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Abstract

Bacillus subtilis (B. subtilis) is an ideal host system in production of homologous proteins. However, the production of heterologous proteins in B.
subtilis is rare due to low expression levels encountered in most cases. Inteins, also known as ‘protein intron’, which is capable of excised itself
from its fusion partners, have been employed for the expression of recombinant proteins in various host systems especially in Escherichia coli (E.
coli) but yet, only few paucity of employment of inteins for protein expression in B. subtilis has been found. In this communication, we demonstrated
that B. subtilis was able to facilitate auto-cleavages between intein and C-extein. The construct, pPECBS1-H6-DnaE-bFGF, in which a 6x His-tag
(H6) and basic fibroblast growth factor (bFGF) were fused at the N- and C-terminus of Asp DnaE (intein) respectively, was shown to be capable
of processing intracellular expression and auto-cleavages of bFGF with same primary sequence as Homo Sapiens. Moreover, switching shake
of flask cultivation to small fermentative scale yielded 113 mg L of biologically active bFGF. This approach of using intein Asp DnaE for the
production of heterologous proteins is highly productive and should be explored further for industrial application.
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Introduction

Human basic fibroblast growth factor (bFGF, also known as FGF2),
a member of the fibroblast growth factor family, has multiple therapeutic
applications in neurodegenerative diseases, heart disease and in hard-to-heal
wounds [1-3]. Moreover, bFGF plays an important role in tissue development by
triggering the proliferation of fibroblasts and stem cells [4-8]. It also contributes
vastly to the large-scale production of stem cells. However, low productivity
of bFGF is encountered in current expensive production method which has
hindered its commercial application in medical industry [9,10]. Unstable bFGF
proteins are easy to be degraded in stem cell cultivation condition. Routine
replacement of fresh culture media supplemented with commercial bFGF
dramatically increases the research cost. In order to promote the stem cell
research development, improvement of up-stream production of recombinant
human bFGF in a cost-effective manner is crucial.

Escherichia coli (E. coli) is a widely utilized bacterial host for the
expression of recombinant proteins without post-translational modifications.
E. coli performs fast growth rate, cost effectiveness and ease of use for wide
application in biotechnology Since E. coli is a gram-negative bacterium with an
LPS outer membrane, the purified recombinant proteins always accompanied
with substantial amount of endotoxins. These endotoxins might result in
undesirable toxic effects when used for the purpose of treating tissue culture
samples or on animal subjects. The endotoxins are difficult to isolate by
downstream purification process, unless endotoxin-free water and endotoxin
removal kit are employed. In this way, these kits scale up the production cost
of protein interested.

Bacillus subtilis (B. subtilis) is a gram-positive bacterium which is regarded
as Generally Recognized As Safe (GRAS) by FDA, as it is free of endotoxins
[11]. Despite the expression levels of recombinant heterologous proteins
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are lower in comparison to E. coli [12], B. subtilis leads to relatively stable
expression and the final products are safe to use. In this study, we aimed to
exploit intein from DNA polymerase Il unit of Anabaena species (Asp DnaE),
with the 6x His tag on N-terminus in order to facilitate the intracellular expression
of bFGF in B. subtilis. Surprisingly, bFGF was shown to be auto-cleavable
during expression. Plasmid stability and cell viability remain maintained in high
levels during shake flask cultivation and when the expression is scale-up to
4 | fermentation, no significant changed was found in both parameters while
giving a great improvement of yield of bFGF, 113 mgL™. The study may provide
a new option in production of bFGF and for others heterologous proteins by
utilizing intracellular intein-mediated approach in Bacillus subtilis.

Materials and Methods

Bacterial strains and chemicals

E. coli strain, DH5a was purchased from New England Biolabs (Ipswich,
MA). B. subtilis strain WB800 was described in earlier report [13]. The synthetic
DNA fragments, restriction enzymes and antibody against bFGF were
purchased from Thermo Fisher Scientific (Ipswich, MA). All other chemicals
were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified.

