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Abstract

:

Hepatocyte growth factor (HGF) has been investigated as a regulator for immune reactions caused by transplantation and autoimmune diseases and other biological functions. Previous studies demonstrated that cDNA-encoding HGF administration could inhibit acute graft-versus-host disease (GVHD) after treatment via hematopoietic stem cell transplantation. This study aimed to show the preparation of HGF protein on yeast cell surfaces to develop a tool for the oral administration of HGF to a GVHD mouse model. In this study, full-length HGF and the heavy chain of HGF were genetically fused with α-agglutinin and were successfully displayed on the yeast cell surface. This study suggested that yeast cell surface display engineering could provide a novel administration route for HGF.
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1. Introduction


Hepatocyte growth factor (HGF) is homologous to plasminogen, is secreted as the inactive form, and is activated by proteolytic processing [1]. In addition, HGF has a physiological function in hepatocytes and other cells. These functions include mitogenesis, migration, anti-apoptosis, and angiogenesis and play an important role in the regeneration and protection of tissues and organs [2,3,4]. Currently, HGF is important in clinical applications for acute organ diseases such as myocardial infarction, cerebral infarction, fulminant hepatitis, and acute renal failure [5,6,7]. The growth factor is therapeutic for chronic diseases such as pulmonary fibrosis, chronic renal failure, liver cirrhosis, cardiomyopathy, and arteriosclerosis obliterans [8,9,10].



In addition, graft-versus-host disease (GVHD) could be inhibited by HGF [11,12]. GVHD is caused by bone marrow transplantation or blood transfusion to treat leukemia, lymphomas, bone marrow failure syndrome, and immunodeficiency disorders [13]. Acute GVDH following an allogeneic hematopoietic stem cell transplant (HSCT) is an immune-triggered process, leading to a severe immune disorder and organ dysfunction caused by donor T cells [14]. However, donor cells also attack residual leukemic cells and host immune cells after HSCT, inhibiting leukemic relapse and graft rejection after HSCT. Therefore, to perform HSCT successfully, continuous donor T cell activation should be maintained to inhibit leukemic relapse, graft rejection, and organ dysfunction. Using a murine model of acute GVHD, Kuroiwa et al., demonstrated that the transfection of the human HGF cDNA into skeletal muscle inhibited apoptosis of intestinal epithelial cells and donor T-cell infiltration into the liver, thereby ameliorating the enteropathy and liver injury caused by acute GVHD [15]. The molecular structure of HGF is a heterodimer consisting of a heavy chain (α-chain; 69 kDa) and a light chain (β-chain; 35 kDa) [16]. By binding to tyrosine receptor c-Met, full-length HGF (84 kDa) plays a role in cell proliferation, migration enhancement, morphogenesis, and anti-apoptosis [2,17]. Conversely, the heavy chain of HGF, known as NK4, can bind to c-Met and function as an antagonist to HGF [18,19]. Therefore, the administration of full-length or heavy-chain HGF would aid in examining whether GVHD can be regulated by using an appropriate method.



In recent studies, a cell surface display system using microorganism cells [20] has been developed as a biotechnological tool to conveniently produce a foreign protein on the cell wall. Various host cells have been investigated for this cell surface display method, including Escherichia coli, Lactobacillus casei, Bacillus subtilis and Saccharomyces cerevisiae [21]. Among various microbial cells in a molecular display system, the budding yeast S. cerevisiae is the most suitable host for displaying a eukaryotic protein. Anchoring proteins for displaying a protein on the microbial cell surface have also been examined. For example, α-agglutinin, Aga1/Aga2, and Flo1 proteins were proven to function well to display a foreign protein on the S. cerevisiae cell surface [21,22].



