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Abstract 

 

Enhancing Solubility and Purification Efficiency of Vitronectin in Escherichia 

coli and Application in Human Pluripotent Stem Cell Culture 

 

 

 
Ryu, Dayoung 

The Graduate School 

University of Ulsan 

College of Medical Science 

 

 

Vitronectin (VTN) is a crucial protein substrate in human pluripotent stem cell (hPSC) 

culture, although challenges have been encountered in its bacterial expression and solubility. 

This study aimed to enhance the solubility and purification efficiency of VTN and its truncated 

forms, VTN(N) and VTN(NC), in the Escherichia coli expression system by fusion with tag 

proteins. Seven tags were evaluated, with MBP emerging as the most effective, significantly 

increasing the water solubility of VTN, VTN(N), and VTN(NC) from 5-60% to over 95%. 

The increased solubility of the fusion proteins, MBP-VTN(N) and MBP-VTN(NC), simplified 

the purification processes by removing solubilization and refolding steps of VTN. The purified 

fusion proteins also demonstrated superior stability during long-term storage. In a biological 

activity test, MBP-VTN(N) and MBP-VTN(NC) allowed for hPSC maintenance at the single 

cell level, a persistent challenge with VTN alone. Notably, the MBP-VTN(N) and MBP-

VTN(NC) preserved cell morphology and pluripotency after several passages, outperforming 

VTN, which led to cell detachment after a few days. These findings suggest that the MBP-

VTN(N) and MBP-VTN(NC) offer significant advantages for hPSC culture, paving the way 

for cost-effective and efficient stem cell research. Further studies are needed to optimize this 

approach and explore its full potential in stem cell biology. 
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Introduction 

 

Vitronectin (VTN), a glycoprotein consisting of 459 amino acids, plays crucial roles in 

diverse biological processes, such as hemostasis, cell adhesion, tissue regeneration, tumor 

metastasis, and immunity [1, 2]. Primarily produced by the liver, VTN is present in serum, the 

extracellular matrix (ECM), and bone [1, 3, 4]. In blood circulation, VTN exists as a monomer 

[4], while the ECM and platelet releasate contain higher molecular weight oligomers of VTN 

[5]. This multifunctional glycoprotein interacts with glycosaminoglycans, collagen, heparin, 

plasminogen, and the urokinase-receptor [5]. Furthermore, it interacts with integrin, a 

membrane protein, initiating integrin signaling which promotes cell adhesion and migration 

[6, 7]. Given its broad binding activities and integrin-stimulating properties, VTN is a 

preferred substrate for in vitro cell culture, specifically for pluripotent stem cells (PSCs) such 

as embryonic stem cells (ESCs) and induced PSCs (iPSCs) [8, 9]. Human PSCs are self-

renewing and pluripotent cells with enormous clinical potential. Their ability to differentiate 

into all cell types present in the adult body makes them valuable for cell therapy, tissue repair, 

and drug development [8]. Notably, two truncated forms of VTN, VTN(N) and VTN(NC), 

exhibit a high efficacy in PSC maintenance [10]. These applications require an efficient 

production of VTN. 

Although VTN can be extracted from human plasma [11, 12], the recombinant 

technology employed in Escherichia coli (E. coli) is a popular method for its production [13, 

14]. The E. coli expression system is favored for the production of heterologous proteins due 

to its advantages like ease of handling, rapid doubling time, and potential for high-density 

cultivation [15-19]. However, this system can also contribute to challenges such as low 

solubility, incorrect protein folding, and formation of inclusion bodies [20]. These issues are 

particularly pronounced with VTN, VTN(N), and VTN(NC), which have a propensity to 

misfold and aggregate into inclusion bodies when expressed in E. coli, thus requiring an 

extensive solubilization and refolding process [13]. A myriad of fusion tags have been 

developed to address the solubility issues associated with the E. coli expression system [21, 

22]. Nevertheless, the effectiveness of each tag is protein-dependent, and no universal fusion 

tag exists to ensure soluble overexpression of heterologous proteins in E. coli.  

The aim of this study was to enhance the solubility and purification efficiency of VTN 

in the E. coli expression system by fusion with a tag. To achieve this, seven commonly used 

tags such as histidines (His), thioredoxin (Trx), glutathione S-transferase (GST), maltose-

binding protein (MBP), N-utilisation substance protein A (NusA), protein disulphide 

isomerase (PDI), and b'a' domain of PDI (PDIb'a') were evaluated and MBP was ultimately 

chosen due to its performance. Subsequently, we fused MBP with the two truncated forms of 

VTN, VTN(N) and VTN(NC), resulting in the production of fusion proteins with high purity. 

To verify the biological activity of these purified fusion proteins, we examined their 

effectiveness in maintaining human PSCs. 
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Material and Methods 

1. Materials 

All utilized chemicals were of analytical grade. Reagents were acquired from various 

suppliers: 1-thio-β-d-galactopyranoside (IPTG) from Anaspec (Fremont, CA, USA). 

