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ABSTRACT

Human bone morphogenetic protein-2 (hBMP-2) is a potent growth and
differentiation factor for bone induction and regeneration. Recombinant
hBMP-2 (rhBMP-2) was cloned and expressed as a soluble protein using
E. coli-based expression system. A full-length gene encoding mature hBMP-2
was amplified by RT-PCR, cloned into an expression vector and expressed
using SHuffle E. coli cells. The rhBMP-2 was successfully expressed as a
soluble protein under the control of the lacUV5 and protein A promoters by
IPTG induction. The rhBMP-2 fused with ZZ domain at its N-terminus was
successively purified with a single step by using IgG Sepharose 6 fast flow
affinity chromatography. Analysis of the purified protein on SDS-PAGE,
Western blot analysis and LC-MS/MS, verified that the purified protein was
rhBMP-2. The biological activity testing on hFOB 1.19 showed that rhBMP-2
had the ability to significantly induce cell proliferation in a dose dependent
manner. ALP staining and activity assay also increased after rhBMP-2
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treatment. The mMRNA expression of the osteogenic genes by quantitative
real-time PCR (QRT-PCR) showed that rnBMP-2 was able to up-regulate the
gene expression of ALP, COL1, BMP-2, Runx2, and OPN. This data indicates
that rhnBMP-2 is functionally active to induce human osteoblast proliferation
and differentiation. The production of rhBMP-2 by this developed method
could be useful for bone regeneration and repair applications.

Keywords: Human bone morphogenetic protein-2, Recombinant protein,
Soluble protein, Osteoblast differentiation, Escherichia coli

INTRODUCTION

Bone morphogenetic proteins (BMPs) are the secreted growth factors
which belong to the transforming growth factor-p (TGF-f) superfamily of
multifunctional cytokines. BMPs have been involved in the regulation of cell
proliferation, survival, differentiation, regulation of cell-matrix interactions and
the stem cell development in a wide variety of tissues including bone (Hogan,
1996; Lind et al., 1996; Massague, 1996; Nissinen et al., 1997; Balemans and Van
Hul, 2002; Xiao et al., 2007; Du and Yip, 2010). BMPs are key regulatory factors
in the growth and regeneration of bone and cartilage (Tuan et al., 2003; Ishikawa
et al., 2007; Poon et al., 2016), and also function in the repair and remodeling of
the adult skeletal system (Sellers et al., 2000). Of the BMP family, BMP-2 is the
best characterized protein which has the strongest bone-inducing activity (Gao
et al., 2006), that also plays an important role during bone regeneration, repairs
and the induction of mesenchymal stem cells into osteocytes (Wang et al., 1990).

Native human BMP-2 is a homodimeric protein of identical monomer with
a dominant beta-sheet structure and forms the cystine-knot assembly. Each
monomer connected together with three intramolecular disulfide linkages and one
interchain disulfide bridge to form an active dimer (Scheufler et al., 1999). The
interface between the two monomers is stabilized by hydrophobic interactions
and an intermolecular disulfide bond. For BMP-2 processing, a 396 amino acid
precursor is proteolytically cleaved to yield the mature form of 114 amino acids
(Hillger et al., 2005), and demonstrates the biological activity only in a dimeric
form. The stabilization of disulfide bonds involves the protein interaction with
transmembrane serine/threonine kinase receptors on osteogenic cells, leading to
activate cell proliferation and differentiation of osteoblasts (Reddi, 2000). Owing
to its osteoinductive capacity, BMP-2 renders a therapeutic protein for de novo
bone formation in clinical use, which is utilized as an alternative to bone
autografting during the healing of critical fractures, for spinal fusions or the
treatment of bone and periodontal defects including dental implants (Gautschi
et al., 2007; McKay et al., 2007; Bessa et al., 2008; Tang et al., 2009; Kimura
etal., 2010; Shimono et al., 2010; Luo et al., 2012; Marques et al., 2015; Gomes-
Ferreira et al., 2016; Poon et al., 2016; Herford, 2017; Gonzaga et al., 2019).



A CMU J. Nat. Sci. (2020) Vol. 19 (4)| 754

However, isolation of hBMP-2 directly from bone is an economically unfeasible
process because of very low vyields in microgram quantities, the laborious
purification process, and safety (potential health risks associated from allogeneic
bone donor) (Kirker-Head, 2000).