Engineering of E. coli/ B. subtilis expression shuttle vector

pRB374 and pBR322 were employed as templates and the E. coli/B.
subtilis expression shuttle vectors, respectively [14]. Further, pECBS1
was constructed by the following modification. Firstly, pBR374 (5.9 kb) was
digested with Sall and Bglll. The fragments released were replaced by Sall
and Bglll digested shotgun PCR fragment containing the following components
(5"to 3'): T7 RNA Polymerase gene, Lac promoter, Lacl gene, Laclq promoter,
bleomycin resistance gene and part of neomycin resistance gene (5.3 kb),
leading to the formation of pECBSi vector. pPECBSi was finally digested by
EcoRlI and Bgll, replaced by EcoRI and Bgll digested fragment from pBR322
(4.3 kb) to form pECBS1 shuttle vector (9.7 kb).

Construction of bFGF expression constructs

The E. coli/B. subtilis expression shuttle vector (\ECBS1-H6-DnaE-bFGF),
was constructed in the following way. A synthetic DNA fragment, encoding
the sequence of EcoRI-T7 promoter-Lac operator (LacO)- ribosomal binding
site (RBS)- 6x His tag (H6)-Asp DnaE int-c (DnaE)-bFGF-T7 terminator-Xbal
(0.7 kb) from 5’ to 3" end, was synthesized by Thermo Fisher Scientific. The
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synthetic DNA fragment was digested with EcoRI and Xbal and this was
followed by ligation with a E. coli/B. subtilis shuttle vector, pECBS1. The
two same restriction enzymes were utilized again for further digestion. This
resulted in the formation of pECBS1-H6-DnaE-bFGF construct.

Shake flask cultivation

B. subtilis transformants were grown at 37°C, (with rotations at 250
rpm) in 200 ml 2x LB medium supplemented with 25 pg ml-* of kanamyein.
A final concentration of 0.2 mM IPTG was added subsequently, when the
A, value reached 1.0, 1 ml of culture samples were collected at 3 h intervals
for the analysis of bFGF expression. The cell pellet was resuspended in 200
ul of resuspension buffer (50 mM Tris-Cl, 200 mM EDTA, pH 8.0), followed
by incubation on ice for 5 min. The mixture was then treated with 120 pl of
lysozyme solution (10 mg mL) at 37 °C for 20 min. 80 pl of lysis buffer (10
mM EDTA, 10% Triton X-100, and 50 mM Tris-Cl, pH 8.0) was then added. The
tube with solutions was inverted gently, followed by centrifugation at 14,800
rom for 5 min. Cell lysate samples were analyzed for bFGF expression by
Western blotting.

Fed-batch fermentation

B. subtilis transformants were grown in 200 ml 2x LB medium
supplemented with 25 pg ml of kanamycin at 37 °C, (with rotation at 250
rpm) until the A, = 1.0. 50 ml of the culture was then transferred to a 2 L
flask containing 450 ml of 2x LB medium supplemented with 25 pg mi- of
kanamycin at 37 °C, (with rotation at 250 rpm) until the A, value reached 1.0.
The entire culture was inoculated into a 5 L fermenter containing 3.5 L of 2x
LB medium supplemented with 25 pg mi- of kanamycin. The addition of 1 M
NaOH maintained the pH of the culture at 7.0. pO, in the culture was set at 1.5
vvm. Further, a 50% glucose feeding solution was added to maintain the pH of
the culture at 7.0, when the pH began to rise. This was followed by induction
of culture with a final concentration of 0.2 mM IPTG as we gotA_ = 8. The pH
adjustment was maintained by 1 M H,SO,. Culture samples were collected at

2 hintervals for the analysis of bFGF expression.
Small scale purification of bFGF

Cation exchange (CE) chromatography and heparin-agarose (HA)
chromatography were used for the purification of bFGF. The protein
concentration of eluted fraction was first measured by Nanodrop Microvolume
Spectrophotometer. Further, the eluted fractions with significant readings (> 1
mg/ml) were pooled and dialyzed by 0.1x PB. Purified bFGF was visualized
on 10% SDS-PAGE stained with Coomassie Brilliant Blue R-250. A band
containing bFGF was retrieved from the SDS-PAGE gel and was subjected to
analysis by LC-MS.

