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HIGHLIGHTS

e SUMO is a well characterized family of ubiquitin-like molecules.
e SUMO fusion led to increased expression and solubility of BMP-7.
e BMP-7 isinvolved in the process of bone formation.

ABSTRACT

BMPs belong to transforming growth factor f superfamilies, which their principal
role is inducing bone and cartilage formation at heterotopic and orthotopic sites.
Since the formation of inclusion bodies is the main limitation of producing these
proteins in Escherichia coli, in this study, the small ubiquitin-like modifiers
(SUMO) fusion system was employed to improve solubility and expression of
recombinant human BMP-7 (rhBMP-7) in E. coli. The SUMO fusion system has
the ability to enhance protein expression, reduce target protein proteolytic
degradation, and increase protein folding and solubility. In the current study, the
SUMO protein gene was fused to the N-terminus of the BMP-7 gene, and cloned
in the pET-28a vector. After purification of the expressed SUMO-BMP-7 protein
by Ni-NTA chromatography, SUMO was removed from the BMP-7 protein using
SUMO protease. In the second step of purification using Ni-NTA
chromatography, the cleaved BMP-7 protein was purified and then identified by
Western blot analysis. The results of the current study demonstrated that the
SUMO fusion system is able to increase the soluble form of rhBMP-7.
Furthermore, rhBMP-7 can be purified by a two-step purification strategy
including: 1) purification of SUMO-BMP-7 and 2) purification of rBMP-7 after
cleavage using Ni-NTA chromatography. Altogether, this research has provided
a feasible approach for large-scale production of soluble rhBMP-7, to facilitate
its further medical development.
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Introduction

Bone morphogenetic proteins (BMPs) are a group of
cytokines that belong to the transforming growth factor-p
(TGF-B) superfamily and were described by Dr. Marshall
Urist in 1965 (Chen et al., 2013; Wang et al., 2014; Chen
et al., 2016; Aslani et al., 2019). Their hallmark ability is
induction of bone and cartilage tissue differentiation.
These proteins play important roles during embryonic
patterning and early skeletal growth (Wang et al., 2014;
Deng et al., 2018) .To date, More than 20 different BMPs
have been identified with varying degrees of bone
induction (Rao et al., 2013; Wang et al., 2014; Sheikh et
al., 2015; Ye and Jiang 2016; Khorsand et al., 2017).
BMP-7 gained approval for local treatment of distinct
bone-related conditions, e.g., posterolateral spinal lumbar
fusion and complicated permanent tibial pseudarthrosis
(Neuerburg et al., 2019; Zang et al., 2019) BMP-7 also
induced cementogenesis and stimulated periodontal
ligament and alveolar bone formation in surgically
induced mandibular molar class 1l and class I11 furcation
defects in baboons and beagles, demonstrating its
beneficial effect in periodontal wound
healing/regeneration (Zang et al., 2019). Recombinant
forms of BMP-2 and BMP-7 are the only BMPs approved
by the Food and Drug Administration (FDA) for clinical
use (Haversath et al., 2012; Epstein, 2013; Begam et al.,
2017; Gillman and Jayasuriya, 2021). Preclinical and
clinical studies have shown that rhBMP-7 has been used
in various therapeutic applications including spinal
fusion, non-union fractures, and long bone defects
(Blokhuis et al., 2013; Sampath and Reddi, 2020). Hence
Expression of rhBMP-7 in heterologous systems seems to
be necessary. Escherichia coli (E. coli) is still one of the
most used hosts for the expression of recombinant
proteins because of its simplicity, rapid growth, and low
cost. Although E. coli is a preferred host for the
expression of recombinant proteins, most heterologous
proteins such as BMPs tend to form inclusion bodies in
E. coli (Sun et al., 2012; Hou et al., 2013; Jeong et al.,
2014; Nasrabadi et al., 2018). Various strategies,
including changing of promoters, co-expression of
chaperones and foldases (Sun et al., 2012; Gupta and
Shukla, 2016; Bhatwa et al., 2021), secretion of proteins
to the E. coli periplasmic space (Sun et al., 2012; Malik,
2016) and using fusions partners (Sun et al., 2012;
Bhatwa et al., 2021; Ko et al., 2021), have been applied
to improve soluble expression of recombinant protein in

E. coli (Wang et al., 2010; Gupta and Shukla, 2016;
Bhatwa et al., 2021). Fusion systems can not only
enhance protein expression and folding, but also reduce
proteolytic degradation and simplify purification and
detection of the recombinant protein (Wang et al., 2010;
Yadav et al., 2016; Cheng et al., 2017). Available some
common structures have been used as fusion tags,
including Thioredoxin (Trx) (Xiao et al., 2018; Ki and
Pack, 2020; Saffari et al., 2020), the small ubiquitin-like
modifiers (SUMO) (Wang et al., 2010; Guerrero et al.,
2015; Yang et al., 2017; Hanif et al., 2018), maltose
binding protein (MBP) (Wang et al., 2010; Vu et al.,
2014; Lee, 2022), N-utilization substance A (NusA)
(Wang et al., 2010; Raran-Kurussi and Waugh, 2014),
alkaline phosphatase (Kuo et al., 2011), glutathione S-
transferase (GST) (Wang et al., 2010; Williams et al.,
2020), ubiquitin (Wang et al., 2010) and the DsbA protein
(Liu et al., 2015; Hajihassan et al., 2016) are some of the
available commonly structures have been used as fusion
tags. In this study, the effect of the SUMO fusion system
on improving the solubility and expression of rhBMP-7
in E. coli was evaluated.

SUMO is a well characterized family of ubiquitin-like
molecules, which becomes covalently and reversibly
conjugated to specific protein substrates on lysine
residues in eukaryotic cells. Sumoylation is a post-
translational modification process and is involved in
many cellular processes, such as transcriptional
regulation, nuclear-cytosolic transport, chromosome
organization, apoptosis, protein activation and stability,
response to stress, progression through the cell cycle,
DNA repair, and signal transduction (Wang et al., 2010;
Kuo et al., 2011; Hou et al., 2013; Wang et al., 2013; Yu
et al., 2013; Liew et al., 2014; Sriramachandran and
Dohmen, 2014; Hasan and Saluja, 2015; Sang et al.,
2019; Acufia, 2022). SUMO has an external hydrophilic
surface and an inner hydrophobic core that exert a
detergent-like effect on insoluble proteins (Hou et al.,
2013; Sang et al., 2019; Zia et al., 2022), SUMO and its
associated enzymes and pathways are present in all
eukaryotes and are highly conserved from yeast to human
(Linova et al., 2020). It was found that fusion of
recombinant proteins with SUMO protein has many
advantages including improved protein folding, enhanced
expression level, and enhanced protection of the protein
from degradation via its chaperoning properties.
Moreover, recombinant proteins with SUMO tags can be
effectively cleaved by robust and efficient SUMO
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protease, which recognizes the tertiary sequence of
SUMO protein, and native-like target protein can be
generated after removing SUMO tags (Wang et al., 2010;
Wang et al., 2012; Hou et al., 2013; Truong et al., 2013;
Wang et al., 2013; Yu et al., 2013; Zhang et al., 2014; Li
et al., 2018; Linova et al., 2020). In previous studies,
several difficult to-express proteins including the
Staphylococcus aureus PyrC enzyme (SaPyrC) (Truong
etal., 2013), active single-chain antibody fragment (scFv)
(Yeetal., 2008), antimicrobial peptide scolopin 1 (AMP-
scolopin 1) (Hou et al., 2013), human PYY (hPYY)
(Fazen et al., 2012), recombinant hepcidin 25 (Sadr et al.,
2017), mature o-luffin (Namvar et al., 2018), melittin
(Chenetal., 2021), antimicrobial peptide AP2 (Mo et al.,
2018) and allium sativum leaf agglutinin (ASAL)
(Upadhyay et al., 2010) have been successfully expressed
and purified in E. coli using SUMO as fusion tag (Hou et
al., 2013).

In the present study, the expression of rhBMP-7 using
the SUMO fusion system in E. coli was evaluated for the
first time. Furthermore, the effect of SUMO fusion on
rhBMP-7 solubility and purification by Ni-NTA
chromatography was also examined.