Since its significance in therapeutic treatment; several heterologous
expression systems have been published for recombinant hBMP-2. Heterologous
production of constitutively active rhBMP-2 from mammalian systems like
Chinese hamster ovary (CHO) cells (Wang et al., 1990; Israel et al., 1992) aids
disulfide bond formation and protein folding, but has disadvantages of imperfect
monomer processing, time intensive, expensive cultivation and poor yield with
high variability (Jayapal et al., 2007). Similar problems occurred during the
production of rhBMP-2 in virus infected insect cells (Maruoka et al., 1995) and
transgenic plants (Gao et al., 2006). Expression of rhBMP-2 using bacterial
systems may overcome those problems therefore it is an attractive alternative.
Bacteria host cells are the most popular choice for the expression of human genes
due to advantages such as rapid growth, low cost, high yield, and, that they can
be manipulated for various purposes (Graumann and Premstaller, 2006).
Production of biologically active rhnBMPs through in vitro refolding of E. coli
produced inclusion bodies have been reported ( Long et al., 2006; Sharapova
et al., 2010; von Einem et al., 2010; Hyup Lee et al., 2011; Zhang et al., 2011,
Pramesti et al., 2012; Retnoningrum et al., 2012; Rane et al., 2013). However, the
refolding procedure was complicated, labour intensive, time consuming and
required expensive reagents (Ruppert et al., 1996; Vallejo et al., 2002).

The purpose of this study is to develop an effective method to improve the
production of an active rhBMP-2 as a soluble form without any refolding or
solubilization steps. A 342-bp gene encoding mature human BMP-2, was isolated
from a cDNA human osteoblast cell line hFOB 1.19 and expressed in SHuffle
E. coli, to promote a disulfide bond formation. The efficient method of expression
and purification yields a soluble protein of rhBMP-2 with biological activities to
induce the osteogenic properties in a human osteoblast cell.

MATERIALS AND METHODS

Cloning and construction of rhBMP-2

The nucleotide sequence of human BMP-2 gene (GenBank Accession no.
NM_001200) from NCBI database was used as a reference gene. Human cDNA
encoding 114 amino acids long mature form of BMP-2 (residue 283 to 396) was
cloned by reverse transcription-PCR (RT-PCR). Total RNA was isolated from
the cultured human fetal osteoblast cell line (hFOB 1.19 (ATCC® CRL-11372™,
USA) by Nucleospin® RNA 1I (Machere-Nagel, Germany), and was reverse
transcribed by RevertAid™ H Minus First Strand cDNA Synthesis Kit (Thermo
scientific, USA) using oligo (dT);s primer. The mature BMP-2 cDNA sequence
was amplified by PCR using GoTaq® Green Master Mix (Promega, USA)
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with primers 5'-CAAGCCAAACACAAACAGCG-3' (20-mer) and 5'-GCG
ACACCCACAACCCTC-3' (18-mer). The PCR condition was the two minutes
of pre-denaturation at 94 °C, 35 cycles of 45 sec at 94 °C, 1 min at 55 °C, 1 min
at 72 °C, and 5 minutes for post-elongation at 72 °C. For cloning purposes, the
sequence encoding EcoR I, Nco 1, six histidine residues and recognition sequence
of factor Xa protease was introduced to 5’ end (forward primer) whilst
termination codon and BamH I restriction sites to the 3’ end of hBMP-2 gene
(reverse primer). The forward primer had the sequence of 5'-GAA
TTCGGCCATGGCTCATCACCATCACCATCACATCGAAGGGCGCCAAGC
CAAACACAA-3' (60-mer) and the reverse primer had the sequence of 5'-CGCA
AGCTTGGATCCTTAGCGACACCCACAACC-3' (33-mer). The PCR reaction
was performed with the following conditions, five minutes of pre-denaturation at
95 °C, 30 cycles of 30 sec at 95 °C, 30 sec at 58 °C, and 30 sec at 72 °C, and
5 minutes for post-elongation at 72 °C. The amplified product was ligated into
CloneJET™ PCR Cloning kit (Thermo scientific, USA) and transformed into
competent E. coli XL1-Blue. The digested EcoR 1/BamH 1 fragment was purified
using a gel extraction kit (QIAGEN, Germany) and sub cloned into the
corresponding sites of pEZZ18 Protein A Gene Fusion Vector (GE Healthcare,
USA). The recombinant clones were randomly screened by colony PCR,
analyzed with EcoR 1/BamH 1 restriction digestion, and finally verified the insert
DNA sequence by automated DNA sequencing (First BASE Laboratories,
Malaysia). The resulting nucleotide sequences were analyzed using a Blast
Similarity search tool on NCBI database. The expression vector pEZZ18
harbouring hBMP-2 gene was transformed into SHuffle® Express Competent
E. coli (New England Biolabs, USA) for protein expression.