Ampicillin from Duchefa Biochemie (Haarlem, Netherlands); Sodium chloride, hydrochloric 

acid, acetic acid glacial, yeast extract, urea and glycerol from Samchun Chemical (Pyeongtaek, 

Korea); Coomassie brilliant blue R-250 and Tris from Amresco (Solon, OH, USA). E. coli 

strains, BL21(DE3), SHuffle T7 Express, Rosetta-gami B (DE3) and DH5α cells were 

obtained from Novagen (Madison, WI, USA).  

For purification, all chromatography columns and Ä KTA series (Prime, Start and Pure) 

were procured from GE Healthcare (Piscataway, NJ, USA). The 0.2 and 0.45 µm pore-size 

filters were from Hyundai Micron (Seoul, Korea). Dialysis membranes and Amicon Ultra 

concentrators were from Viskase (Darien, IL, USA) and Merck Millipore (Billerica, MA, 

USA), respectively. Acrodisc syringe filters were sourced from Pall Korea (Seoul, Korea), 

BCA kits were from Abbkine (Wuhan, China). Ultrasonic cell disruptor JY99-IIDN was 

obtained from Ningbo Scientz Biotechnology (Guangdong, China). The Primers were sourced 

from Bionics (Gangwon, Korea) and Macrogen (Seoul, Korea).  

For cell culture, materials were procured from various suppliers: Activin A, and 

epidermal growth factor (EGF) from Peprotech (Rocky Hill, NJ); holo-transferrin and human 

insulin from Prospec (Rehovot, Israel); RNase inhibitor from Roche (Basel, Switzerland). L-

ascorbic acid-2-phosphate, sodium selenite, polyvinyl alcohol (PVA), and ethylene glycol 

tetraacetic acid (EGTA) sourced from Sigma-Aldrich (St. Louis, MO). Cell culture plates and 

15 ml, 50 ml conical tubes were from SPL Life Sciences (Pocheon, Korea). DMEM/F12 

HEPES, penicillin-streptomycin, and TrypLE Express enzyme were from Thermo Fisher 

Scientific (Waltham, MA). ROCK inhibitor Y27632 was from Carbosynth (Berkshire, UK). 

The H9 hESCs from WiCell (Madison, WI) under material transfer agreement. Reverse 

Transcriptase master premix (5X), oligo d(T) and dNTP mix (2.5 mM each, 10 mM) were 

sourced from ELPIS (Daejon, Korea). The plasmid for VTN was a gift from James Thomson 

(Addgene plasmid #30223).  

 

2. Plasmid construction of expression vectors  

In order to generate VTN expression plasmid, we employed gateway cloning systems, 

which utilize BP and LR recombination reactions [42]. A DNA sequence encoding 459 amino 

acids of mature human VTN (based on NCBI Reference Sequence: NM_000638.3) was 

codon-optimized for E. coli expression and synthesized by GenScript (Piscataway, NJ). We 

positioned the tobacco etch virus recognition site (TEVrs), ENLYFQ/G, at the N-terminal of 

the hVTN nucleotide. This particular DNA fragment was then subcloned into the 

pDONOR207 vector using a BP reaction, resulting in an entry clone named pENTR-hVTN. 

Subsequently, LR reactions were used to create expression vectors by integrating the pENTR-

hVTN with seven different destination vectors: pDest-H, pDest-H-Trx, pDest-H-GST, pDest-

H-PDIb'a', pDest-H-MBP, pDest-H-NusA, and pDest-H-PDI. The accuracy of all the 

sequences was verified by sequencing (Macrogen, Deajeon, Korea). The VTN(N) and 

VTN(NC) expression plasmids were engineered by Bionics (Gangwon, Korea), using a VTN 

sequence that was codon-optimized for expression in E. coli. The target genes were precisely 

inserted into the pET-3C vector at the NdeI and BamHI restriction sites. 
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For the production of recombinant MBP-VTN(NC) plasmid, the VTN(NC) fragment, 

attB1-TEVrs-VTN(NC)-attB2, was amplified by PCR and then a BP reaction with pDONR207 

resulted in pENTR-VTN(NC). The subsequent LR reaction with pDEST-H-MBP resulted in 

an expression vector, MBP-VTN(NC) (Supplementary figure 1). For the production of 

truncated MBP-VTN(N) construct, the VTN(N) fragment and the vector pDEST-H-MBP 

fragment were amplified by PCR, and in vivo E. coli cloning (iVEC) [43] of the two PCR 

fragments successfully generated the expression vector for MBP-VTN(N). 

 

3. Expression VTNs from E. coli 

The VTN plasmid was transformed into the E. coli BL21 (DE3) strain. The 

transformed BL21 (DE3) were inoculated in a 1:100 ratio into antibiotic-containing LB media 

from an overnight culture. These cultures were incubated at 37°C with shaking at 200 rpm 

until they reached an OD of 0.8 - 1.2. Protein expression was then induced with 0.5 mM IPTG, 

and the cultures were incubated under the same conditions overnight. The bacterial cells were 

subsequently harvested via centrifugation at 2,700 × g and 4°C for 30 min. 

The VTN(N) and VTN(NC) plasmids were introduced into E. coli BL21 (DE3) and 

Rosetta pLys strains. High-protein expressing colonies were identified by cultivating the 

transformed E. coli on LB agar plates, which were supplemented with 50 μg/mL of ampicillin. 