Antigenic proteins have been investigated in order to produce oral vaccines as medicinal applications of cell surface display engineering. For example, antigenic proteins derived from Candida albicans [23,24], Influenza virus [25], or human papillomavirus [26] were displayed on cell surfaces using genetic engineering. Furthermore, displayed proteins could function as oral vaccines, enhancing immunological responses against target pathogens. In that regard, the oral administration of the HGF protein by the molecular display system might control GVHD [15].



In this study, we showed that the HGF construct could be displayed on the surface of S. cerevisiae. To anchor the HGF protein on the yeast cell surface, α-agglutinin was selected for the stable display based on a previous study [21,27]. Furthermore, the appropriate cultivation periods of yeast cells so as to produce the HGF protein on their surface were also examined.




2. Materials and Methods


2.1. Strain and Media


The E. coli strain DH5α [F—, Φ80dlacZΔM15, Δ(lacZYA-argF)U169, deoR, recA1, endA1, hsdR17(rK—, mK+), phoA, supE44, λ—, thi-1, gyrA96, relA1] [28] was used as a host for the manipulation of recombinant DNA. The E. coli strain was grown in Luria–Bertani medium [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, and 0.1% (w/v) glucose]. The S. cerevisiae strain BY4741 (MATa his3-1 leu2 met15 ura3) was used for the cell surface display of antigenic proteins. Yeast extract peptone dextrose medium [1% (w/v) yeast extract, 2% (w/v) peptone, and 2% (w/v) glucose] was used for the transformation of yeast cells. Yeast cells that carried a plasmid were grown in synthetic drop-out medium [2% (w/v) glucose, 0.67% (w/v) yeast nitrogen base without amino acids, 1% (w/v) casamino acids, and supplemented with appropriate amino acids]. The cell density was measured at 600 nm.




2.2. Plasmid Construction and Transformation of Yeast Cell


The plasmid pDHGF-FL used to display human HGF on the surface of S. cerevisiae cells was constructed by amplifying the full-length HGF-encoding sequence by polymerase chain reaction (PCR) using the following primers: Ffu, 5′-GTTTCTGCCAGATCTATGTGGGTGACCAAACTCCTGCCA-3′ and Rfu, 5′-AGATCCACCCTCGAGTGACTGTGGTACCTTATATGTTAA-3′ and human HGF cDNA [11]. The fragment of the gene encoding the full-length HGF was inserted into BglII/XhoI-digested pULD1 [29] using the In-Fusion HD Cloning kit (Clontech, Mountain View, CA, USA). Furthermore, pDHGF-HC, used for displaying the HGF heavy chain on the surface of S. cerevisiae cells, was constructed following the procedure used for pDHGF-FL. For the amplification of the heavy chain of HGF, the following primers were used: Ffu, 5′-GTTTCTGCCAGATCTCAAAGGAAAGGAAGAAATACAATT-3′ and Rfu, 5′-GAGTCCACCCTCGAGTCGCAATTGTTTCGTTTTGGCACA-3′. Thus, the full-length HGF-encoding sequence and the heavy chain of the HGF-encoding sequence were fused to the 5′ end of the cell-wall anchoring protein (α-agglutinin-encoding sequence) in these plasmids. The constructed plasmids were introduced in E. coli DH5α for propagation. Next, plasmids were introduced into S. cerevisiae BY4741 using the lithium acetate method [30] for the protein surface display. The nucleotide sequence of the constructed plasmids was confirmed using an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).




2.3. Immunostaining


Yeast cells were collected by centrifugation at 6000× g for 5 min, washed with phosphate-buffered saline (PBS; 50 mM phosphate, 150 mM NaCl, pH 7.4), and adjusted to 3.2 × 108 cells mL−1 with PBS. Next, 200 μL of the cell suspension was centrifuged at 6000× g for 5 min. The collected cells were incubated in PBS containing 1% (w/v) bovine serum albumin at 25 °C for 1 h [31]. Surface-blocked cells were incubated with 3 mg mL−1 of goat antibody against the hHGF (R&D, Minneapolis, MN, USA) in PBS for 1.5 h at 25 °C. These cells were then washed with PBS and incubated in 3 mg mL−1 of AlexaFluor488-conjugated mouse anti-goat IgG antibody (Invitrogen, Waltham, MA, USA) in PBS for 1.5 h at 25 °C, and rewashed.