Materials and Methods
Strains, plasmids and culture media

E. coli strain Top 10F" and E. coli strain BL21 (DE3),
which were used for cloning experiments and as hosts for
protein expression, were obtained from Thermo Fischer
Scientific  (Massachusetts, USA). The pET-28a
expression vector was obtained from Novagen, (Madison,
WI). The gene was synthesized by GeneRayBiotech®
(Shanghai, China) and cloned in PGH vector, Prestained
Protein Ladder, pageruler unstained protein ladder,
restriction enzymes, and buffers for gene construction
and molecular cloning were from Thermo Fisher
Scientific (Massachusetts, USA). Anti-His6-Peroxidase
and T4 DNA ligase were purchased from Roche
Diagnostics (Germany). Imidazole, Na;H,POs, NaCl,
isopropyl b-D-thiogalactopyranoside (IPTG), luria—
bertani (LB) medium, and Coomassie brilliant blue G-
250 were obtained from Sigma (USA). A plasmid DNA
purification kit was obtained from iNtRON
Biotechnology (USA). The SUMO protease was obtained
from LifeSensors (USA). The Ni- NTA Agarose was
ordered from QIAGEN (Germany). 3, 3'-
Diaminobenzidine (DAB) conjugate substrate kit was

obtained from Bio-Rad (USA). Goat anti-rabbit antibody
peroxidase and rabbit polyclonal antibody to BMP-7 were
purchased from Razi Biotech (Tehran, Iran) and Abcam
(United Kingdom), respectively. Other reagents were
obtained from standard commercial sources.

Construction of BMP-7 expression cassettes with and
without SUMO fusion partner

The coding region of the human BMP-7 mature domain
(139 amino acids, GenBank with accession number
NM_001719.3) with either HiseSUMO or His sequence
tag at the N-terminal region was synthesized and cloned
in the PGH vector. Codon optimization for expression in
E. coli was done by GenBank and confirmed using the
codon adaption index calculator. Then, the genes were
cloned in Ncol/EcoRI sites of pET-28a (+), and the
transformants were selected in Luria Bertani medium
(LB) containing kanamycin (30 pg/mL). To confirm the
recombinant clone, colony PCR screening using T7
primers was performed. To further confirm the
recombinant clone, the plasmid of one positive clone was
sequenced. Finally, pET-28a-SUMO-BMP7and pET-
28a-BMP7 plasmids were transformed into the
expression strains E. coli BL21 (DE3) competent cells.

Expression of SUMO-BMP-7 and BMP-7 fusion proteins

In this study, a single colony of transformed E. coli strain
BL21 (DE3) was inoculated into 5 ml of LB-broth
(containing 30 pg/mL kanamycin) to grow overnight
under a constant temperature 37°C in a shaker-incubator.
Then, overnight culture was sub-cultured 1:100 into 50
ml LB-broth (30 pg/mL kanamycin) until its optical
density (ODsog) reached 0.4-0.6. In order to induce
recombinant protein expression, 1 mM IPTG (isopropyl
b-D-1-thiogalactopyranoside) was added at 37 °C while
shaking at 170 rpm. Four hours after induction, the cells
were harvested by centrifugation at 9000 rpm for 3 min.

Soluble proteins analysis

In order to assess the solubility, the bacterial pellets were
resuspended in 15 mL lysis buffer (50 mM
Na;HPO./NaH,PO4, 300 mM NaCl, 40 mM imidazole,
pH 8.0). A mild sonication (Hielscher, Germany) for 15
cycles (20 s pulses and 20 s intervals) on ice was
employed in order to lyse the cells Then, the resulting
lysate cells were centrifuged at 13000 rpm for 20 min at
4°C. The supernatant and the pellet which contained the
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soluble proteins and cell debris as well as inclusion bodies
(IB) were separated by 15% SDS-PAGE, and proteins
were visualized by Coomassie staining. Densitometry
analysis of SDS-PAGE gels was carried out using
Quantity One® software (ver. 4.6.3; Bio-Rad
Laboratories, Hercules, CA) to determine the relative
soluble expression level of SUMO-BMP7 and BMP7.

Purification and western blotting of SUMO-BMP-7
fusion protein

In order to purify SUMO-BMP7 and BMP7, the soluble
protein fraction from 200 mL LB-broth culture medium,
was applied to a Ni-NTA superflow column, that was
packed with 2 mL resin and pre-equilibrated with 10 mL
binding buffer (50 mM Na;HPO4/NaH;PO4, 300 mM
NaCl, 40 mM imidazole at pH 8.0) at a flow rate of 1
mL/min. Then, to wash unbound proteins wash buffer (50
mM NaH;PO4, 300 mM NacCl, and 50 mM Imidazole, pH
8.0) was used. Eventually, the fusion protein was eluted
with 10 mL elution buffer (50 mM NazHPO4/NaH;PO.,
300 mM NacCl, and 250 mM imidazole, pH 8.0). 15%
SDS-PAGE was used to detect the purified SUMO-
BMP-7 protein.

Anti-His6 tag antibody was used in Western blot
analysis to confirm the His-tagged SUMO-BMP-7
expression in soluble form and His-tagged BMP-7
expression. A semi-dry transfer cell apparatus (Bio-Rad,
USA) was applied to transfer the recombinant proteins
to a nitrocellulose membrane (Amersham Company,
UK). Then, the membrane was blocked with 3%
skimmed milk in PBS buffer for 60 min. Then, the blot
was incubated at room temperature with an anti-His6 tag
antibody at 1:1000 dilution (diluted in PBS) for 120 min.
Finally, positive bands were visualized by a DAB
staining kit (Thermo Fisher Scientific, Waltham, MA,
USA).

Enzymatic cleavage of SUMO-BMP7 fusion protein and
purification of recombinant BMP-7

In order to remove imidazole, the elutes consisting of
purified SUMO-BMP-7 were dialyzed with molecular
weight cut-offs 12-15 kDa (Sigma, USA) against 20 mM
Tris-HCI, 150 mM NaCl, and 10% glycerol (pH 8.0).
Then, digestion of SUMO-BMP-7 fusion was done by
adding 2 mM dithiothreitol (DTT) and incubating with
SUMO Protease (Lucigen®, Middleton, WI) at 1:100

enzyme to substrate molar ratio at 4 °C, pH 8.0 for
overnight. The resulting cleaved product was analyzed
with 15% SDS-PAGE. To further purify BMP-7 and to
remove the SUMO tag and SUMO Express Protease, as
well as any residual of uncleaved fusion protein,
purification using the Ni-NTA column was performed as
described earlier.

Western blot analysis of the purified BMP-7 protein

As His6 tags were removed after purification of hBMP-7
protein, rabbit polyclonal antibody (primary antibody)
and goat anti-rabbit antibody conjugated to horse radish
peroxidase (secondary antibody) was used in western blot
analysis to confirm purified hBMP-7. Accordingly, the
blot was incubated at room temperature with rabbit
polyclonal antibody against BMP-7 (primary antibody) at
1:5000 dilution (diluted in PBS) for 90 min. Finally, the
blot was incubated at room temperature for 60 min with
goat anti rabbit antibody conjugated to horse radish
peroxidase (secondary antibody) at 1:20000 dilution
(diluted in PBS). Positive bands were visualized by a
DAB staining kit (Thermo Fisher Scientific, Waltham,
MA, USA).

Results

PET28-SUMO-BMP-7
construction

and PET28-BMP-7 vector

BMP-7 has been reported to express as inclusion bodies
in E. coli, thus, for the soluble and high yield expression
of mature BMP-7 in E. coli, we employed the SUMO-
fusion system. Therefore, two expression constructs
(PET-28a-BMP-7 and pET-28a-SUMO-BMP-7) were
prepared (Fig. 1) to compare the solubility of SUMO-free
and SUMO-tagged expressed proteins. The synthesized
genes segments with the size 452 bp and 752 bp were cut
from PGH-BMP-7 and PGH-SUMO-BMP-7, respectively,
and cloned into Ncol/EcoRI linearized pET-28a (+)
vector. Digestion of pET-28a-SUMO-BMP-7 and pET-
28a-BMP-7 using Ncol/EcoRI enzymes resulted in
expected bands sizes of 5265 and 752 bp as well as 5265
and 452 bp, respectively (Fig. 2). Additionally, DNA
sequencing analysis and colony PCR screening using T7
primers confirmed the sequence of positive clones (data
not shown).