Soluble expression and purification

The pEZZ18-hBMP-2 in SHuffle Express E. coli was cultured at 30°C
overnight in Luria-Bertani (LB) medium supplemented with 100ug/ml
ampicillin. The fresh culture was inoculated with 1%inoculum into the LB media,
then grown at 30°C at 180 rpm agitation until the ODggo reached 0.5-0.6.
Thereafter, rhBMP-2 expression was induced by adding isopropyl B-D-
thiogalactopyranoside (IPTG) at a final concentration of 1 mM and further
cultured for 18 h at 30°C. The bacterial cells were harvested by centrifugation at
2,300xg for 5 min at 4°C and resuspended in a lysis buffer (50mM NaH,PQ,,
pH 8.0, 300mM NacCl) containing protease inhibitor cocktails (Amresco, USA),
then the cells were disrupted using a sonicator. After removing the cell debris by
centrifugation at 15,300xg for 25 min at 4°C, the clear supernatant was applied to
pre-equilibrated IgG Sepharose 6 Fast Flow resin (GE Healthcare, USA) and then
incubated at 4°C with gentle agitation overnight. The column was washed with
the binding buffer (TBST; 20mM Tris-HCI, pH 7.5, 150mM NacCl, 0.05%Tween
20) and followed by a washing buffer (TBST containing 0.6M NaCl) and finally
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washed with TBS (20mM Tris-HCI, pH 7.5, 150mM NaCl). The bound proteins
were eluted with 50mM ammonium acetate with 2M MgCl,, pH 5.0. The eluted
fractions after measurement at OD,gy Were pooled, concentrated and exchanged
with 20mM Tris-HCI, pH 8.0 using Amicon ultra-4 MW cut off 10 kDa
(Millipore, USA). The protein was kept in aliquots with 20mM Tris-HCI, pH 8.0
buffer containing 20%glycerol at -80°C, and the concentrations were determined
by Bradford protein assay with BSA as a standard.

SDS-PAGE and Western blot analysis

The proteins were resolved on 12% SDS polyacrylamide gel, then the
bands were either stained by Coomassie Brilliant Blue R-250 or analyzed by
Western blot. For Western blotting, proteins were electro-transferred to the PVDF
membrane using semi-dry blotting apparatus (Biorad) at a constant voltage of 20
V for 20 minutes. It was then blocked with 5% non-fat milk in TBST for 1 hour
at room temperature and incubated overnight at 4°C with rabbit anti-hnBMP-2
polyclonal antibody (Biovision, USA) at dilution 1:2000. The membrane was
washed 3 times with a TBST buffer and then incubated with a goat anti-rabbit
horseradish peroxidase (Merck, USA) at 1:4000 dilution for 1 hour at room
temperature. After washing with TBST, the immune-blots were visualized by
Luminata™ western chemiluminescent HRP substrate (Merck, USA).

Protein identification by LC-MS/MS mass spectrometry

The protein band was excised from a Coomassie Brilliant Blue-stained gel
after separating from 12% SDS-PAGE gel, reduced with DTT, alkylated with
iodoacetamide and digested with trypsin. The digested peptide solutions were
analyzed with Impact Il UHR-TOF MS system (Bruker Daltonics, USA) coupled
to a nanoL C system: UltiMate 3000 LC system (Thermo Fisher Scientific, USA).
Peptides were separated on a nanocolumn (PepSwift monolithic column 100 mm
I.d. x 50 mm). Eluent A was 0.1% formic acid and eluent B was 80% acetonitrile
in 0.1% formic acid. Peptide separation was achieved with a linear gradient from
10% to 45% B for 8.5 min at a flow rate of 1 ul/min, including a regeneration
step at 90% B and an equilibration step at 1% B, one run took 20 min. Peptide
fragment mass spectra were acquired in data-dependent AutoMS (2) mode with
selecting most abundant precursor ions in a 3 second cycle for fragmentation. The
mass range of the MS scan was set to extend from 150 to 2200 m/z. The MS/MS
data was searched against the local database using multiple-search-engines
available in SearchGUI and the obtained proteomics identification results were
interpreted by Peptide Shaker (Vaudel et al., 2011; Vaudel et al., 2015) .

