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Arginine-rich cell-penetrating peptides (CPPs) are a potent delivery tool to solve poor cell membrane 

permeabilit y of biotechnology-based medicines such as oligonucleotides, plasmids, peptides, and proteins. 

Although the direct cell membrane translocation is considered as an alternative to endocytosis, the 

internalization mechanism of cationic CPPs across hydrophobic cell membranes is still  controversial. In this 

thesis, the mechanism of membrane penetration of polyarginine was investigated from physicochemical 

aspects.  

We studied the effects of the chain length of polyarginine on its interaction with an anionic phospholipid 

large unilamellar vesicle or a giant vesicle using polyarginine composed of 69 (PLA69), 293 (PLA293), or 554 

(PLA554) arginine residues, together with octaarginine (R8). Fluorescence spectroscopy indicated that 

polyarginine binds to the membrane interface region, with the degree of insertion being greater for the longer 

polyarginine. Circular dichroism spectroscopy demonstrated that such lipid interactions induce the transition 

IURP� D� UDQGRP� FRLO� WR� WKH� .-helix structure of PLA293 and PLA554 whereas no structural change was 

observed for R8 and PLA69. Isothermal titration calorimetry showed that the favorable enthalpy to the 

energetics of lipid binding of polyarginine increases with the increase in the polymer chain length. In addition, 

confocal laser scanning microscopy showed that polyarginines penetrate across giant vesicle membranes, and 

the order of the amount of membrane penetration is R8 ® PLA69 < PLA293 ® PLA554. On the basis of 

these observations, it DSSHDUV�WKDW�WKH�IRUPDWLRQ�RI�.-helical structure upon lipid binding drives the insertion of 

polyarginine into the membrane interior, which enhances the membrane penetration of polyarginine. 

The real time in-cell NMR spectroscopy was also performed to quantify kinetics of non-endocytotic 

membrane permeation of R8 into natural living cells. By introducing 4-trifluoromethyl-L-phenylalanine to N 

terminus of R8, the non-endocytotic membrane translocation of 19F-labeled R8 into human myeloid leukemia 

cells was observed at 4 °C with a time resolution of minute-order. The 19F NMR successfully detected the real 

time R8 translocation: the binding to glycosaminoglycan (GAG) at the cell surface, followed by the penetration 

into the cell membrane, and the entry into the cytosol after crossing the membrane. The NMR concentration 

analysis enabled to quantify how much of R8 was staying in the respective translocation processes with time, 

and how fast each process was proceeding in situ. The kinetics showed the slow binding of R8 to GAG with 

the rate constant at 0.19 min-1. Once the cationic nature of R8 was cancelled by binding to anionic GAG, the 

transfer to the lipid membrane proceeded most rapidly (7.5 min-1). In contrast, the rate constant of the entry into 

cytosol was 0.31 min-1, more than one order of magnitude as slow as the penetration into the membrane. 

Almost no energy was changed, however, for the entry of cationic R8 into cytosol across the hydrophobic 

membrane. Taken together, our in-cell NMR results provide the physicochemical rationale for spontaneous 

penetration of arginine-rich peptides in cell membranes. 
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