Colonies of interest were then grown overnight in LB media containing the same concentration 

of antibiotic at 37°C with shaking at 180 rpm. The overnight culture was used to inoculate 1 

L of fresh LB medium at a 1:100 ratio, which was then incubated at 37°C with shaking at 180 

rpm. When the OD600 reached a value between 0.5 and 0.6, IPTG was introduced to a final 

concentration of 0.5 mM to trigger the expression of the recombinant protein. The bacterial 

culture was further incubated for 4 hours at 37°C with shaking at 180 rpm, after which cells 

were collected by centrifugation at 2,700 × g and 4°C for 30 minutes. 

The MBP-VTN(N) plasmid was similarly transformed into the E. coli BL21 (DE3) 

strain. Colonies expressing high protein levels were screened by growing transformed E. coli 

on LB agar plates supplemented with 50 μg/mL of ampicillin. Selected colonies were then 

cultured overnight in antibiotic-containing LB media at 37°C with shaking at 180 rpm. The 

overnight culture was inoculated at a 1:100 ratio into 1 L of fresh LB medium and incubated 

at 37°C with shaking at 180 rpm. Once the OD600 reached 0.5 - 0.6, IPTG was added to a 

final concentration of 0.5 mM to induce recombinant protein expression. Cells were then 

cultured overnight at 18°C with shaking at 180 rpm and harvested by centrifugation at 2,700 

× g and 4°C for 30 min. 

For the MBP-VTN(NC) plasmid, transformation was carried out into the E. coli 

SHuffle T7 express strain. After screening for high protein expression as described above, 

selected colonies were cultured overnight in antibiotic-containing LB media at 37°C with 

shaking at 180 rpm. The overnight culture was then inoculated at a 1:100 ratio into 1 L of fresh 

LB medium and incubated at 37°C with shaking at 180 rpm. When the OD600 reached 0.5 - 

0.6, IPTG was added to a final concentration of 0.5 mM to induce recombinant protein 

expression. Unlike the previous procedure, cells were cultured for 4 hours at 37°C with 

shaking at 180 rpm and then harvested by centrifugation at 2,700 × g and 4°C for 30 min. 



4 
 

 

4. Purification of VTNs from E. coli 

For VTN, the collected bacterial pellet was resuspended in sonication buffer (20 mM 

Tris-HCl(pH 8.0), 5% glycerol) and disrupted using an ultrasonic cell disruptor, with a cycle 

pattern of 3 sec burst and 27 sec rest, repeated 60 times on ice. The disrupted cells were then 

centrifuged at 25,000 × g for 20 min at 4°C, and the pellet was washed three times with the 

sonication buffer. After washing, the pellet was solubilized in buffer A (20 mM Tris-HCl (pH 

8.0), 5% glycerol, 150 mM NaCl, 8 M Urea, and 5 mM DTT) while stirring at room 

temperature for 2 hours. The solubilization product was then centrifuged at 25,000 × g for 20 

min at 4°C, and the supernatant was filtered through a 0.2 µm PES hydrophilic membrane 

filter for column application. The HiTrap Heparin HP column was prepared with 5 column 

volumes (CV) of buffer A at a flow rate of 2.5 mL/min. After equilibration, the sample was 

applied at a flow rate of 1 mL/min. The column was washed with buffer A for 10 CVs to 

remove unbound proteins, and the target protein was eluted by a gradient of 0-1 M NaCl in 

Buffer A over 10 CVs. The eluted protein was verified through electrophoresis in 10% tricine 

SDS-PAGE. The verified fractions were dialyzed against PBS and treated with 0.1% Triton 

X-114(v/v) to remove endotoxin. The final product was supplemented with glycerol to a final 

concentration of 50%, filtered through a 0.2 µm membrane filter, and stored at -20°C. 

For VTN(N) and VTN(NC), the cell pellet was lysed on ice using an ultrasonic cell 

disruptor, adhering to a cycle of 3-second bursts and 27-second rests for 60 cycles, in buffer 

A (20 mM Tris-HCl (pH 8.0), 5% glycerol (v/v)). The lysed cells were then subjected to 

centrifugation at 25,000 × g for 20 min at 4°C, separating soluble components from the 

insoluble ones. The resulting supernatant was filtered through a 0.2 µm PES hydrophilic 

membrane filter prior to column application. The HiTrap Q HP column was prepared by 

running 5 CVs of buffer A at a flow rate of 2.5 mL/min. After equilibration, the sample was 

loaded at a flow rate of 1 mL/min. Subsequently, the column was washed with 10 CVs of 

buffer A to remove non-specifically bound proteins. Weakly binding proteins were washed off 

with a gradient of 5, 10, and 20% buffer B (20 mM Tris-HCl (pH 8.0), 1 M NaCl, 5% glycerol 

(v/v)) across 5 CVs. The target protein was eluted using 30% of buffer B across 5 CVs, and 

the eluted protein was dialyzed in buffer A. Subsequently, the HiTrap SP HP column was 

prepared similarly, using 5 CV of buffer A at a flow rate of 2.5 mL/min. The sample from the 

HiTrap Q HP column was loaded and the target protein was eluted with 10 CVs of buffer A. 