Biological assays of bFGF

The mitogenic effects of purified bFGF on the proliferation of NIH/3T3
fibroblast cells were analysed by the MTT assay. NIH/3T3 cells were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin until 80% confluency. NIH/3T3 cells were trypsinized,
resuspended in DMEM medium supplemented with 1% FBS and seeded into
48-well plates at a density of 2 x 10* cells. Cells were continued to culture at
37°C, 5% CO, for 24 h. All the wells were then treated with various concentration
of bFGF and continued to culture for 3 days. A final concentration of 0.5 mg
ml? of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
added to each well and one incubation at 37°C, 5% CO, for 4 h was given. Al
solutions were aspirated from plate wells and 150 yl DMSO (MTT solvent) was
added for dissolving the purple crystal. The plates shook continuously in dark
for 10 mins and the absorbance was read at 570 nm in a microplate reader.

Results
Engineering of plasmid construct expressing intracellular bFGF in
B. subtilis

The plasmid, pECBS1 E. coli/B. subtilis shuttle vector was transformed into
B. subtilis WBBOON (Figure 1). This vector was designed for high intracellular
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expression of the protein of interest. T7 promotor and lac operator were
employed to direct the expression. Since, 6x His was a common affinity tag for
purification of fusion protein. So, it was selected for fusion at the N-terminus
of DnaE intein to enhance the expression of C-extein (bFGF). pECBS1 E.
coli/B. subtilis shuttle vector was employed in this study for simplifying the
DNA manipulation work and providing a T7 cassette expression backbone for
expressing the protein of interest.

Expression of bFGF in shake flask scale

Different combinations of inteins and C-exteins were examined for
successful expression of soluble bFGF. bFGF was selected to fuse with Asp
DnaE intein on its C-terminus since in vitro cleavage at C-terminal of DnaE
was controllable by pH shift or by treatment with reducing agents. GST, Chitin
binding domain (CBD) and H6 affinity tag were tested to serve as N-exteins for
the expression of bFGF. However, only insoluble form of precursor resulted for
the first two constructs (data not shown). While for H6, with relatively smaller in
size, gave a positive expression result of mature and bioidentical bFGF (Table
1). Results from time course experiments in shake flask (Figure 2) showed that
construct pECBS1-H6-DnaE-bFGF (Figure 1) expressed satisfactory levels of
bFGF as final product under induction, whereas the precursor form did not
detect from the western blot.

Table 1. Analysis of purified bFGF by liquid chromatography tandem mass spectrometry.

. lon
a ] C
Constructs Peptide Mr(Calc)® Mr(Expt) Score
NH-PALPEDGGSGAFPPGHFKD 1779 17815 46

H6-DnaE-bFGF

KAILFLPMSAKS €00+ 1105 1106 52

Note: ?subsequent to partial trypsin digestion of purified bFGF, the N-terminal and
C-terminal sequences were identified by the Mascot search engine

Theoretical mass-to-charge ratio of the peptide

°Experimental mass-to-charge ratio of the peptide

Note: This figure shows plasmid constructs vector (10.4kb) expressing H6-DnaE-
bFGF insert cassettes. Symbols for the genetic components shown are: ori=Origin of
replication in B. subtilis; AmpR=Ampicillin resistance gene; lacl=lacl gene; T7 RNAP=T7
RNA polymerase gene; bFGF=bFGF gene; DnaE=Asp DnakE intein; H6=6x His tag;
RBS=ribosomal binding site. Arrows indicate directions of gene expression.