4 This open-access article is distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).


https://creativecommons.org/licenses/by-nc/4.0/legalcode

Soluble expression of rhBMP-7 in E. coli using SUMO fusion

6xHis EcoRI

Ncol

_RBS
17 promoter

—ggon_1[] ﬁ]

2 erminator  ped

A

pET-28a-BMP-7
5717 bp

6000

Ncol

(lac operator)
— (17 promoter’

Figure 1. Schematic representation of recombinant pET-28a-BMP-7 and pET-28a-SUMO-BMP-7 construct map.
A) The human BMP-7 and B) the SUMO-BMP-7 genes were cloned into Ncol/EcoRl sites of pET-28a(+).

A
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Figure 2. A) Restriction Analysis of A) pET-28a- BMP-7 and B) ET-28a- SUMO-BMP-7. A) Lane 1: Size Marker, Lane
2: Digestion of pET-28a- BMP-7 using Ncol/EcoRI created two fragments with expected size at 5265 bp and 452 bp. B)
Lane 1: Size Marker, Lane 3: Digestion of pET-28a- BMP-7 with Ncol/EcoRI created two fragments with expected size

at 5265 and 752 bp.

Expression analysis of SUMO-free BMP-7 and SUMO-
fused BMP-7 in E. coli

To compare the soluble expression, both pET-28a-BMP-
7 and pET-28a-SUMO-BMP-7 were transformed into E.
coli BL21 (DE3). The expression was induced with 1 mM
IPTG at different combinations of time and temperature
(25, 30, and 37 °C for 4, 8, 10, 12, and 24 h). The results
showed that the highest amount of SUMO-BMP-7 protein
was expressed when PpET-28a-SUMO-BMP-7 was
induced at 37 °C for 4 h (data not shown). A predominant
band at approximately 30 kDa for SUMO-BMP-7 and 16
kDa for BMP-7 protein was observed in induced samples.
Western blotting using anti-His6 tag antibody confirmed

the expression of the BMP-7 and SUMO-BMP-7 proteins
in E. coli (Fig. 3).

Quantification of 15% SDS-PAGE gel using Quantity
One® software revealed that the expression level of the
BMP-7 accounts for about 18.79% of total proteins.
Although BMP-7 protein was found in both the soluble
and insoluble fractions, it was mainly localized in
inclusion bodies (11.11%). The fusion of SUMO to BMP-
7 (SUMO-BMP-7) protein led to a considerable increase
in expression level to 38.5% of total proteins.
Furthermore, a substantial proportion of the expressed
fusion protein (SUMO-BMP-7) was present in soluble
form (36.4%), which was higher than that of BMP-7
(7.68%) (Fig. 4).
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Figure 3. A) SDS-PAGE and B) Western blot analysis of BMP-7 and SUMO-BMP-7 expression. A) Lane 1 and 2: before and after induction samples
of BMP-7, respectively, Lane 3: Protein Marker (Thermo Scientific, Cat. No. 26610), Lane 4 and 5: after and before induction samples of SUMO-
BMP-7 protein, respectively. B) Lane 1 and 3: SUMO-BMP-7 and BMP-7 protein samples after induction. Lane 2: prestained protein ladder
(SinaClon, Cat. No. PR901641).
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Figure 4. SDS- PAGE analysis of soluble and insoluble expression of BMP- 7 and SUMO-BMP-7 recombinant
proteins. BMP-7 protein sample Lane 1: before, Lane 2: after induction, Lane 3: soluble and Lane 4: insoluble
fraction of BMP-7 protein sample. Lane 5: Protein Marker (Thermo Scientific), Lane 6: SUMO-BMP-7 protein
sample after induction. Lane 7: insoluble and Lane 8: soluble fractions of SUMO-BMP-7 protein, Lane 9: SUMO-
BMP-7 protein sample before induction.

Purification of SUMO-BMP-7 fusion protein imidazole, and the His6-tagged SUMO-BMP-7 was

eluted using elution buffer containing 250 mM imidazole
Ni-NTA resin was used for fusion protein purification.  (Fig. 5A, lane 2, 3). Observing an approximate 30 kDa
Proteins without His6 tags were removed from the Ni—  band in Western blot analysis (Fig. 5B) confirmed the
NTA resin using washing buffer containing 40 mM purification of SUMO-BMP-7.
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Figure 5. A) SDS-PAGE and B) Western blot analysis of SUMO-BMP-7 purification. A) Lane 1: protein marker (Thermo Scientific), Lane
2-3: elution 1-2 of SUMO-BMP-7. B) Lane 2: Protein Marker (Thermo Scientific), Lane 3: purified SUMO-BMP-7 protein.

Enzymatic cleavage and Purification of BMP-7

The SUMO-BMP-7 protein (50 pg) was almost entirely
cleaved after incubation with SUMO protease (1 U) at 37
°C overnight. As demonstrated in Fig. 6, BMP-7 was
released from the fusion protein after cleavage with
protease. Then, to remove His6-tagged SUMO and
SUMO protease, the mixture of cleavage reaction was re-
loaded to the Ni-NTA column. After purification of the
cleavage mixture, the His6-tagged SUMO was eluted
using elution buffer containing 250 mM imidazole, which
was observed as ~18 kDa band corresponding to the
SUMO tag (Fig. 6, Lane 5). BMP-7 without His6 tags was
removed from the Ni-NTA resin using a washing buffer
containing 40 mM imidazole and an approximately 16
kDa band corresponding to recombinant BMP-7 was
observed (Fig. 6, Lane 6). Observing a ~ 16 kDa band in
Western blot analysis confirmed purification of BMP-7

(Fig. 7).

His tagged SUMO
]

BMP-7

Figure 6: SDS-PAGE analysis of SUMO-cleaved after Ni-NTA
purification. Lane 1: soluble fraction of SUMO-BMP-7 protein sample,
Lane 2: purified SUMO-BMP protein, Lane 3: protein marker (Thermo
Scientific), Lane 4: cleavage mixture of SUMO-BMP-7 protein with
SUMO protease, Lane 5: SUMO fusion tag, Lane 6: purified
recombinant BMP-7 protein.

75 kDa

63 kDa

48 kDa

35 kDa

25 kDa

17 kDa

11 kDa

Figure 7: Western blot analysis of purified recombinant BMP-7 protein
using anti-BMP-7 antibody. Lane 1: prestained protein ladder
(SinaClon), Lane 2: Purified BMP-7 protein.

Discussion

Clinical trials have provided supportive evidence for the
use of BMP-7 in the treatment of open tibial fractures,
distal tibial fractures, tibial nonunions, scaphoid
nonunions, and atrophic long bone nonunions
(Moghaddam et al., 2010; Blokhuis et al., 2013; Sampath
and Reddi, 2020; Sandler et al., 2023). Given the current
medical applications of BMPs, applying different
strategies to improve the quality and yield of their
expression is of great importance (Kubler et al., 2000).
Producing recombinant rhBMP-7 has become the
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principal method for high yield production. Reducing
production costs and increasing the yields of rhBMP-7
production can enhance the clinical use of BMP-7 (Zhang
et al., 2010). The clinical efficacy of rBMP-7 has been
demonstrated in the treatment of orthopedic injuries
through topical application. However, the pharmaceutical
development of rBMP-7 for systemic delivery has
presented many challenges. Specifically, the expression
level of recombinant mature BMP-7 protein in
mammalian cells is very low, the molecule has poor
solubility at neutral pH, and intracellular proteolytic
processing events result in a secreted BMP-7 having
multiple amino-termini, creating a heterogeneous mixture
of proteins (Gazzerro and Minetti, 2007).