In the final step, the HiTrap Heparin HP column was prepared using the same procedure as 

the previous columns. The column was washed with buffer A for 10 CVs to remove any 

unbound proteins, and the target protein was eluted with 5% of buffer B over 5 CVs. For each 

step of column purification, the eluted proteins were examined using 10% tricine SDS-PAGE. 

The validated fractions were dialyzed against PBS. The final protein preparation was enhanced 

with glycerol to a final concentration of 50%, filtered through a 0.2 µm membrane filter, and 

preserved at -20°C. 

For MBP-VTN(N) and MBP-VTN(NC), the cell pellet was lysed on ice using the 

same ultrasonic cell disruptor and a cycle pattern of 3 sec burst and 27 sec rest for 60 cycles 

in buffer A (20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5% glycerol (v/v)). The lysed cells 

were then centrifuged at 25,000 × g for 20 min at 4°C to separate the soluble from the insoluble 

components. The supernatant was filtered through a 0.2 µm PES hydrophilic membrane filter 

for column application. Two linked MBPTrap™ HP columns were prepared with 5 CV of 

buffer A at a flow rate of 2.5 mL/min. After equilibration, the sample was applied at a flow 

rate of 2.5 mL/min. The column was washed with buffer A for 15 CVs to remove unbound 

proteins, and the target protein was eluted with elution buffer (20 mM Tris-HCl (pH 8.0), 200 

mM NaCl, 30 mM Maltose, 5% glycerol (v/v)) over 5 CVs. The eluted protein was confirmed 

through electrophoresis in 10% tricine SDS-PAGE. The verified fractions were dialyzed 
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against PBS. The final product was supplemented with glycerol to a final concentration of 

50%, filtered through a 0.2 µm membrane filter, and stored at -20°C. 

 

 

5. Analysis of SDS-PAGE gels 

 Protein expression and purification steps were assessed using 10% Tricine SDS-

PAGE gel. The protein fractions were denatured by boiling for 5 minutes at 95°C with 5X 

sample buffer (250 mM Tris-HCl, pH 6.8, 30% glycerol, 10% SDS, 0.01% bromophenol blue, 

300 mM DTT). The SDS PAGE gels were then stained with Coomassie brilliant blue R-250 

solution for protein band detection. The expression and solubility levels of the fusion proteins, 

as well as the purity of the target proteins, were analyzed using Gel Analyzer software 

(http://www.gelanalyzer.com) and calculated with Microsoft Excel following the equations: 

 

Expression level = F/T 

Solubility = S/(S+ P) 

 

where, F stands for the amount of fusion protein, T for the total cellular protein amount 

after induction with IPTG, S for the amount of fusion protein in the supernatant, and P for the 

amount of fusion protein in the pellet. 

 

6. Culture of hESC  

Human embryonic stem cells (H9 hESCs) were cultured on Vitronectin in E8 media. 

This media consisted of DMEM/F12 supplemented with 64 µg/ml L-ascorbic acid-2-

phosphate, 14 ng/ml sodium selenite, 10 µg/ml holo-transferrin, 20 µg/ml insulin, 1 mg/ml 

NaCl, 1% penicillin-streptomycin, 2 ng/ml TGF-β, and 100 ng/ml FGF-2. Cells were 

maintained at 37°C and 5% CO2, and the culture medium was refreshed daily. All 

experimental procedures involving hESCs were conducted following the approved guidelines 

of the Institutional Ethical Committee, University of Ulsan College of Medicine, Seoul, Korea. 

When passaging, we utilized two methods: mechanical and enzymatic dissociation. 

The mechanical dissociation approach involved manually scraping the cells with a plastic 

pipette tip, then transferring the resulting cell clumps to a 60x15 mm cell culture dish. On the 

other hand, the enzymatic dissociation method involved treating hESCs with TrypLE Express 

to dissociate the cells [44]. Following dissociation, cell counts were determined using a 

standard hemocytometer and cells were resuspended in PBS. Cells were then transferred to a 

60x15 mm cell culture dish at a density of 1 x 105 cells per plate for further culture. 

 

 

7. Colony formation and adhesion test of single hESCs 

Cells were plated at a density of 500 cells/cm2 (approximately 1,900 cells per well) 

onto a 12-well plate to test colony formation. Each well was filled with 1 ml of media, which 

was refreshed daily. After 8 days, colonies were stained using 500 µl/well of 1-Step 

NBT/BCIP Substrate Solution (Thermo Scientific, USA). Colony quantification was carried 

out using the ImageJ software (NIH, USA, and LOCI, University of Wisconsin). 
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8. Maintaining of single hESCs 

Cells were plated at a density of 500 cells/cm2 (approximately 1,900 cells per well) 

in a 12-well plate for cell maintenance assays. After eight days of cultivation, hESCs were 

transferred to the subsequent generation. 

 

 

9. Quantification by RT-PCR 

Total RNAs were isolated from cells using Trisure reagent, as per the manufacturer's 

guidelines. All reactions were conducted on three independent samples and each reaction was 

performed in triplicate using one-step qPCR. The primer sequences are presented in the Table. 

All PCR data were analyzed using the delta–delta Ct method and normalized to the 

housekeeping gene, GAPDH. 