Figure 1. Schematic representation of DNA constructs expressing H6-DnaE-bFGF.
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Fermentative scale expression of bFGF

Since B. subtilis is an aerobic bacterium, levels of dissolved oxygen were
expected to be an important parameter for the enhancement of cell growth and
also, the overall expression levels of bFGF. However, though only compressed
air was supplied during the whole fermentative process, no remarkable
difference was found when a mixture of pure oxygen and compressed air was
provided for the growth of B. subtilis. Luria-Bertani (LB) broth is a widely used
nutrient source for bacteria growth. By previous methodology, 2x LB medium
worked well for expression of recombinant proteins in B. subtilis [15] and same
medium was used in this fermentative study.

The results showed that both bFGF expression and cell mass of the B.
subtilis were significantly increased. The overall yield of bFGF of the expression
constructs increased approximately 2 folds from 64 mg L-1 to 113 mg L-1 and
6 folds, from shake flask cultivation (Figure 3) to small fermentative scale
(Figure 4) respectively. Although cells entered stationary phase after induction,
plasmid curing was not traceable throughout the post induction.

Bio-identicality of bFGF expressed in B. subtilis

Soluble bFGF retrieved from the lysate was observed to have same
molecular weight as of bFGF purchased from Thermo Fisher Scientific in
Western blot analysis (Figure 4). Purified bFGF sample was subjected to
LC-MS and mass determination by MALDI-TOF. The results confirmed that

Note: pECBS1-H6-DnaE-bFGF B. subtilis transformants post IPTG induction samples
collected from different time intervals were analyzed. Lanes 0 h, 2 h, 4 h, 6 h and 8 h:
samples collected from cultures induced for 0 h, 2 h, 4 h, 6 h and 8 h respectively, each
lane loaded with 5 pl of cell lysate; Lanes -ve: 5 pl of cell lysate from pECBS1 vector
cultures induced for 8 h.

Figure 2. Western blot analysis of bFGF present in cell lysate samples of B. subtilis.

Note: Culture samples were obtained at different time points before and after IPTG
induction. (A) Western blotting of bFGF present in cell lysate (CL) samples. All lanes
were loaded with 5 pl of cell lysates. (B) Cell viabilities and quantification of bFGF.
Levels of bFGF detected in the cell lysates (—— ) are presented. CFU refers to
colony-forming units. Viable cell counts were determined on plain agar plates (=)
and plates supplemented with kanamycin (——), respectively. Growth experiment of the
transformant was repeated three times and standard error bars are shown.

Figure 3. Time course study of bFGF in B. subtilis in shake flask cultivation.
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Note: Culture samples were obtained at different time points before and after IPTG
induction. (A) Western blotting of bFGF present in cell lysate (CL) samples. All lanes
were loaded with 5 pl of cell lysates. (B) Cell viabilities and quantification of bFGF.
Levels of bFGF detected in the cell lysates (—— ) are presented. CFU refers to
colony-forming units. Viable cell counts were determined on plain agar plates ()
and plates supplemented with kanamycin (——), respectively. Growth experiment of the
transformant was repeated three times and standard error bars are shown.

Figure 4. Time course study of bFGF in Bacillus subtilis in fed-batch fermentative
scale.

Note: Molecular size of purified bFGF sample from pECBS1-H6-DnaE-bFGF is shown.

Figure 5. Mass determination of bFGF.

the final bFGF product obtained from H6-DnaE-bFGF expression construct,
possessing the 146 amino acid bioidentical structure (Table 1) and with 16.4
kDa in size (Figure 5).

Mitogenicity of purified bFGF

The purified bFGF expressed in B. subtilis was observed to be biologically
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Note: Mitogenic effects exhibited by different concentrations of purified bFGF samples (
—=—) from pECBS1-H6-DnaE-bFGF are shown.

Figure 6. Mitogenicity of bFGF.

active in triggering the cell proliferation of NIH/3T3 cells (Figure 6) and
expansion of human mesenchymal stem cell (data not shown).