Researchers have used the BL21 (DE3) strain and the
expression vector of pET-25 for the cytoplasmic
expression of BMP-4, BMP-9, BMP-10, BMP-11, and
BMP-14 (Bessa et al., 2009). Herein, we also selected an
E. coli host for rBMP-7 production. E. coli is the most
commonly used heterologous expression host and can
provide a simple and inexpensive way to produce
recombinant proteins. The disadvantages of protein
expression in E. coli cytoplasm are the accumulation of
inclusion bodies resulting from incorrect protein folding
(Wang et al., 2013; Yu et al., 2013). Promoting the
secretion of recombinant protein into E. coli periplasm, in
which the oxidizing conditions can favor the formation of
the disulfide bonds, can circumvent the problem of
inclusion body formation. However, the presence of
incomplete chaperone machinery that can impair correct
folding at a high expression rate and limited volume of
the compartment which can lead to overcrowding are the
major drawbacks of the accumulation of recombinant
proteins in periplasmic space (de Marco, 2020). Totally,
guiding recombinant proteins across the cytoplasmic
membrane can cause protein aggregation and result in
low vyields of protein production (Karyolaimos et al.,
2020). An alternative method is a soluble cytoplasmic
expression by fusing the protein encoding gene to the
solubilizing protein tags. Several protein fusion
technologies have been developed to enhanc the
expression and purification of heterologous proteins. In a
systematic comparison of various fusion tags, SUMO
fusion was reported to be superior for increasing the
solubility of recombinant proteins (Ceylan and Erdogan,
2017; Rezaie et al., 2017; Pratheesh et al., 2019). This
effect was attributed to the chaperonin-like properties of
SUMO which help to stabilize the folded structure of the
attached protein and to prevent protein aggregation. It
was also reported that a His6-tag at the N-terminus of
SUMO resulted in rapid purification using nickel affinity

chromatography (Satakarni and Curtis, 2011; Tileva et
al., 2016; Ceylan and Erdogan, 2017). Although the
fusion tags are often highly expressed in the host cells,
the presence of the fusion tags may prevent or interfere
with the function of the target protein/peptide. Therefore,
the peptide/protein of interest should be released from the
fusion protein by enzymatic or chemical cleavage.
SUMO protease cleaves SUMO peptide with remarkable
fidelity and efficiency and gives the desired N-terminus
(Wang et al., 2013; Li et al., 2018; Linova et al., 2020).
The small size of SUMO resulted in a higher
stoichiometric ratio of the target polypeptide in fusion
protein and increased yield (Wang et al., 2011). It was
found that when the target protein is fused directly to the
C terminus of SUMO, cleavage by SUMO protease will
result in the release of the target protein with the desired
N-terminal amino acid sequence (Wang et al., 2013).
SUMO fusion technology has been applied for the
expression of different recombinant proteins and
antibody fragments such as Hepcidin25 in E. coli (Sadr et
al., 2017). For instance, Lee et al. (2009) have reported
the successful expression of foot-and-mouth disease virus
capsid protein as a stable heterodimer complex using
SUMO fusion technology.

In this study, we use two different constructs having
(PET-28a-SUMO-BMP-7) and lacking (pET-28a-BMP-
7) SUMO partner for expression in the E. coli BL21
strain. In addition, the effects of duration and temperature
of induction on the total yield of SUMO-BMP-7 were
investigated to obtain optimal expression conditions. The
most SUMO-BMP-7 was expressed 4 h after induction at
37°C. In order to lyse the cells and improve the yield and
solubility of the recombinants, sonication with different
pulses and in different solution concentrations was
evaluated. Then, various buffer conditions such as lysis
buffer (NazHPO4/NaH2POs4, NaCl, different
concentrations of imidazole), lysis buffer
(NazHPO4/NaH,PQOg, Tris-HCL, urea, pH 8.0/ pH 6.3/ pH
5.9/ pH 4.5), TE buffer (Tris and EDTA), lysis buffer+
protease inhibitor mini+ Lysozyme (data not shown) were
screened. It was found that lysis buffer with 40 mM
imidazole and mild sonication for 15 cycles (20 s pulses
and 20 s intervals) are the best conditions for soluble
expression and purification.

Our results demonstrated that BMP-7 expressed in the
BL21 strain was mostly insoluble and accumulated as
inclusion bodies and it was present in soluble fractions of
cell lysates to a lesser extent. As indicated in Fig. 4, the
SUMO-BMP-7 fusion protein was expressed in both
soluble and insoluble fraction of cell lysates, which
resulted in higher production yield compared to BMP-7
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expression. Similarly, Sun et al. (2008) reported that
SUMO-urodilatin fusion protein is expressed in both
soluble and insoluble fractions of the cell lysate. In the
current study, fusion of SUMO to BMP-7 resulted in
increased recombinant BMP-7 expression from 18.79%
to 38.5%. Taking advantage of the SUMO technology,
36.4% of the soluble fraction was accounted for SUMO-
BMP-7. However, SUMO-free BMP-7 with an N-
terminal His tag was considerably less soluble (7.68%)
than SUMO-BMP-7. In this study, it was demonstrated
that expression of rhBMP-7, without SUMO fusion
partner, causes inclusion bodies production. However,
when SUMO was fused to BMP-7, the solubility of
SUMO-BMP-7 was improved. The soluble expression of
aggregation-prone recombinant proteins using different
fusion tags and E. coli strains has been associated with
different outcomes. For example, Rezaie et al. (2017)
demonstrated that the combination of SUMO fusion
technology, EnBase® cultivation system, and recruiting a
redox mutant of E. coli can efficiently enhance the
solubility and productivity of recombinant Fab fragments.
In our previous study, we showed that the expression of
rhBMP-7 in the SHuffle® T7 Express strain causes
enhanced solubility compared to its expression in the
BL21 strain. It emphasized the application of SHuffle®
T7 Express strain for the efficient production of
therapeutic  proteins  containing  disulfide bonds
(Dugmehchi et al., 2022). Sadr et al. (2017) revealed that
thioredoxin and SUMO dual fusion system is an efficient
production system for the synthesis of functional human
hepcidin25 with a final yield of 3.9 mg/L of media. Peciak
et al. (2014) have reported the successful expression of
interferon consensus protein  (IFN-con) using a
combination of SUMO-tagged construct and SHuffle
strain. Based on their results, 86— 88% of total expressed
protein was recovered in soluble fraction. Wang et al.
(2013) successfully developed a procedure to express
soluble and functional recombinant HPS using the SUMO
fusion system combined with Tf chaperone in E. coli.
Zhang et al. (2014) demonstrated that ELP and SUMO
tags can be combined to produce soluble proteins. Fazen
et al. (2012) reported that hPY'Y (3-36) is successfully
expressed as a fusion with the SUMO protein and
expressed in a yield of 30 + 7 mg/L of induced culture in
E. coli. The presence of the SUMO tag was necessary
since rapid degradation of unmodified hPYY (3-36) was
observed (Fazen et al., 2012). Hou et al. (2013)
constructed an efficient system for the expression and
purification of scolopin 1 in E. coli by the pSUMO
expression vector. Herein, two steps of Ni-NTA
chromatography were used to purify the soluble rhBMP-
7. First, the soluble fraction of SUMO-BMP-7 was

purified with high purity. Then, the purified SUMO-
BMP-7 was dialyzed to reduce the concentration of
imidazole because of the inhibitory effect of imidazole on
the SUMO protease. In the next step, the rhBMP-7
protein was separated and released from the fusion
protein by SUMO protease. In the second step of
purification, the cleavage mixture was loaded onto the
Ni—-NTA column. Highly efficient cleavage of the fusion
protein between the C-terminus of SUMO and the N-
terminus was confirmed by observing the BMP-7 band at
the expected position of 16 kDa in SDS-PAGE and
Western blot analysis. The theoretical molecular weight
of the SUMO proteins is approximately 11 kDa.
However, as reported by Hilgarth and Sarge (2005) each
added SUMO typically causes an increase in the range of
15-17 kDa on SDS-PAGE. In contrast to our study, the
SUMO protease failed to cleave the SUMO peptide from
ASAL in the study of Santosh Kumar. This may be due
to steric hindrance caused by the homodimer structure of
the Chimeric ASAL (Upadhyay et al., 2010).

Here, we have reported for the first time that rhBMP-7
can be expressed more soluble in E. coli using SUMO
fusion technology. Furthermore, rhBMP-7 can be
successfully released from SUMO-BMP-7 after cleavage
by SUMO protease. Additionally, rhBMP-7 can be
purified by a two-step purification strategy including 1)
purification of SUMO-BMP-7 and 2) purification of
rBMP-7 after cleavage using Ni-NTA chromatography.
Altogether, this research has provided a feasible approach
for large-scale production of soluble rhBMP-7, to facilitate
its further medical development. It is highly required to
examine the effect of the SUMO fusion system on the
biological activity of hBMP-7 in our future studies.

