETTETAEG GG & T
ETTETACGEECEGETETAALTE! -
400 40 20 L&l 440 450 480 470 420 400 500 810 520
TETARALG & GTETTEAG 666 ITTTITGC ETG AXAG & 46 ¢ ARETATATERG 6 ATTG & U6 ARTE 6 6 A6 6 BUETG TG HG 6 H6 BATTAXG UG NG & 16 6 6T6T6 66 6 ITATG NG HNG U616 S BTAUATT

& ATT 6 6 G TETE 6T
5680 5?0 5BD GDD 610 62 @30 640 EﬁD
CCCTA ETTTETTEEETTEETITETE S CALGTTEsECesETTTECEEETEARGETETAMATEGEE6GETEEETTTACEETICEGATTTACTCETTTALGSEACETE

660 a7 680 590
¢ AN ANAAATTT G NITAG G 66 AT 6 ITARS TAG TG 6 G EATE

790 800 810 70 880 840 200 a0

TEAATEETATETEGGTETATTETTTTGATTTATARGE G_G-G_GE_GE—GIE-G_EIG_G_H

]
1,060 1.080 1.070 1.080 1.000 1.100 1.1 1.120 1130 1.190 1.181
1 AN AT G L AT SO LT T AL AR G SRR 1] - SN AR L AR G L R A R T i

Figure D 2. Sequencing alignment of pGEX-6P1-GST-OCN-6H construct with synthetic OCN

gene fragment sequence. Analysis performed in Geneious R9.0.5 Software.

Score = 1170.0, Identities = 234/1151 (20%), Positives = 234/1151 (20%), Gaps = 917/1151 (79%)
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Figure D3. Sequencing alignment of pEt22b-OPN-6H construct with synthetic OPN gene

fragment sequence. Analysis performed in Geneious R9.0.5 Software.

Score = 4275.0, Identities = 855/1230 (69%), Positives = 855/1230 (69%), Gaps = 375/1230 (30%)
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Figure D4. Sequencing alignment of pPCDNA3-mOCN-4H construct with mOCN cDNA

sequence. Score = 4835.75, Identities = 1013/5710 (17%),

Positives = 1076/5710 (18%), Gaps = 4632/5710 (81%)

114



Consensus
Identity

1. mOPN_BS - mOPNa translation
2.EDO01-T7.ab1 translation
GConsensus

ldentity

1. mOPN_BS - mOPNa translation
2.EDO01-T7.ah1 translation
Consensus

ldentity

1. mOPN_BS - mOFNa translation
2.ED01-T7.ab1 translation
Consensus

Identity

1. mOPKN_BS - mOPNa translation
2.EDO01-T7.ab1 translation
Consensus

Identity

1. mOPN_BS - mOPNa translation
2 ED01-T7.abi translation

Figure D5. Sequencing alignment of pCDNA3-mOPNa-4H construct with mOPNa cDNA
sequence. Score = 1500.0, Identities = 293/307 (95%),

Positives = 293/307 (95%), Gaps = 13/307 (4%)
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Figure D6. Sequencing alignment of pCDNA3-mOPNa-4H (K30) and pCDNA3-mOPNa-4H
(K30, D87Y) constructs with mOPNa cDNA sequence. First colony does not contain missense

mutation while second colony has missense mutation.
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5.7 APPENDIX E

5.7.1 Amino acid sequences of proteins

Table E1. Amino acid sequences of ALP, GST-OCN, OCN and OPN proteins.

E. coli ALP
amino acid
sequence with
pelB, 6X His-
Tag and GS

Linker

MKYLLPTAAAGLLLLAAQPAMAMGHHHHHHGGGGSRTPE
MPVLENRAAQGDITAPGGARRLTGDQTAALRDSLSDKPAK

NIILLIGDGMGDSEITAARNYAEGAGGFFKGIDALPLTGQYT

HYALNKKTGKPDYVTDSAASATAWSTGVKTYNGALGVDIH
EKDHPTILEMAKAAGLATGNVSTAELQDATPAALVAHVTS

RKCYGPSATSEKCPGNALEKGGKGSITEQLLNARADVTLGG
GAKTFAETATAGEWQGKTLREQAQARGYQLVSDAASLNSV
TEANQQKPLLGLFADGNMPVRWLGPKATYHGNIDKPAVTC
TPNPQRNDSVPTLAQMTDKAIELLSKNEKGFFLQVEGASIDK
QDHAANPCGQIGETVDLDEAVQRALEFAKKEGNTLVIVTAD
HAHASQIVAPDTKAPGLTQALNTKDGAVMVMSYGNSEEDS

QEHTGSQLRIAAYGPHAANVVGLTDQTDLFYTMKAALGLK
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Table E1. (cont'd)

GST-OCN

recombinant fusion
protein amino acid
sequence with
TEV protease

recognition

sequence

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEG
DKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIAD
KHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDF
ETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDF
MLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYITAWPLQGWQATFGGGDHPPKSDLEVLFQGPL
GSENLYFQGMKPSGAESSKGAAFVSKQEGSEVVKRPRR
YLYQWLGAPVPYPDPLEPRREVCELNPDCDELADHIGF