Discussion

The gram-positive, GRAS bacterium, B. subtilis, is a well characterized
common host employed for valuable proteins production because it does not
consist of endotoxins. Thus, it is an attractive host system for the production
of proteins for commercial and medical applications. B. subtilis has been
engineered to express both secretory homologous and heterologous proteins
[16]. However, attaining high levels of intracellular expression of soluble
heterologous proteins has been shown difficult. Despite many groups studied
inteins and its applications on protein expression, the mechanism of action of
inteins yet still not fully understood in different host systems. Our group attempt
to express endotoxin-free recombinant proteins in bacterial host systems for
both research and commercial purposes. As compared to other approaches,
protein expression by employing intein was the simplest and cheapest way in
producing recombinant proteins with bioidentical structure, which ensured high
biological activity and prevented any immunological response when treated on
animal subjects. Expression of heterologous proteins intracellularly by intein-
mediated approaches in B. subtilis is also not well-studied, which encouraged
us to engineering an intein-mediated plasmid constructs expressed in B.
subtilis. bFGF was chosen to be expressed due to its multiples potential
therapeutic value in many areas.

To simplify the DNA manipulation and allow the expression of bFGF in
both E. coli and B. subtilis, a shuttle vector was engineered by combining
the elements from two different expression vectors. The terminator regions
of pRB374 and parts of the multiple cloning sites were deleted, followed by
replacement of terminator regions from pBR322 to result pECBS1 shuttle vector.
The bFGF encoding sequence was first designed to fuse on the C-terminal
end of intein and an affinity tag was acted as an anchor for the purification
of precursor after expression, if bFGF cannot be self-excised from its fusion
partner. From the result, fusing GST or CBD tag on the N-terminus of DnaE
gave only aggregation form of precursor, while changing the N-terminal affinity
tag to H6 gave a surprising overcome. The bFGF expressed not only in soluble
form, but also in mature state with reasonable yield (Figure 2, and Figure 3A).
Changing the fusion partner of N-terminal end of DnakE to a relatively smaller
H6 might alter the overall conformation of whole fusion protein, which favoured
the segregation of C-extein and avoided the formation of inclusion body. When
the expression was scaled up to 4L fermentation, the overall yield of bFGF
increased 2 fold as compared to shake flask cultivation (Figure 4A) while cell
viability and plasmid stability also remained stable throughout the whole post
induction period (Figure 4B).
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Conclusion

The bFGF expressed was subjected to purification in examination of its
biological activity and bio-identicality. Our previously trials showed that heparin-
agarose chromatography alone was not efficient enough for elimination of all
intracellular host proteins, thus the retrieved bFGF was not exceedingly pure.
A cation exchange chromatography was decided to be employed prior to
heparin-agarose chromatography for get rid of majority of the housekeeping
proteins first, followed by removing high concentration of salt through dialysis.
Purified bFGF was sent for amino acid determination and tested for the ability in
triggering the proliferation of mouse fibroblast cells and human mesenchymal
stem cell. The results shown that the purified bFGF not only processed the
same primary sequence of 146 aa, but also with high biological activity in
triggering NIH/3T3 cell proliferation. Our findings provide a new intein option
on expression of bFGF and the shuttle expression vector may also available
for high intracellular expression of other proteins in B. subtilis.

References

1. Lin, Qian, Ho Lun Wong, Fu-Rong Tian and Ya-Dong Huang, et al. "Enhanced
neuroprotection with decellularized brain extracellular matrix containing bFGF
after intracerebral transplantation in Parkinson's disease rat model." Int J
Pharmaceu 517(2017): 383-394.

2. Wang, Zhouguang, Yue Wang, Junming Ye and Xianghong Lu, et al. "bFGF
attenuates endoplasmic reticulum stress and mitochondrial injury on myocardial
ischaemia/reperfusion via activation of Pl 3K/AKt/ERK 1/2 pathway." J Cellul Mol
Med 19(2015): 595-607.

3. Game, FL, Jan Apelqvist, C, E Attinger, A Hartemann, et al. "Effectiveness of
interventions to enhance healing of chronic ulcers of the foot in diabetes: A
systematic review." Diab/Metabo Res Rev 32(2016): 154-168.