Cell proliferation assay
The effect of rhBMP-2 on cell proliferation was performed with
PrestoBlue™ cell viability reagent (Invitrogen, USA). The hFOB 1.19 cells were
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seeded at a density of 1 x 10 cells/well in the 96-well black plate and maintained
in 1:1 mixture of phenol red-free DMEM/Ham’s F-12 medium (Sigma-Aldrich,
USA) supplemented with 10%fetal bovine serum (FBS), 100U/ml penicillin,
100 pg/ml streptomycin, 0.3mg/ml G418, 1.2 g/L NaHCO; and 2.5 mM sodium
pyruvate at 37°C with 5%CO,. After 24 h of incubation, the cells were washed
with PBS buffer and changed with fresh medium containing 0.5% FBS with
rhBMP-2 at different amounts (3.125 to 50 ng/ml) or E. coli-derived hBMP-2
(R&D Systems, USA) as a positive control. After 4 h of culture, the cell growth
was determined by PrestoBlue™ cell viability assay which based on a resazurin-
based method of the reducing ability of living cells to quantitatively measure cell
proliferation. The fluorescence signal was measured at excitation 530 nm and
emission 590 nm using multi-mode microplate reader (Synergy™ HT, BioTek,
USA).

Alkaline phosphatase staining

hFOB 1.19 cells were plated at 6 x 10* cells/well in a 24-well plate and
cultured until reached 70-80% confluence in a completed medium. Cells were
treated with rhBMP-2 or E. coli-derived hBMP-2 at concentrations of 25 and 50
ng/ml in a medium containing 2% FBS. Cells were continuously cultured at 37°C
with 5%CO; for 48 hours. The treated cells were carefully washed with PBS,
fixed with 10% neutral buffered formalin for 10 minutes and then rinsed with
PBS. After the fixing step, the cells were stained with BCIP-NBT solution
(Amresco, USA) and incubated at room temperature in the dark for 1 hour. The
reaction was stopped by removing the substrate solution and washed with PBS.
Photographs were taken to evaluate the staining results using an inverted
microscope with digital imager (1X71, Olympus, Japan).

Alkaline phosphatase activity assay

The quantitative analysis of rhBMP-2 on the induction of alkaline
phosphatase (ALP) activity in hFOB 1.19 was determined by the modified
colorimetric method (Wanachewin et al., 2015). The cells were seeded as
previously described and replaced with rhBMP-2 or E. coli-derived hBMP-2
(R&D Systems, USA) in a medium containing 2% FBS. After treatment for 5
days, the cells were washed and the attached cells were scraped off. The cells
were lysed with 100 ul phosphatase buffer followed by sonication and the protein
concentration was determined using Bradford assay. ALP activity assay was
performed in a 96-well plate by adding the cell lysate with 150mM alkaline buffer
solution (Sigma-Aldrich, USA). The reaction was initiated by adding 1 mg/mi
phosphatase substrate solution (Sigma-Aldrich, USA) and incubated at 37°C for
60 min. The reaction was stopped by 0.1N NaOH when the color intensity was
measured at 405 nm using a microplate reader. The alkaline phosphatase activity
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was quantified by the production of p-nitrophenol (uM) product per mg protein
per minute and compared as a percentage with the untreated control (100%).

Gene expression by quantitative real-time PCR

The hFOB 1.19 cells were cultured in 6-well plates and exposed with
rhBMP-2 at 25 and 50 ng/ml in media containing 0.5% FBS. After 12-h
treatment, the total RNA was extracted by Ribozol™ RNA extraction reagents
(Amresco, USA) and the concentration was determined by a NanoDrop™ 2000
spectrophotometer. One microgram of total RNA was then reverse-transcribed to
cDNA using the RevertAid™ First Strand cDNA Synthesis kit (Thermo
scientific, USA). A real-time quantitative polymerase chain reaction was
performed in triplicate samples by a LightCycler® 96 Real-Time PCR System
using Fast Start Essential DNA Green Master (Roche, Switzerland) following the
manufacturer’s instructions. Primer sequences were summarized in Table 1. The
quantification cycle (Cq) values were calculated using Light Cycle 96 SW 1.1.
Relative expression levels for each primer set were normalized to the expression
of GAPDH as a reference gene. N-fold difference expression (relative to control)
was calculated using the 2-44¢9 method (Livak and Schmittgen, 2001). Mean fold
difference was calculated and represented as + standard deviation.

Table 1. Primers used for gene expression by real-time gRT-PCR.

Gene Primer sequence (5'—>3') Accession number
Forward (F); Reverse (R)

ALP F: CATGGCTTTGGGCAGAAGGA NM_001114107.4
R : CTAGCCCCAAAAAGAGTTGCAA

coL1 F : AGCCGCTTCACCTACAGC NM_000088.3
R: TTTTGTATTCAATCACTGTCTTGCC

BMP-2  F:GCTGTCTTCTAGCGTTGCTG NM_001200.3
R : CTGTTTCAGGCCGAACATGC

Runx2 F: GCCTTCAAGGTGGTAGCCC NM_001024630.3
R : CGTTACCCGCCATGACAGTA

OPN F : ATGGCCGAGGTGATAGTGTG NM_000582.2
R : TCAGGGTACTGGATGTCAGG

GAPDH F:GAAGGTGAAGGTCGGAGTC NM_002046.5
R : GAAGATGGTGATGGGATTTC

Statistical analysis

All data were presented as the mean + SD. Comparison among groups were
performed by one-way ANOVA analysis using SPSS statistic version 17.0
followed by Tukey's t-test. Differences were considered significant at a value of
P < 0.05 for all tests.
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RESULTS