Conclusion

In conclusion, it was found that the fusion of SUMO to
hBMP-7 and its expression in E. coli increases expression
and solubility compared to the expression of SUMO-free
BMP-7, Further studies are highly required to investigate
the effect of the SUMO fusion system on the biological
activity of h(BMP-7. Additionally, to apply this system for
industrial application, it is required to compare the level
of active purified soluble rhBMP-7 expressed after
SUMO protease cleavage with those of active rhBMP-7,
which is expressed with no fusion tags and achieved after
the refolding process.

Ethical Statement

This article does not contain any studies with human and
animal subjects performed by any of the authors.

This open-access article is distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0). 9


https://creativecommons.org/licenses/by-nc/4.0/legalcode

G. Sadipour et al. / TPPS, Volume 8 (2023): e5

Competing Interests

The authors declare no conflict of interest.

Funding

This study was supported financially by Pasteur Institute
of Iran (Grant#736).

Authors Contribution

Ghazal Sadipour performed literature searches,
experimental studies, and manuscript preparation. Alireza
Dugmehchi assisted in laboratory experiments. Yeganeh
Talebkhan provided critical feedback and assisted in the
revision of the manuscript. Elham Mohit and Leila
Nematollahi were chief investigators and contributed to
revise the main manuscript.

References

Acuia, M. L. (2022). "The Contribution of Alternative Splicing and
Post-Transcriptional Mechanisms Toward the Global Control of
SUMO1/2/3 SUMOylation.” Doctoral Dissertation, The University of
Texas at El Paso.

Aslani, S., Abhari, A., Sakhinia, E., Sanajou, D., Rajabi, H. and S.
Rahimzadeh, (2019). “Interplay between microRNAs and Wnt,
transforming growth factor- f, and bone morphogenic protein signaling
pathways promote osteoblastic differentiation of mesenchymal stem
cells." Journal of Cellular Physiology, 234(6): 8082-8093. DOI:
https://doi.org/10.1002/jcp.27582.

Begam, H., Nandi, S. K., Kundu, B. and A. Chanda, (2017).
"Strategies for delivering bone morphogenetic protein for bone
healing." Materials Science and Engineering: C, 70(1): 856-869. DOI:
https://doi.org/10.1016/j.msec.2016.09.074.

Bessa, P. C., Cerqueira, M., Rada, T., Gomes, M. E., Neves, N.,
Nobre, A., Reis, R. and M. Casal, (2009). "Expression, purification and
osteogenic bioactivity of recombinant human BMP-4,-9,-10,-11 and-
14." Protein Expression and Purification, 63(2): 89-94. DOI:
https://doi.org/10.1016/j.pep.2008.09.014.

Bhatwa, A., Wang, W., Hassan, Y. I., Abraham, N., Li, X. Z. and T.
Zhou, (2021). "Challenges associated with the formation of recombinant
protein inclusion bodies in Escherichia coli and strategies to address
them for industrial applications." Frontiers in Bioengineering and
Biotechnology, 9: 630551. DOl:
https://doi.org/10.3389/fbioe.2021.630551.

Blokhuis, T. J., Calori, G. M. and G. Schmidmaier, (2013).
"Autograft versus BMPs for the treatment of non-unions: what is the
evidence?" Injury, 44: S40-S42. DOI: https://doi.org/10.1016/S0020-
1383(13)70009-3.

Ceylan, H. and O. Erdogan, (2017). "Cloning, expression, and
characterization of human brain acetylcholinesterase in Escherichia coli
using a SUMO fusion tag." Turkish Journal of Biology, 41(1): 77-87.
DOI: https://doi.org/ 10.3906/biy-1602-83.

Chen, B. L., Peng, J., Li, Q. F., Yang, M., Wang, Y. and W. Chen,
(2013). "Exogenous bone morphogenetic protein-7 reduces hepatic
fibrosis in Schistosoma japonicum-infected mice via transforming
growth factor-B/Smad signaling." World Journal of Gastroenterology,
19(9): 1405-1415. DOI: https://doi.org/10.3748/wjg.v19.i9.1405.

Chen, Q. C., Liu, L., Yu, T. Y., Tang, L., Yin, M. L., Zhu, W. H.,
Jiang, X. Y. and H. Y. Wang, (2021). "High-level expression and

purification of melittin in Escherichia coli using SUMO fusion partner."
International Journal of Peptide Research and Therapeutics, 27: 9-15.
DOI: https://doi.org/10.1007/s10989-020-10060-4.

Chen, X., Xu, J., Jiang, B. and D. Liu, (2016). "Bone morphogenetic
protein-7 antagonizes myocardial fibrosis induced by atrial fibrillation
by restraining transforming growth factor-f (TGF-f)/Smads signaling."
Medical Science Monitor, 22: 3457-3468. DOI:
https://doi.org/10.12659/msm.897560.

Cheng, C., Wu, S,, Cui, L., Wu, Y., Jiang, T. and B. He, (2017). "A
novel Ffu fusion system for secretory expression of heterologous
proteins in Escherichia coli." Microbial Cell Factories, 16(1): 231.
DOI: https://doi.org/10.1186/s12934-017-0845-z.

de Marco, A. (2020). "Recombinant expression of nanobodies and
nanobody-derived immunoreagents." Protein  Expression and
Purification, 172: 105645. DOI:
https://doi.org/10.1016/j.pep.2020.105645.

Deng, Z., Li, Y., Gao X., Lei, G. and J. Huard, (2018). "Bone
morphogenetic  proteins for articular cartilage regeneration."
Osteoarthritis  and  Cartilage, 26(9):  1153-1161. DOL:
https://doi.org/10.1016/j.joca.2018.03.007.

Dugmehchi, A., Sadipour, G., Talebkhan, Y., Jahandar, H., Nemati,
F., Mohit, E. and L. Nematollahi, (2022). "Cytoplasmic expression of
human bone morphogenetic protein-7 by a genetically engineered strain
of Escherichia coli, SHuffle® Strain." Trends in Peptide and Protein
Sciences, 7: 1-7 (€7). DOI: https://doi.org/10.22037/tpps.v7i.39039.

Epstein, N. E. (2013). "Commentary on research of bone
morphogenetic protein discussed in review article: Genetic advances in
the regeneration of the intervertebral disc." Surgical Neurology
International, 4(Suppl 2): S106-8. DOI: https://doi.org/ 10.4103/2152-
7806.109452.

Fazen, C. H., Kahkoska, A. R. and R. P. Doyle, (2012). "Expression
and purification of human PY'Y (3-36) in Escherichia coli using a His-
tagged small ubiquitin-like modifier fusion." Protein Expression and
Purification, 85(1): 51-59. DOI:
https://doi.org/10.1016/j.pep.2012.06.015.

Gazzerro, E. and C. Minetti, (2007). "Potential drug targets within
bone morphogenetic protein signaling pathways." Current Opinion in
Pharmacology, 7(3): 325-333. DOI:
https://doi.org/10.1016/j.coph.2007.01.003.

Gillman, C. E. and A. C. Jayasuriya, (2021). "FDA-approved bone
grafts and bone graft substitute devices in bone regeneration." Materials
Science  and Engineering: C, 130: 112466. DOI:
https://doi.org/10.1016/j.msec.2021.112466.

Guerrero, F., Ciragan, A. and H. Iwai, (2015). "Tandem SUMO
fusion vectors for improving soluble protein expression and
purification." Protein Expression and Purification, 116: 42-49. DOI:
https://doi.org/ 10.1016/j.pep.2015.08.019.

Gupta, S. K. and P. Shukla, (2016). "Advanced technologies for
improved expression of recombinant proteins in bacteria: perspectives
and applications."” Critical Reviews in Biotechnology, 36(6): 1089-1098.
DOI: https://doi.org/10.3109/07388551.2015.1084264.

Hajihassan, Z., Sohrabi, M., Rajabi Bazl, M. and H. Eftekhary,
(2016). "Expression of human nerve growth factor beta and bacterial
protein disulfide isomerase (DsbA) as a fusion protein (DsbA:: hNGF)
significantly enhances periplasmic production of hNGF beta in
Escherichia coli." Romanian Biotechnological Letters, 21(5): 11850-
11856.

