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要旨（英文 800 語程度） 
Thesis Summary （approx.800 English Words ） 

In this thesis, I employed a protein needle (PN) as a scaffold protein to display various cargo 

proteins, including sfGFP and non-structural proteins from norovirus and respiratory syncytial virus 

(RSV); VPg and P protein, respectively. Those constructs were used as a template to investigate the 

role of linker properties in fusion protein design toward application in vaccine design. In particular, 

(1) PN was conjugated with sfGFP via linkers of varying length and flexibility, the effects of linkers on 

the dynamic motions of sfGFPs were investigated by HS-AFM; (2) VPg was genetically fused with the 

N terminus of PN via various linkers to apply in norovirus vaccine; (3) RSV P was fused to PN via a 

flexible linker, the construct demonstrate its promising potential as an RSV vaccine candidate. Here 

I summarize and review each chapter throughout the thesis. 

In Chapter 2, a series of sfGFP-X-PNs were established with various linkers in different 

lengths of flexible (GGGGS)n linkers and rigid (PAPAP)n linkers. PN was utilized as a static scaffold 

protein and sfGFP as a cargo protein. The dynamics of sfGFPs in each construct was observed 

directly using HS-AFM techniques. By analyzing the width of every hexameric molecule in a duration 

time of 40 sec, I investigated the dynamic effects of linkers on the width of each construct and the 

fluctuation of the cargo proteins. The results revealed that both the linker length and the 

sequence-dependent flexibility contribute to the fluctuation of sfGFP and the intermolecular 

interaction between the cargo proteins and the scaffold protein. Since PN can penetrate cells, there 

is potential to use PN for effective drug delivery and vaccine applications with fine-tuning provided 

by choosing target proteins and adjusting the number of residues and components of the linkers. 

In Chapter 3, a non-structural protein derived from human norovirus (HuNV) known as viral 



protein genome-linked (VPg) is used as a cargo protein genetically fused with PN. VPg is essential in 

norovirus genome replication by translation from genomic and subgenomic RNAs and serves as a cap 

substitute for ribosomal recruitment. Thus, it is expected to be effective in stimulating the immune 

response. By displaying such non-structural protein on the surface of a repetitive structure such as 

the trimer-dimer structure of PN, the construct could serve as an engineered subunit vaccine. I 

conjugated VPg to the N-terminus of PN via different kinds of linkers (VPg-X-PNs) and investigated 

the efficiency of linker properties and conformational dynamics of constructs using high-speed 

atomic force microscopy (HS-AFM). The trimer-dimer of PN is retained after conjugation, and the 

β-sheet structures of these constructs are confirmed. However, the flexibility of VPg may remain, 

which causes difficulty in identifying its image by HS-AFM. These results indicate that the effect of 

linker length and flexibility are different on each cargo protein. In addition, PN is a competent 

scaffold to conjugate with non-structural viral proteins for vaccine development.  

In Chapter 4, subsequently from the results of Chapter 3, I developed a new engineered 

subunit vaccine candidate by exhibiting respiratory syncytial virus (RSV) phosphoprotein (P) on the 

surface of the PN scaffold via genetic fusion. Since rigid linker was toxic to cells, and (GGGGS)n with 

precise lengths are highly flexible and widely used in vaccine application, the flexible linker is 

preferable. In addition, the results in Chapter 2 demonstrate that the GGGGS linker provides a high 

fluctuation of sfGFPs in sfGFP-PN constructs. GGGGS was utilized to maintain the distance 

between P and PN while retaining the dynamics of P protein based on the design of a previous report. 

The vaccine candidate induced the production of anti-P antibodies (IgA and IgG) in immunized 

cotton rats. Notably, RSV titers in cotton rats were produced about two folds less than 

non-immunized or immunized rats with P only by inoculating with P-PN. These results indicate the 

promising potential of PN in the development of subunit vaccines for RSV.  
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