Cloning and construction of rhBMP-2

A full-length of gene encoding for mature hBMP-2 was achieved from the
human fetal osteoblast cell line (hFOB1.19) by RT-PCR. Human BMP-2 cDNA
was amplified by PCR and gave a single band at 342 bp of mature hBMP-2.
In order to facilitate the cloning step, the EcoR | and BamH I restriction sites were
added at its 5’ and 3’ends, respectively, whereas the histidine 6 amino acids and
factor Xa were fused at N-terminus to facilitate the purification step. The
amplified product at 406 bp in length was observed and ligated into pJET1.2
plasmid vector. The coding region of the mature hBMP-2 was subcloned into the
corresponding sites of the expression vector pEZZ18 to generate pEZZ18-hBMP-
2 (Figure 1) and characterized by PCR. Both plasmids were analyzed by the
double restriction enzymes with EcoR | and BamH I, showing the hBMP-2 gene
fragment. The nucleotide sequence of the insert fragment was a perfect match
(100%) with the mature hBMP-2 gene using nucleotide blast search on NCBI
database, confirming that the recombinant clones harbored the hBMP-2 gene.
Translated amino acid sequences of protein product showed the fusion protein
rhBMP-2 (302 amino acids) containing ZZ peptide, histidine 6 amino acids,
factor Xa cleavage region and mature hBMP-2 (Figure 2).

IEGR BamH 1
Not 1 EcoR 1 /

—

| I
Ori Plac P spa S Z Z 6x His hBMP-2 lacZ'
Figure 1. The pEZZ18-hBMP-2 construct.

MMTLOIHTGGINLKKKNIYSIRKLGVGIASVTLGTLLISGGVTPAANAAQ
HDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAE

AKKLNDAQAPKVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQ
SANLLAEAKKLNDAQAPKVDANSAMAHHHHHHIEGRQAKHKQRKRLK

SSCKRHPLYVDFSDVGWNDWIVAPPGYHAFYCHGECPFPLADHLNS
TNHAIVQTLVNSVNSKIPKACCVPTELSAISMLYLDENEKVVLKNYQ
DMVVEGCGCR

Figure 2. Translated amino acid sequence of rhBMP-2 fusion protein. Amino
acids in regular letters belong to tag fragment while those in bold letters
correspond to mature human BMP-2 protein. ZZ peptide is shown in
italic letters; followed by histidine 6 amino acids and factor Xa
cleavage region, respectively. Underlined letters are residues identified
from LC-MS/MS analysis.
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Expression and purification of rhrBMP-2

The initial investigation for expression of rhBMP-2 at 37°C observed that
the resultant protein product consisted of only inactive inclusion bodies in the
crude extract of the transformed bacteria. Induction with IPTG at 30°C for 18 h
yielded a soluble protein in the crude extract, whereas some inclusion bodies were
remained. The rhBMP-2 from the soluble fraction was purified with a single step
by affinity chromatography using 1gG Sepharose 6 Fast Flow. The eluted proteins
appeared in a single band with the migrated protein at about 67 kDa with > 95%
purity (Figure 3A) on the coomassie-stained gel. Western blot analysis with
polyclonal antibodies against hBMP-2 detected a purified protein product at
about 67 kDa, confirming that the purified protein was rhBMP-2 (Figure 3B).
The overall yield of purified rhnBMP-2 was approximately 4 mg per liter of culture
medium with 11.3% yield. Theoretical isoelectric point of fusion protein rhBMP-
2 calculated on Expasy based on a deduced amino acid sequence, a web-based
program was 7.26, whereas the molecular mass on monomer was 33.7 kDa.

(A) (B)

kDa M 1 2 kDa 1 2
135 — 135
100 _| 100 —

75— 75—

63 — ' 63—

__
35 | - 35 __

Figure 3. Analysis of expression and purification for rhBMP-2. (A)
Coomassie-stained 12% reducing SDS-PAGE of purified protein
samples. (B) Western blot analysis using polyclonal antibody to
human BMP-2 developed by chemiluminescent substrate. Lane M,
prestained protein marker; lane 1, supernatant fraction from IPTG-
induced SHuffle expressed E. coli harboring pEZZ18-hBMP-2; lane
2, purified rhBMP-2 after IgG Sepharose 6 Fast Flow purification.
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Confirmation of rhBMP-2 using mass spectrometry

Purified protein was analyzed by LC-MS/MS and further identified using
multiple proteomics identification search engines, including OMSSA,
MariMatch X!Tandem, Andromeda, Comet and more which were available in
SearchGUI. A Peptide Shaker was used to increase the confidence and sensitivity
of combined results from multiple search engines. Six tryptic peptides were
identified and assigned to the sequence corresponding to the coverage of 31.79%
as summarized in Table 2. These results verified that the purified protein was
rhBMP-2.