Hanif, M. U., Yaseen, A., Gul, R., Mirza, M. U., Nawaz, M. H.,
Ahmed, S. S., Aziz, S., Chaudhary, S., Khan, A. A. and M. Shoaib,
(2018). "Small ubiquitin-like modifier protein 3 enhances the
solubilization of human bone morphogenetic protein 2 in E. coli."
Applied Biochemistry and Biotechnology, 186: 256-270. DOI:
https://doi.org/10.1007/s12010-018-2736-0.

Hasan, T. and D. Saluja, (2015). "Structural allostery and protein—
protein interactions of Sin3." Proteostasis and Chaperone Surveillance,
3-24. DOI: https://doi.org/10.1007/978-81-322-2467-9_1.

10 This open-access article is distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).


https://creativecommons.org/licenses/by-nc/4.0/legalcode
https://doi.org/10.1002/jcp.27582
https://doi.org/10.1016/j.msec.2016.09.074
https://doi.org/10.1016/j.pep.2008.09.014
https://doi.org/10.3389/fbioe.2021.630551
https://doi.org/10.1016/S0020-1383(13)70009-3
https://doi.org/10.1016/S0020-1383(13)70009-3
https://doi.org/10.3748%2Fwjg.v19.i9.1405
https://doi.org/10.12659/msm.897560
https://doi.org/10.1186/s12934-017-0845-z
https://doi.org/10.1016/j.pep.2020.105645
https://doi.org/10.1016/j.joca.2018.03.007
https://doi.org/10.22037/tpps.v7i.39039
https://doi.org/10.1016/j.pep.2012.06.015
https://doi.org/10.1016/j.coph.2007.01.003
https://doi.org/10.1016/j.msec.2021.112466
https://doi.org/10.1016/j.pep.2015.08.019
https://doi.org/10.3109/07388551.2015.1084264

Soluble expression of rhBMP-7 in E. coli using SUMO fusion

Haversath, M., Catelas, I., Li, X., Tassemeier, T. and M. Jager,
(2012). "PGE2 and BMP-2 in bone and cartilage metabolism: 2
intertwining pathways." Canadian Journal of Physiology and
Pharmacology,  90(11):  1434-1445. DOI:  https://doi.org/
10.1139/y2012-123.

Hilgarth, R. S. and K. D. Sarge, (2005). "Detection of sumoylated
proteins.”  Ubiquitin-Proteasome  Protocols,  329-337.  DOI:
https://doi.org/10.1385/1-59259-895-1:329.

Hou, H., Yan, W,, Du, K., Ye, Y., Cao, Q. and W. Ren, (2013).
"Construction and expression of an antimicrobial peptide scolopin 1
from the centipede venoms of Scolopendra subspinipes mutilans in
Escherichia coli using SUMO fusion partner." Protein Expression and
Purification, 92(2): 230-234. DOl:
https://doi.irg/10.1016/j.pep.2013.10.004.

Jeong, T. H., Son, Y. J., Ryu, H. B., Koo, B. K., Jeong, S. M., Hoang,
P., Do, B. H., Song, J. A,, Chong, S. H. and R. C. Robinson, (2014).
"Soluble expression and partial purification of recombinant human
erythropoietin from E. coli." Protein Expression and Purification, 95:
211-218. DOI: https://doi.org/10.1016/j.pep.2014.01.001.

Karyolaimos, A., K. Dolata, M., Antelo-Varela, M., Mestre Borras,
A., Elfageih, R., Sievers, S., Becher, D., Riedel, K. and J. W. de Gier,
(2020). "Escherichia coli can adapt its protein translocation machinery
for enhanced periplasmic recombinant protein production.” Frontiers in
Bioengineering and Biotechnology, 7: 465. DOI:
https://doi.org/10.3389/fhioe.2019.00465.

Khorsand, B., Elangovan, S., Hong, L., Dewerth, A., Kormann, M.
S. and A. K. Salem, (2017). "A comparative study of the bone
regenerative effect of chemically modified RNA encoding BMP-2 or
BMP-9."  The  AAPS  Journal, 19:  438-446. DOL:
https://doi.org/10.1208/s12248-016-0034-8.

Ki, M. R. and S. P. Pack, (2020). "Fusion tags to enhance
heterologous protein expression." Applied Microbiology and
Biotechnology, 104(6): 2411-2425. DOI:
https://doi.org/10.1007/s00253-020-10402-8.

Ko, H., Kang, M., Kim, M. J., Yi, J., Kang, J., Bae, J. H., Sohn, J. H.
and B. H. Sung, (2021). "A novel protein fusion partner, carbohydrate-
binding module family 66, to enhance heterologous protein expression
in Escherichia coli." Microbial Cell Factories, 20: 1-12. DOI:
https://doi.org/10.1186/s12934-021-01725-w.

Kdibler, N., Wirzler, K., Reuther, J., Sieber, E., Kirchner, T. and W.
Sebald, (2000). "Effect of different factors on the bone forming

properties  of  recombinant BMPs."*  Mund-,  Kiefer-und
Gesichtschirurgie: MKG, 4: S465-469. DOI: https://doi.org/

10.1007/PL00012693.

Kuo, D., Nie, M., De Hoff, P., Chambers, M., Phillips, M., Hirsch,
A. M. and A. J. Courey, (2011). "A SUMO-Groucho Q domain fusion
protein: Characterization and in vivo Ulp1l-mediated cleavage.” Protein
Expression and Purification, 76(1): 65-71. DOLl:
https://doi.org/10.1016/j.pep.2010.08.008.

Lee, C. D, Yan, Y. P, Liang, S. M. and T. F. Wang, (2009).
"Production of FMDV virus-like particles by a SUMO fusion protein
approach in Escherichia coli." Journal of Biomedical Science, 16(1): 1-
7. DOLI: https://doi.org/10.1186/1423-0127-16-69.

Lee, S. (2022). "Peptide ligand interaction with maltose-binding
protein tagged to the calcitonin gene-related peptide receptor: The
inhibitory role of receptor N-glycosylation." Peptides, 150: 170735.
DOI: https://doi.org/10.1016/j.peptides.2022.170735.

Li, J., Han, Q., Zhang, T., Du, J., Sun, Q. and Y. Pang, (2018).
"Expression of soluble native protein in Escherichia coli using a cold-
shock SUMO tag-fused expression vector." Biotechnology Reports, 19:
€00261. DOI: https://doi.org/10.1016/].btre.2018.e00261.

Liew, O. W., Ang, C. X,, Peh, Y. P., Chong, P. C. J., Ng, Y. X,
Hwang, L. A., Koh, X. Y., Yip, Y. M., Liu, W. and A. M. Richards,
(2014). "A His6-SUMO-eXact tag for producing human prepro-
urocortin 2 in Escherichia coli for raising monoclonal antibodies."”
Journal of Immunological Methods, 403(1-2): 37-51. DOI:
https://doi.org/10.1016/j.jim.2013.11.015.

Linova, M. Y., Risgr, M. W., Jargensen, S. E., Mansour, Z., Kaya, J.,
Sigurdarson, J. J., Enghild, J. J. and H. Karring, (2020). "A novel
approach for production of an active N-terminally truncated Ulpl
(SUMO protease 1) catalytic domain from Escherichia coli inclusion
bodies." Protein Expression and Purification, 166: 105507. DOI:
https://doi.org/10.1016/j.pep.2019.105507.

Liu, Y., Zhang, W., Yang, X., Kang, G., Wang, D. and H. Huang,
(2015). "DshA-DsbA mut fusion chaperon improved soluble expression
of human trypsinogen-1 in Escherichia coli." Frontiers of Chemical
Science and Engineering, 9: 511-521. DOI:
https://doi.org/10.1007/s11705-015-1519-1.

Malik, A. (2016). "Protein fusion tags for efficient expression and
purification of recombinant proteins in the periplasmic space of E. coli."
3 Biotech, 6(1): 44. DOI: https://doi.org/10.1007/s13205-016-0397-7.

Mo, Q., Fu, A, Lin, Z., Wang, W., Gong, L. and W. Li, (2018).
"Expression and purification of antimicrobial peptide AP2 using SUMO
fusion partner technology in Escherichia coli." Letters in Applied
Microbiology, 67(6): 606-613. DOI: https://doi.org/10.1111/lam.13079.