2.4. Immunofluorescence Observation


Yeast cell fluorescence was observed using an Olympus BX51 microscope (Olympus, Tokyo, Japan). In addition, fluorescence units were measured using the SpectraMax M2 Microplate Reader (Molecular Devices, San Jose, CA, USA) with excitation and emission wavelengths of 495 and 519 nm, respectively.





3. Results and Discussion


3.1. Plasmid Construction and HGF-Displaying Yeast


To display full-length HGF or its heavy chain, we constructed plasmid pDHGF-FL and pDHGF-HC, respectively (Figure 1). Both HGF sequences were confirmed as being correctly cloned into plasmids by comparing them with the GenBank sequences (accession numbers M29145 [32] and L02931 [16]). Next, they were introduced in S. cerevisiae BY4741. Confirmation of a successful transformation with these plasmids was performed by auxotrophic selection and colony direct PCR. In the colony PCR, the sizes of fragments corresponding to the full length or heavy chain of HGF were confirmed on the respective plasmids. The strains harboring pDHGF-FL or pDHGF-HC were named BY4741/HGF-FL and BY4741/HGF-HC, respectively.




3.2. Immunofluorescence Observation


After the cultivation, the displayed full length and heavy chain of HGF were confirmed by immunofluorescence microscopy (Figure 2). The strain BY4741/HGF-HC had more fluorescence that was emitted by cell surfaces than BY4741/HGF-FL did, suggesting that the heavy chain is more easily displayed on the yeast cell surface than the full-length HGF.




3.3. Cultivation Conditions of HGF-Displaying Yeast


The optical density (OD600) was measured up to 72 h after cultivation initiation to evaluate the genetically engineered yeast growth conditions (Figure 3A). During the logarithmic growth phase (6–24 h in culture), cells displaying both full-length HGF and the heavy chain of HGF showed a slow proliferation. In the stationary phase (48–72 h), the growth was 82–89% (full length) or 78–82% (heavy chain) that of the control strain. These data suggest that displaying HGF molecules may affect metabolism associated with yeast cell growth. Additionally, a previous study on the cell surface display of enhanced green fluorescent protein (EGFP) using a similar vector system showed similar results [33]. Considering these cases of cell surface display, the synthesis of HGF’s multiple domains after their translation might consume extra-cellular resources, affecting cell growth.



The fluorescence of yeast cells stained with AlexaFluor488 was analyzed using a multi-well plate reader to observe changes in the relative amounts of HGF displayed on the yeast cell surface during cultivation. Fluorescence intensity is correlated to the amounts of displayed molecules [34,35]. The displayed HGF amounts increased for the first 24 h of the growth cycle (Figure 3B). However, there was a considerable difference between the full-length HGF and the heavy chain of HGF in terms of increasing the displayed molecules. The displayed HGF heavy-chain protein production was approximately 1.4-fold higher than that of the full-length HGF at 24 h of cultivation (Figure 3B). This might be attributed to differences in their molecular sizes. The full-length HGF (84 kDa) is approximately 1.2-fold heavier than the heavy chain (69 kDa), hindering the display of full-length HGF on yeast cells. For a more precise analysis, these comparisons should be done using different anti-HGF IgG antibodies that can recognize different epitopes. Additionally, other yeast strains should also be examined for a high-level display on the yeast cell surface.





4. Conclusions


In this study, we demonstrated for the first time that both the full-length and heavy chain of HGF could be displayed on the yeast cell surface. HGF was displayed on the surface depending on the cultivation time for up to 24 h. The fluorescence microscopic observation (Figure 2) and quantitative evaluation using the fluorescence intensity (Figure 3B) consistently suggested that the heavy-chain form is easier to display on the yeast cell surface than the full-length HGF.