Table 2. Results of LC-MS/MS analysis of purified rhBMP-2 matched with
human bone morphogenetic protein-2.

Amino Calculated Charge Peptide sequence Modification
acid mass
residue (M/2)

1-16 615.98 +3 MMTLQIHTGGINLKKK Oxidation at M
82-89 461.26 +2 NAFIQSLK
139-147  461.26 +2 NAFIQSLK
163-188  485.87 +6 LNDAQAPKVDANSAMAHHHHHHIEGR  Oxidation at M
265-289  483.95 +6 ACCVPTELSAISMLYLDENEKVVLK Oxidation at M
290-302  802.89 +2 NYQDMVVEGCGCR Oxidation at M

The effect of rhnBMP-2 on cell proliferation

The biological activities to induce the osteogenic properties of rhBMP-2
were examined in vitro using human osteoblast cells (hFOB 1.19). The effect of
rhBMP-2 on cell proliferation is shown in Figure 4 based on Prestoblue™cell
viability assay. The hFOB 1.19 cells were cultured and treated with different
rhBMP-2 concentrations for 4 hours. As expected, the rhBMP-2 significantly
stimulated cell growth increasing from 100% to 229% from 3.125 to 50 ng/ml in
a dose dependent manner. Similar effects were observed when treated with
commercial E. coli-derived rhBMP-2. Therefore, the purified rhBMP-2 was
functionally active in inducing cell proliferation on human osteoblast cells.
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U Commercial E. coli-derived rhBMP-2 mrhBMP-2

Figure 4. Cell proliferation of rhBMP-2 on hFOB 1.19 cells. Graph showing the
effect of purified rhBMP-2 on proliferation by PrestoBlue™ reagent
compared with commercial E. coli-derived rhBMP-2 (R&D Systems)
at 4-h treatment with the various rhBMP-2 concentration of 3.125,
6.25, 12.5, 25 and 50 ng/ml, respectively. All data are shown as mean
+ S.D. of triplicate experiments. Statistical analysis was analyzed by
one-way ANOVA by SPSS followed by Tukey's t-test.

Note: “denoted for P-value < 0.05 was statistically significant.

The effect of rnBMP-2 on cell differentiation

ALP activity is an early biomarker of osteogenesis and quantitatively
estimated the degree of osteoblast differentiation. The potential effect of rhBMP-
2 to induce the production of alkaline phosphatase was processed by staining,
using BCIP/NBT as a substrate. The staining results after rhBMP-2 treatment for
48 hours appeared the positive reactivity (blue-purple colour) at 25 and 50 ng/ml
(Figure 5A). After 5 days of treatment, the ALP activity of rnBMP-2 at 25 and
50 ng/ml significantly increased its activity at 170% and 210% compared to the
untreated control (100%control) (Figure 5B). Similar results were shown after
treatment with commercial E. coli-derived rhBMP-2 (Figure 5A and B). Thus,
rhBMP-2 had the biological activities necessary to stimulate osteoblast
differentiation.
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Figure 5. Alkaline phosphatase detection on hFOB 1.19 after treatment with

rhBMP-2. (A) Alkaline phosphatase staining using NBT-BCIP
substrate solution. A and B, treatment with purified rhBMP-2; a and
b; treatment with commercial E. coli-derived rhBMP-2; C, no
treatment as a control. A, a= 25 ng/ml; B, b =50 ng/ml. Magnification
= 10x, Bar = 200 um. Blue-purple color of positive alkaline
phosphatase staining was pointed by black arrow. (B) Alkaline
phosphatase activity after treatment with purified rhBMP-2 for 5 days.
Data represent mean + standard deviation (n = 3), *P < 0.05 compared
to control.
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Gene expression analysis of rhBMP-2