Moghaddam, A., Elleser, C., Biglari, B., Wentzensen, A. and G.
Zimmermann, (2010). “Clinical application of BMP 7 in long bone non-
unions." Archives of Orthopaedic and Trauma Surgery, 130(1): 71-76.
DOI: https://doi.org/ 10.1007/500402-009-0982-x.

Namvar, S., Barkhordari, F., Raigani, M., Jahandar, H., Nematollahi,
L. and F. Davami, (2018). "Cloning and soluble expression of mature a-
luffin from Luffa cylindrica in E. coli using SUMO fusion protein."
Turkish  Journal of  Biology, 42(1): 23-32. DOI:
https://doi.org/10.3906/biy-1708-12.

Nasrabadi, D., Rezaeiani, S., Sayadmanesh, A., Eslaminejad, M. B.
and A. Shabani, (2018). "Inclusion body expression and refolding of
recombinant bone morphogenetic protein-2." Avicenna Journal of
Medical Biotechnology, 10(4): 202-207. PMCID: PMC6252035.

Neuerburg, C., M. Mittimeier, L., Keppler, A. M., Westphal, 1.,
Glass, A., Saller, M. M., Herlyn, P. K., Richter, H., Bécker, W. and M.
Schieker, (2019). "Growth factor-mediated augmentation of long bones:
evaluation of a BMP-7 loaded thermoresponsive hydrogel in a murine
femoral intramedullary injection model." Journal of Orthopaedic
Surgery and Research, 14(1): 1-10. DOI:
https://doi.org/10.1186/s13018-019-1315-6.

Peciak, K., Tommasi, R., Choi, J. w., Brocchini, S. and E. Laurine,
(2014). "Expression of soluble and active interferon consensus in
SUMO fusion expression system in E. coli." Protein Expression and
Purification, 99: 18-26. DOLl:
https://doi.org/10.1016/j.pep.2014.03.009.

Pratheesh, P. T., Nimisha, S., Jess, V., Asha, K. and R. K. Agarwal,
(2019). "Expression and purification of an immunogenic SUMO-OmpC
fusion protein of Salmonella Typhimurium in Escherichia coli."
Biologicals, 62: 22-26. DOLl:
https://doi.org/10.1016/j.biologicals.2019.10.010.

Rao, S. M., Ugale, G. M. and S. B. Warad, (2013). "Bone
morphogenetic proteins: periodontal regeneration." North American
Journal of Medical Sciences, 5(3): 161. DOI:
https://doi.org/10.4103/1947-2714.109175.

Raran- Kurussi, S. and D. S. Waugh, (2014). "Unrelated solubility-
enhancing fusion partners MBP and NusA utilize a similar mode of
action." Biotechnology and Bioengineering, 111(12): 2407-2411. DOI:
https://doi.org/10.1002/bit.25317.

Rezaie, F., Davami, F., Mansouri, K., Agha Amiri, S., Fazel, R.,
Mahdian, R., Davoudi, N., Enayati, S., Azizi, M. and V. Khalaj, (2017).
"Cytosolic expression of functional Fab fragments in Escherichia coli
using a novel combination of dual SUMO expression cassette and
EnBase® cultivation mode." Journal of Applied Microbiology, 123(1):
134-144. DOI: https://doi.org/10.1111/jam.13483.

Sadr, V., Saffar, B. and R. Emamzadeh, (2017). "Functional
expression and purification of recombinant Hepcidin25 production in
Escherichia coli using SUMO fusion technology." Gene, 610: 112-117.
DOI: https://doi.org/10.1016/j.gene.2017.02.010.

This open-access article is distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0). 11


https://creativecommons.org/licenses/by-nc/4.0/legalcode
https://doi.org/10.1139/y2012-123
https://doi.irg/
https://doi.irg/
https://doi.org/10.1016/j.pep.2014.01.001
https://doi.org/10.3389/fbioe.2019.00465
https://doi.org/10.1208/s12248-016-0034-8
https://doi.org/10.1007/pl00012693
https://doi.org/10.1016/j.pep.2010.08.008
https://doi.org/10.1186%2F1423-0127-16-69
https://doi.org/10.1016/j.peptides.2022.170735
https://doi.org/10.1016/j.btre.2018.e00261
https://doi.org/10.1016/j.jim.2013.11.015
https://doi.org/10.1016/j.pep.2019.105507
https://doi.org/10.1007/s13205-016-0397-7
https://doi.org/10.1111/lam.13079
https://doi.org/10.1007/s00402-009-0982-x
https://doi.org/10.3906/biy-1708-12
http://www.ncbi.nlm.nih.gov/pmc/articles/pmc6252035/
https://doi.org/10.1186/s13018-019-1315-6
https://doi.org/10.1016/j.pep.2014.03.009
https://doi.org/10.1016/j.biologicals.2019.10.010
https://doi.org/10.4103%2F1947-2714.109175
https://doi.org/10.1002%2Fbit.25317
https://doi.org/10.1111/jam.13483
https://doi.org/10.1016/j.gene.2017.02.010

G. Sadipour et al. / TPPS, Volume 8 (2023): e5

Saffari, B., Amininasab, M., Sheikhi, S. and J. Davoodi, (2020). "An
efficient method for recombinant production of human alpha synuclein
in Escherichia coli using thioredoxin as a fusion partner." Preparative
Biochemistry =~ &  Biotechnology, 50(7):  723-734. DOI:
https://doi.org/10.1080/10826068.2020.1734938.

Sampath, T. K. and A. H. Reddi, (2020). "Discovery of bone
morphogenetic proteins—A historical perspective." Bone, 140: 115548.
DOI: https://doi.org/10.1016/j.bone.2020.115548.

Sandler, A. B., Scanaliato, J. P., Raiciulescu, S., Nesti, L. and J. C.
Dunn, (2023). "Bone morphogenic protein for upper extremity
fractures: a systematic review." Hand, 18(1): 80-88. DOI:
https://doi.org/ 10.1177/1558944721990805.

Sang, M., Xu, C., Wei, Z., Wu, X., Guo, Y., Li, J., Wang, Z. and J.
Zhang, (2019). "Cloning and high-level SUMO-mediated fusion
expression of a serine protease inhibitor from Hyphantria cunea (Drury)
that exhibits activity against papain." Protein Expression and
Purification, 158: 36-43. DOl
https://doi.org/10.1016/j.pep.2019.02.011.

Satakarni, M. and R. Curtis, (2011). "Production of recombinant
peptides as fusions with SUMO." Protein Expression and Purification,
78(2): 113-119. DOI: https://doi.org/10.1016/j.pep.2011.04.015.

Sheikh, Z., Javaid, M. A., Hamdan, N. and R. Hashmi, (2015). "Bone
regeneration using bone morphogenetic proteins and various
biomaterial carriers." Materials, 8(4): 1778-1816. DOI: https://doi.org/
10.3390/maB8041778.

Sriramachandran, A. M. and R. J. Dohmen, (2014). "SUMO-targeted
ubiquitin ligases." Biochimica et Biophysica Acta (BBA)-Molecular Cell
Research, 1843(1): 75-85. DOl:
https://doi.org/10.1016/j.bbamcr.2013.08.022.

Sun, W.,, Xie, J,, Lin, H., Mi, S., Li, Z., Hua, F. and Z. Hu, (2012).
"A combined strategy improves the solubility of aggregation-prone
single-chain variable fragment antibodies." Protein Expression and
Purification, 83(1): 21-29. DOI:
https://doi.org/10.1016/j.pep.2012.02.006.

Sun, Z., Xia, Z., Bi, F. and J. N. Liu, (2008). "Expression and
purification of human urodilatin by small ubiquitin-related modifier
fusion in Escherichia coli." Applied Microbiology and Biotechnology,
78: 495-502. DOI: https:/doi.org/10.1007/s00253-007-1330-0.

Tileva, M., Krachmarova, E., Ivanov, |., Maskos, K. and G. Nacheva,
(2016). "Production of aggregation prone human interferon gamma and
its mutant in highly soluble and biologically active form by SUMO
fusion technology." Protein Expression and Purification, 117: 26-34.
DOI: https://doi.org/10.1016/j.pep.2015.09.022.

Truong, L., Hevener, K. E., Rice, A. J., Patel, K., Johnson, M. E. and
H. Lee, (2013). "High-level expression, purification, and
characterization of Staphylococcus aureus dihydroorotase (PyrC) as a
cleavable His-SUMO fusion." Protein Expression and Purification,
88(1): 98-106. DOI: https://doi.org/10.1016/j.pep.2012.11.018.