In further research, we will carry out a functional analysis of the administration of HGF-displaying yeast cells to GVHD model animals. The activity of HGF displayed on the yeast cell surface can be optimized since cell surface engineering also provides an easy way to introduce mutations into a displayed protein to produce a library and find variants with enhanced activities [25]. However, further investigations are necessary to develop these engineered yeast cells for oral HGF administration in GVHD model animals. For example, the optimization of yeast culture conditions to increase the amount of protein on the cell surface and the quantification of displayed HGF should be performed. By optimizing these conditions, yeast displaying HGF could be a convenient and inexpensive approach to treating GVHD.







Author Contributions


Conceptualization, S.S. and T.I.; methodology, S.S. and M.U.; validation, M.K., Y.N. and S.S.; investigation, Y.N., M.K. and K.T.; resources, T.I. and M.U.; data curation, S.S. and M.K.; writing—original draft preparation, S.S. and T.I.; writing—review and editing, K.M. and M.U.; visualization, M.K.; supervision, S.S.; funding acquisition, T.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Education Culture Sports Science and Technology, Japan, grant number JP24590227.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Miyazawa, K.; Shimomura, T.; Kitamura, A.; Kondo, J.; Morimoto, Y.; Kitamura, N. Molecular Cloning and Sequence Analysis of the cDNA for a Human Serine Protease Responsible for Activation of Hepatocyte Growth Factor. Structural Similarity of the Protease Precursor to Blood Coagulation Factor XII. J. Biol. Chem. 1993, 268, 10024–10028. [Google Scholar] [CrossRef]

	



Gallo, S.; Sala, V.; Gatti, S.; Crepaldi, T. Cellular and Molecular Mechanisms of HGF/Met in the Cardiovascular System. Clin. Sci. 2015, 129, 1173–1193. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhary, P.; Malhotra, S.S.; Babu, G.S.; Sobti, R.C.; Gupta, S.K. HGF Promotes HTR-8/SVneo Cell Migration Through Activation of MAPK/PKA Signaling Leading to Up-Regulation of WNT Ligands and Integrins That Target β-Catenin. Mol. Cell. Biochem. 2019, 453, 11–32. [Google Scholar] [CrossRef] [PubMed]

	



Inampudi, C.; Akintoye, E.; Ando, T.; Briasoulis, A. Angiogenesis in Peripheral Arterial Disease. Curr. Opin. Pharmacol. 2018, 39, 60–67. [Google Scholar] [CrossRef]

	



Yamashita, T.; Abe, K. Recent Progress in Therapeutic Strategies for Ischemic Stroke. Cell. Transplant. 2016, 25, 893–898. [Google Scholar] [CrossRef]

	



Ido, A.; Moriuchi, A.; Numata, M.; Murayama, T.; Teramukai, S.; Marusawa, H.; Yamaji, N.; Setoyama, H.; Kim, I.D.; Chiba, T.; et al. Safety and Pharmacokinetics of Recombinant Human Hepatocyte Growth Factor (Rh-HGF) in Patients with Fulminant Hepatitis: A phase I/II Clinical Trial, Following Preclinical Studies to Ensure Safety. J. Transl. Med. 2011, 9, 55. [Google Scholar] [CrossRef]

	



Matsumoto, K.; Nakamura, T. Hepatocyte Growth Factor: Renotropic Role and Potential Therapeutics for Renal Diseases. Kidney Int. 2001, 59, 2023–2038. [Google Scholar] [CrossRef]

	



Moon, S.H.; Lee, C.M.; Park, S.H.; Jin Nam, M. Effects of Hepatocyte Growth Factor Gene-Transfected Mesenchymal Stem Cells on Dimethylnitrosamine-Induced Liver Fibrosis in Rats. Growth Factors 2019, 37, 105–119. [Google Scholar] [CrossRef]

	