 

 

10. Statistical Analysis 

Data are represented as the mean ± standard error of the 

mean (SEM) for n ≤ 3 samples. Each experiment was performed 

independently and in triplicate. A p-value of less than 0.05 was 

considered statistically significant. 

 
Results 

1. Fusion of VTN with Tags 

In an effort to augment the soluble overexpression of Vitronectin (VTN) in E. coli, we 

fused seven distinct N-terminal tags—His, Trx, GST, PDIb'a', MBP, PDI, and NusA—to the 

N-terminus of VTN, employing molecular recombinant techniques (Fig. 1A). Subsequently, 

we evaluated the solubility-enhancing impacts of these tags at three varying temperatures 

(37℃, 30℃, and 20℃) (Fig. 1B and Table 1). At 37℃ and 30℃, the VTN with His tag was 

insoluble; however, reducing the temperature to 20℃ improved its solubility. Three tags, 

specifically PDIb'a', MBP, and PDI, enabled soluble VTN expression across all three 

temperatures (Table 1). Given its relatively compact size and available MBP affinity 

chromatography, we selected MBP as the preferred tag. 

 

 

2. Effects of the MBP Tag on the Expression and Solubility 

 Earlier studies have demonstrated that two truncated variants of VTN, namely VTN(N) 

and VTN(NC), exhibit strong biological activity in the maintenance of hPSCs. However, when 

expressed in E. coli for their production, these proteins were insoluble, necessitating a complex 

and laborious purification process involving solubilization and refolding steps [10]. Therefore, 

we attached the MBP tag to the N-terminus of VTN(N) and VTN(NC), creating MBP-VTN(N) 

and MBP-VTN(NC) (Fig. 2A). Initially, we evaluated the expression and solubility of the two 

newly synthesized fusion proteins alongside VTN, MBP-VTN, VTN(N), and VTN(NC). 

These tests were conducted using E. coli BL21, a strain frequently employed as a host for 

heterologous protein expression. All constructs, with the exception of MBP-VTN(NC), 

demonstrated expression levels exceeding 20% at both 37°C and 18°C (Table 2). 

Consequently, to augment the expression of MBP-VTN(NC), two other E. coli strains, SHuffle 
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and Rosetta, were tried. The SHuffle strain manifested a significantly improved expression 

level. The expression of three other constructs, namely MBP-VTN(N), VTN(N), and 

VTN(NC), was also tested employing SHuffle and Rosetta for comparison. Based on these 

outcomes, SHuffle was selected as the expression host for MBP-VTN(NC), while BL21 was 

chosen for the other constructs. Both MBP-VTN(N) and MBP-VTN(NC) exhibited high 

solubility, particularly at 18°C. Interestingly, both VTN(N) and VTN(NC) also demonstrated 

high solubility across all three E. coli strains (Table 2). 

 

 

3. Purification of VTN, MBP-VTN(N), and MBP-VTN(NC) 

Purifications of the five proteins, VTN, VTN(N), VTN(NC), MBP-VTN(N), and 

MBP-VTN(NC) were attempted. First, for the purification of VTN, a high concentration (8 M) 

of urea for solubilization and refolding method was used (Figures 3A, 3C) as reported 

previously 10). Because VTN(N) and VTN(NC) were expressed as soluble forms, they did not 

require the cumbersome solubilization and refolding. Instead, normal chromatograpical 

processes were tried (Figures 3A). For the purification of VTN(N), three chromatograpical 

methods, i.e. anion exchange chromatography, cation exchange chromatography and heparin 

exchange chromatography, were used. Similarly, in the case of VTN(NC), two 

chromatographical methods, i.e. anion exchange chromatography and heparin affinity 

chromatography, were employed. However, in the end the protein yield was very low because 

several chromatograpical steps were applied and the purified proteins were aggregated (Data 

not shown), so the purification of VTN(N) and VTN(NC) were not pursued. 

Because MBP-VTN(N) and MBP-VTN(NC) were expressed in E. coli as a soluble 

form and have MBP proteins, a maltose-binding protein affinity chromatography was applied 

for the purification of the proteins and the single chromatography step was enough for the 

purification of the proteins (Figures 3A, 3D, E). From 500 mL flask culture, we obtained 6.6 

± 0.1 mg (n=3) and 10.4 ± 3.7 mg (n=3) of MBP-VTN(N) and MBP-VTN(NC), respectively. 

Because there is the TEV protease cleavage site between the MBP tag and the target proteins, 

we further tried to remove the MBP tag from the fusion proteins using TEV protease treatments. 

However, the cleaved VTN(N) and VTN(NC) were aggregated substantially resulting in very 

low purification efficiency (data not shown). Therefore, we did not pursue the purification of 

VTN(N) and VTN(NC). 