Upadhyay, S. K., Saurabh, S., Rai, P., Singh, R., Chandrashekar, K.,
Verma, P. C., Singh, P. and R. Tuli, (2010). "SUMO fusion facilitates
expression and purification of garlic leaf lectin but modifies some of its
properties." Journal of Biotechnology, 146(1-2): 1-8. DOI:
https://doi.org/10.1016/j.jbiotec.2010.01.013.

Vu, T. T. T., Jeong, B., Yu, J., Koo, B. K., Jo, S. H., Robinson, R. C.
and H. Choe, (2014). "Soluble prokaryotic expression and purification
of crotamine using an N-terminal maltose-binding protein tag." Toxicon,
92:157-165. DOI: https://doi.org/10.1016/j.toxicon.2014.10.017.

Wang, G., Han, J., Wang, S. and P. Li, (2014). "Expression and
purification of recombinant human bone morphogenetic protein-7 in
Escherichia coli." Preparative Biochemistry and Biotechnology, 44(1):
16-25. DOI: https://doi.org/ 10.1080/10826068.2013.782043.

Wang, Q., Min, C,, Yan, T., Pu, H., Xin, Y., Zhang, S., Luo, L. and
Z.Yin, (2011). "Production of glutamine synthetase in Escherichia coli
using SUMO fusion partner and application to I-glutamine synthesis."
World Journal of Microbiology and Biotechnology, 27: 2603-2610.
DOI: https://doi.org/10.1007/s11274-011-0733-3.

Wang, Q., Zhao, J., Wang, Y., Sun, H., Jiang, Y., Luo, L. and Z. Yin,
(2013). "Functional expression of hepassocin in Escherichia coli using
SUMO fusion partner and molecular chaperones." Protein Expression
and Purification, 92(2): 135-140. DOl:
https://doi.org/10.1016/j.pep.2013.09.014.

Wang, Z., Li, H., Guan, W., Ling, H., Wang, Z., Mu, T., Shuler, F.
D. and X. Fang, (2010). "Human SUMO fusion systems enhance protein
expression and solubility." Protein Expression and Purification, 73(2):
203-208. DOI: https://doi.org/10.1016/j.pep.2010.05.001.

Wang, Z., Li, N., Wang, Y., Wu, Y., Mu, T., Zheng, Y., Huang, L.
and X. Fang, (2012). "Ubiquitin-intein and SUMO2-intein fusion
systems for enhanced protein production and purification." Protein
Expression and Purification, 82(1): 174-178. DOLl:
https://doi.org/10.1016/j.pep.2011.11.017Get rights and content.

Williams, R. M., Harvey, J. D., Budhathoki-Uprety, J. and D. A.
Heller, (2020). "Glutathione-S-transferase fusion protein nanosensor."
Nano Letters, 20(10): 7287-7295. DOI:
https://doi.org/10.1021/acs.nanolett.0c02691.

Xiao, W., lJiang, L., Wang, W., Wang, R. and J. Fan, (2018).
"Evaluation of rice tetraticopeptide domain-containing thioredoxin as a
novel solubility-enhancing fusion tag in Escherichia coli." Journal of
Bioscience and  Bioengineering, 125(2): 160-167. DOLl:
https://doi.org/10.1016/j.jbiosc.2017.08.016.

Yadav, D. K., Yadav, N., Yadav, S., Haque, S. and N. Tuteja, (2016).
"An insight into fusion technology aiding efficient recombinant protein
production for functional proteomics.” Archives of Biochemistry and
Biophysics, 612: 57-77. DOI: http://doi.org/10.1016/j.abb.2016.10.012.

Yang, B. C., Zhang, C., Wang, C., Zhou, H., Li, Z. Y., Song, Y. J.,
Zhang, T. C. and X. G. Luo, (2017). "Soluble expression and
purification of heparinase | in Escherichia coli using a hexahistidine-
tagged small ubiquitin-like modifier as a fusion partner." Biotechnology
& Biotechnological ~Equipment, 31(5): 1040-1045. DOI:
https://doi.org/10.1080/13102818.2017.1355264.

Ye, L. and W. G. Jiang, (2016). "Bone morphogenetic proteins in
tumour associated angiogenesis and implication in cancer therapies."
Cancer Letters, 380(2): 586-597. DOLl:
https://doi.org/10.1016/j.canlet.2015.10.036.

Ye, T, Lin, Z. and H. Lei, (2008). "High-level expression and
characterization of an anti-VEGF165 single-chain variable fragment
(scFv) by small ubiquitin-related modifier fusion in Escherichia coli."
Applied Microbiology and Biotechnology, 81(2): 311-317. DOI:
https://doi.org/10.1007/500253-008-1655-3.

Yu, Z., Wang, Q., Ma, Q. and R. Zhang, (2013). "Secretory
expression of lacticin Q fused with SUMO in Bacillus subtilis." Protein
Expression and Purification, 89(1): 51-55. DOl:
https://doi.org/10.1016/j.pep.2013.02.014.

Zang, S., Mu, R., Chen, F., Wei, X., Zhu, L., Han, B., Yu, H., Bi, B.,
Chen, B. and Q. Wang, (2019). "Injectable chitosan/B-glycerophosphate
hydrogels with sustained release of BMP-7 and ornidazole in
periodontal wound healing of class Il furcation defects." Materials
Science  and Engineering:  C,  99:  919-928. DOI:
https://doi.org/10.1016/j.msec.2019.02.024.

Zhang, H., Wu, J., Zhang, Y., Fu, N., Wang, J. and S. Zhao, (2010).
"Optimized procedure for expression and renaturation of recombinant
human bone morphogenetic protein-2 at high protein concentrations."
Molecular ~ Biology  Reports,  37(7):  3089-3095. DOI:
https://doi.org/10.1007/s11033-009-9883-x.

Zhang, J., Ma, L. and S. Q. Zhang, (2014). "Expression and
purification of soluble human APRIL in Escherichia coli using ELP-
SUMO tag." Protein Expression and Purification, 95: 177-181. DOI:
https://doi.org/10.1016/j.pep.2013.12.013.

Zia, M. A., Shah, M. S, Khan, R. S. A, Farooq, U., Shafi, J. and M.
Habib, (2022). "High level expression and purification of recombinant
3ABC non-structural protein of foot-and-mouth disease virus using
SUMO fusion system." Protein Expression and Purification, 191:
106025. DOI: https://doi.org/ 10.1016/j.pep.2021.106025.

12 1his open-access article is distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).


https://creativecommons.org/licenses/by-nc/4.0/legalcode
https://doi.org/10.1080/10826068.2020.1734938
https://doi.org/10.1016/j.bone.2020.115548
https://doi.org/10.1177/1558944721990805
https://doi.org/10.1016/j.pep.2019.02.011
https://doi.org/10.1016/j.pep.2011.04.015
https://doi.org/10.3390%2Fma8041778
https://doi.org/10.1016/j.bbamcr.2013.08.022
https://doi.org/10.1016/j.pep.2012.02.006
https://doi.org/10.1016/j.pep.2015.09.022
https://doi.org/10.1016/j.pep.2012.11.018
https://doi.org/10.1016/j.jbiotec.2010.01.013
https://doi.org/10.1016/j.toxicon.2014.10.017
https://doi.org/10.1080/10826068.2013.782043
https://doi.org/10.1016/j.pep.2013.09.014
https://doi.org/10.1016/j.pep.2010.05.001
https://doi.org/10.1016/j.pep.2011.11.017
https://doi.org/10.1016/j.pep.2011.11.017
https://doi.org/10.1021/acs.nanolett.0c02691
https://doi.org/10.1016/j.jbiosc.2017.08.016
https://doi.org/10.1016/j.abb.2016.10.012
https://doi.org/10.1080/13102818.2017.1355264
https://doi.org/10.1016/j.canlet.2015.10.036
https://doi.org/10.1007/s00253-008-1655-3
https://doi.org/10.1016/j.pep.2013.02.014
https://doi.org/10.1016/j.msec.2019.02.024
https://doi.org/10.1007/s11033-009-9883-x
https://doi.org/10.1016/j.pep.2013.12.013
https://doi.org/10.1016/j.pep.2021.106025