To confirm the functional activity of rhBMP-2 on the osteoblast
differentiation process, we examined the degree of mMRNA expression for genes
associated with osteoblast differentiation, alkaline phosphatase (ALP), type |
collagen (COL1), bone morphogenetic protein-2 (BMP-2), runt related protein 2
(Runx2) and osteopontin (OPN). Relative quantitation of Real-Time PCR results
Is shown in Fig. 6 where the mRNA transcript of ALP, COL1 and BMP-2 in the
cells was stimulated by rhBMP-2 at 25 ng/ml (Figure 6A). The mRNA expression
levels of ALP, COL1 and BMP-2 were increased to 4.3-fold, 6.7-fold and 4.2-fold
relative to control, respectively. The up-regulated gene expression was also
significantly increased to Runx2 transcription factor and OPN was significantly
increased to 2.2-fold and 2.3-fold at 50 ng/ml treatment, respectively (Figure 6B).
Therefore, the rhBMP-2 could significantly increase the expression level of
osteoblastogenic genes in human osteoblast cells during osteoblast
differentiation.
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Figure 6. Gene expression analysis by gRT-PCR with rhBMP-2 treatment.
hFOB 1.19 cells were cultured for 12 h at 25 and 50 ng/ml purified
rhBMP-2. Fold change in mRNA expression level are relative to
GAPDH and normalized in the untreated control groups. Relative
gene expression of ALP, COL1, BMP-2 (A), and Runx2, OPN (B)
shows in the figure. Control group was taken as the calibrator. All data
are shown as mean = S.D. of triplicate experiments. Statistical
significance of differences was assessed with one-way ANOVA by
SPSS followed by Tukey's t-test. P-value < 0.05 (*) was assumed
statistically significant.
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DISCUSSION

Human BMP-2 is a crucial growth factor for osteoinductive and
osteogenesis processes of bone development and regeneration (Poon et al., 2016).
Native hBMP-2 is a disulfide bonded homodimeric protein which is needed for
biological functioning and is accompanied by a posttranslational modification of
N-glycosylation (Wang et al., 1990). The absence of carbohydrate residues does
not affect the biological function of BMP-2 (Kubler et al., 1998). Previous studies
(Long et al., 2006; Sharapova et al., 2010; von Einem et al., 2010; Hyup Lee
etal., 2011; Zhang et al., 2011; Pramesti et al., 2012; Rane et al., 2013; Nasrabadi
etal., 2018; Quaas et al., 2018) have expressed rhBMP-2 from a prokaryotic host
in the form of inclusion bodies by the pET expression system under the control
of T7 promoter using E. coli BL21(DE3), Origami™ E. coli or E. coli SHuffle T7
Express strain. Nevertheless, these bacterial expression systems are limited in
their ability to perform post-translational modifications and facilitate disulfide
bond formation, resulting in eukaryotic proteins that are improperly folded with
the formation of inactive inclusion bodies. The misfolded protein needs further
in vitro refolding in order to regain its active structure. The complex nature of
this process is time-consuming, labor intensive and dependent upon various
variables for optimal conditions. Inclusion bodies may be formed due to there
being no disulfide bond formation in the reducing state of the cytosol in E. coli.

In the current study, we have investigated an E. coli-based expression
system to produce a soluble and functionally active rhBMP-2 protein using the
human osteoblast cell line (hFOB 1.19) as an in vitro biological testing. Our
strategy for improvement of the soluble expression of rhBMP-2 was
circumvented by changing the expression conditions which included the use of a
weaker promoter, the co-expression with fusion protein, lowering the growth
temperature and using a specific host strain allowing the formation of disulfide
bridges in E. coli host cells. The rhBMP-2 was successfully expressed as soluble
protein after induction by IPTG with the pEZZ18 expression vector by using the
bacterial host strain SHuffle E. coli. The fusion partner with ZZ peptide at its
N-terminal was selected for helping the protein folding and aided in the
purification step. The active rhBMP-2 was expressed as a soluble protein under
the control of lacUV5 and a protein A promotor at a lower temperature (30°C).
These results indicated that that type of promoter and a lower culture temperature
increased the soluble expression due to a slow rate of protein synthesis (Rosano
and Ceccarelli, 2014). Nevertheless, the rhBMP-2 protein was expressed in low
amount of total cell protein, which may be circumvent this problem by reducing
temperature (<30°C) or co-expression with chaperone proteins (Martinez-
Alonso, 2010). Furthermore, the E. coli SHuffle strain produced the correct
folding of active rhBMP-2 protein within its cytoplasm. This agreement with the
information that this strain is based on the deletions of the genes for glutaredoxin
reductase and thioredoxin reductase, which allows disulfide bonds to form in the
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cytoplasm (Lobstein etal., 2012). It also expresses the cytoplasmic disulfide bond
iIsomerase DsbC which helps the oxidizing cytoplasmic environment and its role
in assisting the formation of correctly folded multi-disulfide bonded proteins
(Lobstein et al., 2012). The advantages of expression as a soluble protein with an
active protein in the E. coli system include inexpensive, less time and no refolding
and solubilization steps for protein purification. Recombinant hBMP-2 protein
was employed in a single step by affinity chromatography with IgG Sepharose 6
Fast Flow column. This data suggested that rnBMP-2 fusion with ZZ peptide was
enriched with the IgG Sepharose 6 Fast Flow column which is tightly bound with
the 1gG binding domain of protein A. The storage of rhBMP-2 was held at the
alkaline buffer, pH 8.0 with 20%glycerol. At pH 8.0, the biological function of
the proteins is maintained, as reported previously on the usage of rhBMP-2 in
alkaline solution (Sharapova et al., 2010). The molecular mass at approximately
67 kDa was detected by both SDS-PAGE and western blot analysis, suggested
that the rhBMP-2 might be a homodimeric form which composed of a monomeric
33.7 kDa hold together. The molecular mass of rhBMP-2 monomeric form
(33.7 kDa) is larger than native mature hBMP-2 (12.9 kDa) because it composed
of the protein fragment containing ZZ peptide, histidine 6 amino acids, factor Xa
cleavage region (20.8 kDa) and mature hBMP-2 (12.9 kDa). However, the
purified rhBMP-2 dimer was insensitive to SDS, heat and beta-mercaptoethanol,
suggesting that this dimerization creates a hydrophobic core between the
monomers that stabilizes the molecule (Scheufler et al., 1999).