Yamagami, T.; Kanda, K.; Okuyama, C.; Nishimura, T. Tc-99M-MIBI Scintigraphy in Evaluating the Effect of Hepatocyte Growth Factor Gene Therapy for Peripheral Arteriosclerosis Obliterans. Ann. Nucl. Med. 2009, 23, 205–208. [Google Scholar] [CrossRef]

	



Azuma, J.; Taniyama, Y.; Takeya, Y.; Iekushi, K.; Aoki, M.; Dosaka, N.; Matsumoto, K.; Nakamura, T.; Ogihara, T.; Morishita, R. Angiogenic and Antifibrotic Actions of Hepatocyte Growth Factor Improve Cardiac Dysfunction in Porcine Ischemic Cardiomyopathy. Gene. Ther. 2006, 13, 1206–1213. [Google Scholar] [CrossRef]

	



Kuroiwa, T.; Iwasaki, T.; Imado, T.; Sekiguchi, M.; Fujimoto, J.; Sano, H. Hepatocyte Growth Factor Prevents Lupus Nephritis in a Murine Lupus Model of Chronic Graft-Versus-Host Disease. Arthritis Res. Ther. 2006, 8, R123. [Google Scholar] [CrossRef] [PubMed]

	



Imado, T.; Iwasaki, T.; Kataoka, Y.; Kuroiwa, T.; Hara, H.; Fujimoto, J.; Sano, H. Hepatocyte Growth Factor Preserves Graft-Versus-Leukemia Effect and T-Cell Reconstitution After Marrow Transplantation. Blood 2004, 104, 1542–1549. [Google Scholar] [CrossRef] [PubMed]

	



Woo, S.B.; Lee, S.J.; Schubert, M.M. Graft-Vs.-Host Disease. Crit. Rev. Oral. Biol. Med. 1997, 8, 201–216. [Google Scholar] [CrossRef] [PubMed]

	



Nassereddine, S.; Rafei, H.; Elbahesh, E.; Tabbara, I. Acute Graft Versus Host Disease: A Comprehensive Review. Anticancer. Res. 2017, 37, 1547–1555. [Google Scholar] [CrossRef] [PubMed]

	



Kuroiwa, T.; Kakishita, E.; Hamano, T.; Kataoka, Y.; Seto, Y.; Iwata, N.; Kaneda, Y.; Matsumoto, K.; Nakamura, T.; Ueki, T.; et al. Hepatocyte Growth Factor Ameliorates Acute Graft-Versus-Host Disease and Promotes Hematopoietic Function. J. Clin. Investig. 2001, 107, 1365–1373. [Google Scholar] [CrossRef]

	



Hartmann, G.; Naldini, L.; Weidner, K.M.; Sachs, M.; Vigna, E.; Comoglio, P.M.; Birchmeier, W. A Functional Domain in the Heavy Chain of Scatter Factor/Hepatocyte Growth Factor Binds the c-Met Receptor and Induces Cell Dissociation but Not Mitogenesis. Proc. Natl. Acad. Sci. USA 1992, 89, 11574–11578. [Google Scholar] [CrossRef]

	



Iwasaki, T.; Shibasaki, S. Hepatocyte Growth Factor Regulates Immune Reactions Caused by Transplantation and Autoimmune Diseases. Yakugaku Zasshi 2013, 133, 1159–1167. [Google Scholar] [CrossRef]

	



Suzuki, Y.; Sakai, K.; Ueki, J.; Xu, Q.; Nakamura, T.; Shimada, H.; Nakamura, T.; Matsumoto, K. Inhibition of Met/HGF Receptor and Angiogenesis by NK4 Leads to Suppression of Tumor Growth and Migration in Malignant Pleural Mesothelioma. Int. J. Cancer 2010, 127, 1948–1957. [Google Scholar] [CrossRef]

	