4. Activity of VTN with the MBP tag 

To test the biological activities of the two purified fusion proteins, MBP-VTN(N) and 

MBP-VTN(NC), we used the proteins as a substrate for maintaining H9 hESCs.  Two 

passaging methods, mechanical dissociation and enzymatic dissociation, were tried. In the 

mechanical dissociation method, both fusion proteins successfully formed colonies, which was 

comparable to the effect of VTN (Figure 4A). When the MBP tag alone was used, no colony 

was formed (Figure 4A). When the enzymatic dissociation method was used, the two fusion 

proteins also formed colonies like VTN did (Figure 4B). Alkaline phosphatase, one of the 

pluripotency markers, were stained, all of the proteins supported good expression of alkaline 

phosphatase (Figure 4C). Even though 20 µg/ml of VTN showed more colonies than 20 µg/ml 

of MBP-VTN(N) and MBP-VTN(NC), when the concentration was converted to molar 

concentration and the colony areas were plotted, they showed similar effects (Figure 4D). 

Binding efficiency of the proteins also showed similar results (Table 4). 

It was reported that VTN only permits cell clump passaging, not single-cell passaging, 

in chemically defined media [23]. Therefore, we conducted five passages of continuous 

subculture in a single-cell passaging with the enzyme-dissociation method (Figure 5A). Five 
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days after seeding the single cell in passage 5, VTN induced several protrusions at the 

boundary of colonies and fewer cells were attached compared to the MBP fusion proteins. By 

day 8, MBP-VTN(N) and MBP-VTN(NC) facilitated the formation of a larger number and 

size of colonies. Additionally, pluripotency markers such as OCT4, NANOG, and SOX2 were 

evaluated by RT-PCR (Figure 5B). Compared to VTN, the MBP fusion proteins demonstrated 

significantly enhanced pluripotency. 

 

 

Discussion 

Several extracellular proteins, such as VTN, laminin, and matrigel, have been widely 

used as substrates for in vitro cell culture of hPSCs. Laminin can't be produced from E. coli 

but requires eukaryotic cells for production due to its multiple disulfide bonds and 

glycosylations with multimeric architecture [23, 24]. Matrigel, a complex extracellular matrix 

(ECM) secreted by mouse sarcoma cells [25] is limited for clinical application due to its 

xenogeic nature. An advantage of VTN is that it can be produced from E. coli with relatively 

low cost. However, because VTN was expressed as an unfolded form resulting in aggregation 

to form inclusion bodies in E. coli, complicated urea solubilization and refolding were 

necessary for its purification [10]. In this study, of all the fusion tags examined, the MBP tag 

mitigates many of the expression- and purification-related problems. Proteins tagged with 

MBP showed a dramatic increase in water solubility, from 5-60% to over 95%, significantly 

enhancing the purification efficiency in prokaryotic biological systems. The MBP tag proved 

to be effective at improving both the solubility and productivity of various fusion partners and 

facilitating the folding of proteins with disulfide bonds [26-38]. Studies suggest that MBP 

operates as a "chaperone magnet," drawing chaperones that normally associate with MBP 

towards the target protein [39] or forming large micelle-like aggregates with incompletely 

folded passenger proteins held inside [40, 41]. 

Two passaging methods were used for the maintenance of hPSCs. One is clump 

passaging which is usually done by mechanical dissociation method and the other is single-

cell passaging which can be done one by enzymatic dissociation method. Clinical application 

of hPSCs would require a large amount of cells which can be obtained by enzymatic 

dissociation method. The single cell passaging of hPSCs using enzymatic dissociation method 

was supported only by laminin and matrigel, not by VTN which supports only mechanical 

dissociation method [23]. The previously challenging task of maintaining single cells with 

VTN was feasible with the MBP fusion in this study.  Our results suggest that MBP-VTN(N) 

and MBP-VTN(NC) preserved the cell's morphology even after five continuous single-cell 

passages. In contrast VTN led to cell detachment and a loss of shape after just two to three 

days of subculture. The cells remained intact with MBP-VTN(t), retaining their colony shape 

over multiple generations. Pluripotency was also preserved, with an average increase of 2.6-

fold for MBP-VTN(N) and 4.5-fold for MBP-VTN(NC), highlighting its potential for use in 

hESC research. 

In conclusion, the production of MBP-VTN(N) and MBP-VTN(NC) is a cost-

effective method and could significantly enhance hESC research in the future. As such, it 

represents a valuable tool in the advancement of stem cell research, potentially overcoming 

the previous limitations associated with the use of VTN. Further research is warranted to 

optimize this approach and explore its full potential in the field of stem cell biology. 
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Table 

 

Table 1. The solubility of VTN fused with tags when expressed in the cytoplasm of E. coli. 

 

  His6 
His6 

-Trx 

His6 

-GST 

His8 

-PDIb'a' 

His6 

-MBP 

His8 

-PDI 

His6 

-NusA 

37℃ 

2hr - N/E - + + + - 

4hr - - - + + + - 

30℃ 

3hr - - - + + + - 

6hr - - - + + + - 

20℃ 

6hr + - + + + + + 

O/N + + + + + + + 

N/E: No expression 

-: insoluble 

+: soluble 
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Table 2. Expression and solubility level of VTNs 

 

 E. coli host 

Expression level (%) Solubility (%) 

37°C 18°C 37°C 18°C 

VTN BL21 40.7 ± 3.3 21.8 ± 1.0 38.3 ± 5.9 73.0 ± 1.1  

MBP-VTN BL21 25.2 ± 0.9 31.2 ± 5.3 66.9 ± 9.4 99.4 ± 0.6 

VTN(N) 