Since the biological activity of rhBMP-2 is the key indicator for successful
protein production, we demonstrated the osteogenic effect of E.coli-derived
rhBMP-2 using human fetal osteoblast cells, not rodent cells, such as C2C12
cells. Most studies evaluated the osteogenic activity of E.coli-derived rhBMP-2
using the C2C12 cell line (Fung et al., 2019). Proliferation of hFOB 1.19 cells
was promoted by increasing the rhBMP-2 concentration, indicating the rhBMP-
2 contains the ability to stimulate the proliferation of human osteoblast cells. This
result agreed well with high biological activity of BMP-2 in nanogram level
reported previuosly (Long et al., 2006). Alkaline phosphatase is a key enzyme in
the osteogenic differentiation process and its activity increases with the
enhancement of osteoblast differentiation. The increasing of ALP activity
indicated that rnBMP-2 was able to induce osteoblast development from the
pre-osteoblast to the extracellular matrix maturation stage. The purified rhBMP-
2 has a similar level of activity to commercially available rhBMP-2, indicating
that our rhBMP-2 has the functional activity as same as a commercial product.
During the bone formation process, increased expression of specific genes in
playing roles in the extracellular matrix formation and mineralization was
reported (Kirkham and Cartmell, 2007). The up-regulation of five osteoblast-
associated genes including ALP, COL1, BMP-2, Runx2 and OPN indicated that
rhBMP-2 could stimulate the osteoblast differentiation process. ALP and
collagen type | are the early indicators of osteoblastic differentiation. Collagen
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type | is an important component of bone extra-cellular matrix, forming
connections with cell surface integrins and other ECM proteins. BMP-2 is an
osteoinductive protein, that is capable of inducing bone formation and healing,
and it also promotes cell proliferation and differentiation towards the osteogenic
pathway. Runx2 is an important transcriptional factor on osteogenic
differentiation and controls bone formation. OPN is one of the noncollagenous
proteins involved in the bone matrix organization. The osteoinductive properties
of purified rhBMP-2 suggest that it might be a homodimeric protein of two
monomers with identical subunits held together due to the biological function of
the dimer (Long et al., 2006; Sharapova et al., 2010; von Einem et al., 2010; Hyup
Leeetal., 2011; Zhang et al., 2011; Pramesti et al., 2012; Rane et al., 2013). This
rhBMP-2 demonstrated in vitro biological activity capable of inducing osteogenic
abilities which coincided with positive control commercial preparation of R&D
research products. In our study, the purification process exposure to acidic
conditions may be deactivated endotoxin (Ribeiro et al., 2010). Furthermore, the
biological function of rhBMP-2 could stimulate the hFOB1.19 cells, suggesting
that no or very low endotoxin contamination contained in our purified protein. To
address this question, the quantitative measurement of bacterial endotoxin may
be further verified using endotoxin detection assay.

CONCLUSION

The E. coli-based system to produce soluble rhBMP-2 with biological
activity to stimulate the osteoinductive properties on a human osteoblast cell was
established. This optimized expression and a single step purification are
beneficial in the rapid production of active rhBMP-2 from E. coli without any
refolding or solubilization steps from inclusion bodies. This information has
potential applications for bone regenerative research, therapeutic intervention in
bone disease and the production of other homodimeric proteins.
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