QEAYRRFYGPVHHHHHHEFPGRLERPHRD*

Recombinant OCN
amino acid
sequence without
secretion signal
sequence and with

6X-His Tag

MKPSGAESSKGAAFVSKQEGSEVVKRPRRYLYQWLGA
PVPYPDPLEPRREVCELNPDCDELADHIGFQEAYRRFYG

PVHHHHHHEFPGRLERPHRD*
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Table E1. (cont'd)

Recombinant OPN
amino acid
sequence without
secretion signal
sequence and with

6X-His Tag

MIPVKQADSGSSEEKQLYNKYPDAVATWLNPDPSQKQ
NLLAPQTLPSKSNESHDHMDDMDDEDDDDHVDSQDSI
DSNDSDDVDDTDDSHQSDESHHSDESDELVTDFPTDLP
ATEVFTPVVPTVDTYDGRGDSVVYGLRSKSKKFRRPDI
QYPDATDEDITSHMESEELNGAYKAIPVAQDLNAPSDW
DSRGKDSYETSQLDDQSAETHSHKQSRLYKRKANDESN
EHSDVIDSQELSKVSREFHSHEFHSHEDMLVVDPKSKEE

DKHLKFRISHELDSASSEVNLEHHHHHH*
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Table E2. Amino acid sequences of mouse pre-osteoblast derived OCN and OPN proteins.

mOCN amino acid
sequence with Kozak
sequence, GS linker,

4x-His tag, stop codon

YFQSNATGTMRTLSLLTLLALAALCLSDLTDAKPSG
PESDKAFMSKQEGNKVVNRLRRYLGASVPSPDPLEP
TREQCELNPACDELSDQYGLKTAYKRIYGITIEFLKG

GSGHHHH*

mOPNa amino acid
sequence with Kozak
sequence, GS linker,

4x-His tag, stop codon

YFQSNATGTMRLAVICFCLFGIASSLPVKVTDSGSSE
EKKLYSLHPDPIATWLVPDPSQKQNLLAPQNAVSSE
EKDDFKQETLPSNSNESHDHMDDDDDDDDDDGDH
AESEDSVDSDESDESHHSDESDETVTASTQADTEFTPI
VPTVDVPNGRGDSLAYGLRSKSRSFQVSDEQYPDA
TDEDLTSHMKSGESKESLDVIPVAQLLSMPSDQDNN
GKGSHESSQLDEPSLETHRLEHSKESQESADQSDVID
SQASSKASLEHQSHKFHSHKDKLVLDPKSKEDDRY

LKFRISHELESSSSEVNEFLKGGSGHHHH*
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5.8 APPENDIX F

150+

Absorbance (405 nm)

Figure F1. Standard curve for pNP concentration. (y =47.19x - 1.655, R> = 0.998)
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Figure F 2. Determination of ALP unit enzyme concentration. (y = 0.546x - 0.008, R?=0.997) 1

U enzyme corresponds to the 1.98 fold ALP, which generates 1 pM pNP in 1 min.
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5.9 APPENDIX G

5.9.1 Secondary structure analysis.

Table G1. Secondary structure prediction by Bestsel online tool. Secondary structure analysis of OCN and OPN proteins and their changes upon addition of

CaCl, (Ca*"), B-GP (organic phosphate, P) and Na,HPO, (inorganic phosphate, P;). The analysis was done based on the protocol described elsewhere. (Micsonai,

Wien et al. 2015).

37°C OCN  OCN+Ca” OCN+P OCN+P; OPN  OPN+Ca” OPN+P OPN+P;
Helix1 (regular) 0 0 0 2.1 33 1.7 1.9 3.6
Helix2 (distorted) 13.7 17.1 11.7 0 7.8 10.1 5.6 16.2
Antil (left-twisted) 13.8 10.4 11 0 6.2 4.2 2 3.9
Anti2 (relaxed): 0 0 0 24.4 5.7 10 12.5 0
Anti3 (right-twisted): 4.7 14.3 8.5 27.9 13.9 10 13.1 6.2
Parallel: 0 0 0 0 0 0 0 53
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Table G1. (cont'd)

Turn: 20.3 11.7 17.5 21.9 15 16.1 15.6 13.5
Others: 47.5 46.5 51.3 23.8 48.1 47.9 493 51.2
Helix: 13.7 17.1 11.7 2.1 11.1 11.8 7.5 19.8
Anti-parallel: 18.6 24.7 19.5 523 25.8 24.2 27.6 10.1
Parallel: 0 0 0 0 0 0 0 53
Turn: 20.3 11.7 17.5 21.9 15 16.1 15.6 13.5
Others: 47.5 46.5 51.3 23.8 48.1 47.9 493 51.2
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Figure G1. Secondary structure analysis of OCN and OPN proteins and their changes upon addition of CaCl, (Ca™), B-GP (organic phosphate, P) and

Na,HPO, (inorganic phosphate, P;). The analysis was done based on the protocol described elsewhere with Bestsel online tool.(Micsonai, Wien et al. 2015)
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5.10 APPENDIX H

5.10.1 Comparison of commercial HAP with CaP crystals in our

system
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Figure H 1. Comparison of Ca:P ratio of the CaP crystals in our system with the commercial
HAP. Ca:P ratio was calculated by XPS and EDS, respectively. Measurements were done after 24 h
of incubation at 37 °C. A. 3 points with 400 um spot size were selected for XPS scanning. B. 5-6

points were selected EDS analysis. Unpaired t-test was performed to analyze statistical significance.
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