BL21 20.3 ±2.8 30.6 ± 2.3 74.3 ± 0.3 67.3 ± 6.7 

SHuffle 12.2 ± 0.9 20.2 ± 0.4 95.3 ± 0.3 92.2 ± 0.6 

Rosetta 11.1 ± 0.3 15.2 ± 2.4 93.6 ± 1.1 84.9 ± 3.2 

VTN(NC) 

BL21 25.9 ± 3.2 38.4 ± 1.5 78.3 ± 1.5 74.0 ± 13.0 

SHuffle 40.3 ± 5.3 23.3 ± 5.5  91.8 ± 4.5 95.7 ± 2.8 

Rosetta  47.6 ± 4.8 10.9 ± 0.1 96.5 ± 0.1 93.3 ± 6.8 

MBP-VTN(N) 

BL21 38.1 ± 7.3 34.7 ± 7.2 63.1 ± 0.8 96.3 ± 2.7 

SHuffle 45.0 ± 3.3 24.4 ± 5.4 81.0 ± 1.5 95.6 ± 2.2 

Rosetta 34.2 ± 5.0 36.6 ± 5.5  51.3 ± 5.0 92.2 ± 6.1 

MBP-VTN(NC) 

BL21 17.8 ± 2.2 10.8 ± 4.3 79.9 ± 9.6 91.7 ± 4.7 

SHuffle 55.9 ± 2.8 21.3 ± 1.8 82.2 ± 1.3 87.9 ± 6.1 

Rosetta 14.0 ± 0.8 19.5 ± 1.4 73.1 ± 4.8 93.6 ± 1.8 
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Table 3. Purification yield of MBP-VTN(N) and MBP-VTN(NC) 

 

 

Total 

Soluble 

Protein (mg) 

Total 

Soluble 

Target 

Protein (mg) 

Purified 

Target 

Protein (mg) 

Purity (%) 
Yield 

(%) 

VTN - - 9.1 95.8 - 

MBP-VTN(N) 127.3 ± 11.2 44.7 ± 3.9 6.6 ± 0.1 96.2 14.3 ± 0.6 

MBP-VTN(NC) 184.7 ± 16.8 103.2 ± 9.4  10.4 ± 3.7 88.0 8.8 ± 0.6 
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Table 4. Number of colonies counting by alkaline phosphatase staining with enzymatic 

method 

 

Area of colonies (%, mean ± SD) 

Concentration VTN MBP-VTN(N) MBP-VTN(NC) 

10 µg/mL 100 ± 27.2 80.0 ± 11.6 90.9 ± 22.8 

20 µg/mL 228.0 ± 24.6 125.2 ± 15.4 143.0 ± 23.4 
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Figure 

A 

 
B 

 
 
Figure 1. VTN with various tags. 

(A) Diagram depicting VTN constructs with seven N-terminal tags. (B) An SDS-PAGE image 

illustrating MBP-VTN expression at three distinct temperatures. (SMB, Somatomedin B-like 

domains; RGD, Integrin-binding site; M, Molecular weight size marker; S, Soluble 

supernatant after cell lysis; P, Insoluble portion after cell lysis; (-), Total proteins before 

induction) 
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C 

 
 

D 

 
 

Figure 2. Expression and Solubility of MBP Tag Fusion Protein.  

(A) Depiction of constructs of VTN(N), VTN(NC), MBP-VTN(N), and MBP-VTN(NC). (B) 

VTN in BL21, (C) MBP-VTN(N) in BL21 and Rosetta, (C) MBP-VTN(NC) in BL21 and 

SHuffle. The arrows mark MBP-VTN(N) (91.5 kDa), and MBP-VTN(NC) (82.2 kDa). (SMB, 

Somatomedin B -like domains; TEVrs, Tobacco etch virus recognition site; RGD, Integrin-

binding site; M, Molecular weight size marker; C, Total proteins before induction; T, Total 

proteins after induction; S, Soluble supernatant after cell lysis; P, Insoluble portion after cell 

lysis.)  
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A                                                               

 

B 
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 C                                                    D 

 

Figure 3. Purification of VTN, MBP-VTN(N), and MBP-VTN(NC).   

(A) Flow chart illustrating the purification steps for VTN, VTN(N), VTN(NC), MBP-VTN(N), 

and MBP-VTN(NC). (H.A.C, Heparin affinity chromatography; A.E.C, Anion exchange 

chromatography; C.E.C, Cation exchange chromatography; M.A.C, MBP affinity 

chromatography) (B) Depiction of VTN purification and expression in E. coli BL21 utilizing 

affinity chromatography. (M, Molecular weight size marker; S, Soluble proteins after cell 

sonication from total cell proteins; F.T, Flow through after affinity chromatography; 1 - 8, 

VTN (54.6 kDa) purified with affinity chromatography eluted by 0 - 1 M NaCl.) (C) 

Representation of MBP-VTN(N) purification and expression in E. coli BL21 using affinity 

chromatography. (M, Molecular weight size marker; S, Soluble proteins after cell sonication 

from total cell proteins; F.T, Flow through after affinity chromatography; E, MBP-VTN(N) 

fusion protein (91.5 kDa) purified with affinity chromatography.) (D) Illustration of MBP-

VTN(NC) purification and expression in E. coli BL21 using affinity chromatography. (M, 

Molecular weight size marker; S, Soluble proteins after cell sonication from total cell proteins; 

F.T, Flow through after affinity chromatography; E, MBP-VTN(NC) fusion protein (82.2 kDa) 

purified with affinity chromatography.) 
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C                                                             

 
D                                                   

 
 

Figure 4. Colony formation and attachment of H9 hESCs on VTN, MBP-VTN(N), MBP-

VTN(NC).  