Shibasaki, S.; Kitano, S.; Karasaki, M.; Tsunemi, S.; Sano, H.; Iwasaki, T. Blocking c-Met Signaling Enhances Bone Morphogenetic protein-2-Induced Osteoblast Differentiation. FEBS Open Bio 2015, 5, 341–347. [Google Scholar] [CrossRef]

	



Shibasaki, S.; Ueda, M. Bioadsorption Strategies with Yeast Molecular Display Technology. Biocontrol Sci. 2014, 19, 157–164. [Google Scholar] [CrossRef]

	



Shibasaki, S.; Maeda, H.; Ueda, M. Molecular Display Technology Using Yeast—Arming Technology. Anal. Sci. 2009, 25, 41–49. [Google Scholar] [CrossRef] [PubMed]

	



Shibasaki, S.; Ueda, M. Development of yeast molecular display systems focused on therapeutic proteins, enzymes, and foods: Functional analysis of proteins and its application to bioconversion. Recent Pat. Biotechnol. 2010, 4, 198–213. [Google Scholar] [CrossRef] [PubMed]

	



Shibasaki, S.; Aoki, W.; Nomura, T.; Miyoshi, A.; Tafuku, S.; Sewaki, T.; Ueda, M. An Oral Vaccine against Candidiasis Generated by a Yeast Molecular Display System. Pathog. Dis. 2013, 69, 262–268. [Google Scholar] [CrossRef] [PubMed]

	



Shibasaki, S.; Karasaki, M.; Tafuku, S.; Aoki, W.; Sewaki, T.; Ueda, M. Oral Immunization Against Candidiasis Using Lactobacillus casei Displaying Enolase 1 from Candida albicans. Sci. Pharm. 2014, 82, 697–708. [Google Scholar] [CrossRef] [PubMed]

	



Shigemori, T.; Nagayama, M.; Yamada, J.; Miura, N.; Yongkiettrakul, S.; Kuroda, K.; Katsuragi, T.; Ueda, M. Construction of a Convenient System for Easily Screening Inhibitors of Mutated Influenza Virus Neuraminidases. FEBS Open Bio 2013, 3, 484–489. [Google Scholar] [CrossRef] [PubMed]

	



Adachi, K.; Kawana, K.; Yokoyama, T.; Fujii, T.; Tomio, A.; Miura, S.; Tomio, K.; Kojima, S.; Oda, K.; Sewaki, T.; et al. Oral Immunization with a Lactobacillus casei Vaccine Expressing Human Papillomavirus (HPV) type 16 E7 Is an Effective Strategy to Induce Mucosal Cytotoxic Lymphocytes Against HPV16 E7. Vaccine 2010, 28, 2810–2817. [Google Scholar] [CrossRef] [PubMed]

	



Kajiwara, K.; Aoki, W.; Koike, N.; Ueda, M. Development of a Yeast Cell Surface Display Method Using the SpyTag/SpyCatcher System. Sci. Rep. 2021, 11, 11059. [Google Scholar] [CrossRef]

	



Boyd, J.; Oza, M.N.; Murphy, J.R. Molecular cloning and DNA sequence analysis of a diphtheria tox iron-dependent regulatory element (dtxR) from Corynebacterium diphtheriae. Proc. Natl. Acad. Sci. USA 1990, 87, 5968–5972. [Google Scholar] [CrossRef]

	



Kuroda, K.; Matsui, K.; Higuchi, S.; Kotaka, A.; Sahara, H.; Hata, Y.; Ueda, M. Enhancement of display efficiency in yeast display system by vector engineering and gene disruption. Appl. Microbiol. Biotechnol. 2009, 82, 713–719. [Google Scholar] [CrossRef]

	



Ito, H.; Fukuda, Y.; Murata, K.; Kimura, A. Transformation of Intact Yeast Cells Treated with Alkali Cations. J. Bacteriol. 1983, 153, 163–168. [Google Scholar] [CrossRef]

	