4. Desai, Nina, Pooja Rambhia and Arsela Gishto. "Human embryonic stem
cell cultivation: historical perspective and evolution of xeno-free culture
systems." Reproduct Biol Endocrinol 13(2015): 9.

5. Lee, Tae-Hyung, Won-Tae Kim, Chun Jeih Ryu, and Young-Joo Jang. "Optimization
of treatment with recombinant FGF-2 for proliferation and differentiation of human
dental stem cells, mesenchymal stem cells, and osteoblasts." Biochem Cell
Biol 93(2015): 298-305.

6. Horiguchi, Ikki, Yusuke Urabe, Keiichi Kimura, and Yasuyuki Sakai. "Effects of
glucose, lactate and basic FGF as limiting factors on the expansion of human
induced pluripotent stem cells." J Biosci Bioengineer 125(2018): 111-115.

7. Gallego-Mufioz, Patricia, Lucia Ibares-Frias, Maria Cruz Valsero-Blanco and
Roberto Cantalapiedra-Rodriguez, et al. "Effects of TGFX, PDGF-BB, and bFGF,
on human corneal fibroblasts proliferation and differentiation during stromal
repair." Cytokine 96(2017): 94-101.

8.  Shi, Hongxue, Yi Cheng, Jingjing Ye and Pingtao Cai, et al. "bFGF promotes the
migration of human dermal fibroblasts under diabetic conditions through reactive
oxygen species production via the PI3K/Akt-Rac1-JNK pathways." Int J Biolog
Sci 11(2015): 845.

9.  https://lwww.mybiosource.com/bfgf-recombinant-protein/basic-fibroblast-growth-
factor/553055

10. https://www.thermofisher.com/order/catalog/product/13256029

11. Taguchi, Seiichi, Toshihiko Ooi, Kouhei Mizuno, and Hiromi Matsusaki.
"Advances and needs for endotoxin-free production strains." Appl Microbiol
Biotechnol 99(2015): 9349-9360.

12. Chen, Jingqi, Gang Fu, Yuanming Gai and Ping Zheng, et al. "Combinatorial Sec
pathway analysis for improved heterologous protein secretion in Bacillus subtilis:
Identification of bottlenecks by systematic gene overexpression." Microb Cell
Factor 14(2015): 92.

13. Nguyen, Thao Thi, Thi Dinh Quyen and Hoang Thanh Le. "Cloning and enhancing
production of a detergent-and organic-solvent-resistant nattokinase from Bacillus
subtilis VTCC-DVN-12-01 by using an eight-protease-gene-deficient Bacillus
subtilis WB800." Microb Cell Factor 12(2013): 79.



Wu KC, et al.

J Mol Genet Med, Volume 14:4, 2020

14. Briickner, Reinhold. "A series of shuttle vectors for Bacillus subtilis and Escherichia
coli." Gene 122(1992): 187-192.

15. He, Qing, Ai-yun Fu, and Tian-jiao Li. "Expression and one-step purification of the
antimicrobial peptide cathelicidin-BF using the intein system in Bacillus subtilis." J
Industri Microbiol Biotechnol 42(2015): 647-653.

Page 5 of 5

16. IKawa, Kaori, Hiroyuki Araki, Yukiharu Tsujino and Yasuhiro Hayashi, et al.
"Hyperexpression of the gene for a Bacillus Mamylase in Bacillus subtilis cells:
Enzymatic properties and crystallization of the recombinant enzyme." Biosci
Biotechnol Biochem 62(1998): 1720-1725.

How to cite this article: Chau, Wu Kam, Kwong Wai Yeung, Joey Cho Yi Chau
and Choi Man Chung, et al. “Expression of Human Basic Fibroblast Growth Factor
Mediated by Mini Intein in Bacillus Subtilis.” J Mol Genet Med 14 (2020): 463 doi:
10.37421/jmgm.2020.14.463