(A) Microscopic images showcasing H9 hESCs colony formation through the mechanical 

dissociation method at 24 hr, 48 hr, and 5 day time points. The coating densities of VTN, 

MBP-VTN(N), and MBP-VTN(NC) were 10 µg/mL, respectively (White scale bar, 500 µm) 

(B) Microscopic images displaying single cell H9 hESCs colony formation via the enzymatic 

dissociation method at 48 hr, 5 day, and 9 day time points. The coating density of VTN MBP-

VTN(N), and MBP-VTN(NC) were 10 µg/mL, respectively. (Black scale bar, 200 µm; White 

scale bar, 500 µm; Arrow indicates Single cells) (C) Microscopic images of alkaline 

phosphatase staining applied to H9 hESCs data. (D) Statistical representation of the colony 

area (n=3). Note that concentration of proteins was converted to molar concentration.  
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A 

 

B 

 

Figure 5. Single cell maintenance of hESCs on VTN, MBP-VTN(N), and MBP-VTN(NC).  
(A) Images captured at 4X, demonstrating the morphology of hESCs over time under different 

coating conditions. (Scale bar, 500 µm; Arrow points to Single cells) (B) RT-PCR data 

exhibiting pluripotent gene expression. (*p< 0.05, ***p< 0.005, ****p< 0.001, Student’s T-

test, n=6)  
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Supplementary Table 

Supplementary table 1. Primer sequences for plasmid constructions 

Primer Sequence 

PCR BP forward 5'-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGA 

GAA CCT GTA CTT CCA GGG CGT GAC TCG CGG GGA 

TGT G-3' 

PCR BP reverse 5'-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTT TAG 

CGG GAT GGC CGG CG-3' 

Truncated VTN 

forward 

5'-ATG GTG ACT CGC GGG GAT G-3' 

Truncated VTN 

reverse 

5'-CAG ATG GCC AGG AGC TGG-3' 

Vector forward 5'-CTG GCT GGG CTG CCC AGC TCC TGG CCA TCT GTA 

AAC CCA GCT TTC TTG TAC AAA GTG G-3' 

Vector reverse 5'-GCA TAG TGA ACA CAT CCC CGC GAG TCA CCA TGC 

CCT GGA AGT ACA GGT CTC-3' 
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Supplementary Figure 

A 

 
B 
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C 

 

Supplement figure 1. Sequence of VTN, MBP-VTN(N) and MBP-VTN(NC) (A) 

Schematic structure of the MBP-VTN(N) construct with In vivo cloning and the MBP-

VTN(NC) construct with Gateway cloning.  (B) Amino acid sequence of VTN. (C) Amino 

acid sequence of MBP-VTN(N) (underline: Somatomedin B -like domains, Red: RGD region, 

Green: V10).  
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국문요약 

 

원핵생물에서 Vitronectin 의 수용성 발현 및 정제효율의 증가와  

인간 만능 줄기 세포 배양에 대한 응용  

 

Vitronectin(VTN)은 인간 만능 줄기 세포(hPSC) 배양에서 중요한 단백질 

기질로 알려져 있으나, 이의 대장균 발현과 수용성이 낮다는 단점이 있다. 본 연구는 

말토스 결합 단백질(MBP)를 VTN 및 이의 Truncated 형태인 VTN(N)과 

VTN(NC)에 융합 시켜, 대장균(Escherichia coli) 발현 시스템에서의 수용성과 정제 

효율을 향상시켰다. 7개의 태그를 평가한 결과, MBP가 가장 효과적으로 나타났으며, 

VTN, VTN(N), VTN(NC)의 수용성과 정제 효율을 5-60%에서 95% 이상으로 크게 

증가시켰다. 게다가 MBP 에 태그 된 VTN 은 VTN 단독보다 단일 세포 수준에서 

hPSC 의 유지를 가능하게 했으며, 장기 저장 동안 우수한 안정성을 보였다. 특히, 

truncated MBP-VTN은 여러 번의 계대배양 후에도 세포 형태와 만능성을 보존하여, 

수일 후에 세포 이탈을 유발하는 VTN 보다 뛰어난 성능을 보였다. 이러한 결과는 

truncated MBP-VTN 융합 단백질이 hPSC 배양에 상당한 장점을 제공하며, 

경제적이고 효율적인 줄기세포 연구의 가능성을 열어준다는 것을 시사한다. 이 

접근법을 최적화하고 줄기세포 생물학에서의 전체적인 잠재력을 탐구하기 위해 추가 

연구가 필요하다. 

 

 

 

 

중심단어: 비트로넥틴, 융합단백질, 대장균 발현, 말토스 결합 단백질, 만능 줄기 세포 
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