Shibasaki, S.; Kawabata, A.; Ishii, J.; Yagi, S.; Kadonosono, T.; Kato, M.; Fukuda, N.; Kondo, A.; Ueda, M. Construction of a Novel Synergistic System for Production and Recovery of Secreted Recombinant Proteins by the Cell Surface Engineering. Appl. Microbiol. Biotechnol. 2007, 75, 821–828. [Google Scholar] [CrossRef] [PubMed]

	



Miyazawa, K.; Tsubouchi, H.; Naka, D.; Takahashi, K.; Okigaki, M.; Arakaki, N.; Nakayama, H.; Hirono, S.; Sakiyama, O.; Takahashi, K.; et al. Molecular Cloning and Sequence Analysis of cDNA for Human Hepatocyte Growth Factor. Biochem. Biophys. Res. Commun. 1989, 163, 967–973. [Google Scholar] [CrossRef]

	



Shibasaki, S.; Tanaka, A.; Ueda, M. Development of Combinatorial Bioengineering Using Yeast Cell Surface Display-Order-Made Design of Cell and Protein for Bio-Monitoring. Biosens. Bioelectron. 2003, 19, 123–130. [Google Scholar] [CrossRef]

	



Shibasaki, S.; Ueda, M.; Iizuka, T.; Hirayama, M.; Ikeda, Y.; Kamasawa, N.; Osumi, M.; Tanaka, A. Quantitative Evaluation of the Enhanced Green Fluorescent Protein Displayed on the Cell Surface of Saccharomyces cerevisiae by Fluorometric and Confocal Laser Scanning Microscopic Analyses. Appl. Microbiol. Biotechnol. 2001, 55, 471–475. [Google Scholar] [CrossRef] [PubMed]

	



Yasui, M.; Shibasaki, S.; Kuroda, K.; Ueda, M.; Kawada, N.; Nishikawa, J.; Nishihara, T.; Tanaka, A. An Arming Yeast with the Ability to Entrap Fluorescent 17Beta-Estradiol on the Cell Surface. Appl. Microbiol. Biotechnol. 2002, 59, 329–331. [Google Scholar]








[image: Microorganisms 10 01373 g001 550] 





Figure 1. Plasmid constructs for HGF display on the yeast cell surface. (A) Genetic fusion of HGF and α-agglutinin. Leu2-d in the plasmid is inserted for a multiple copy in the yeast cell. (B) Schematics of HGF production on the yeast cell surface. HGF, hepatocyte growth factor. 
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Figure 2. Immunofluorescence microscopic observation of HGF on Saccharomyces cerevisiae. (A–C) Light field micrograph. (D–F) Fluorescence micrograph. (A,D) BY4741/HGF-FL; (B,E), BY4741/HGF-HC; (C,F), BY4741/pULD1 (control). Dashed circles in (D) indicate areas with fluorescent cells. HGF, hepatocyte growth factor. Scale bar = 5 μm. 






Figure 2. Immunofluorescence microscopic observation of HGF on Saccharomyces cerevisiae. (A–C) Light field micrograph. (D–F) Fluorescence micrograph. (A,D) BY4741/HGF-FL; (B,E), BY4741/HGF-HC; (C,F), BY4741/pULD1 (control). Dashed circles in (D) indicate areas with fluorescent cells. HGF, hepatocyte growth factor. Scale bar = 5 μm.



[image: Microorganisms 10 01373 g002]







[image: Microorganisms 10 01373 g003 550] 





Figure 3. Evaluation of HGF-displaying cells during culture. (A) Cell growth. Circle, control; square, BY4741/HGF-FL (full length), diamond, BY4741/HGF-HC (heavy chain). (B) The fluorescence intensity from the yeast cell surface was measured and expressed in relative fluorescence units (RFU). Gray, BY4741/HGF-FL; White, BY4741/HGF-HC. Data represent the means ± SD of three independent experiments. SD, standard deviation; HGF, hepatocyte growth factor. 
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