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In accordance with the proposed plan, we conducted research on the following three core aims: 1. Development of platform technologies
for functional and structural analysis of RNA and its complexes using cryo-electron microscopy; 2. Development of platform technologies
for functional and structural analysis of RNA and its complexes using nuclear magnetic resonance (NMR); and 3. Development of in silico
structural analysis technologies for RNA and its complexes based on empirical verification. By achieving the results described below, we
have successfully established a functional and structural analysis platform for RNA and its complexes that contributes to RNA-targeted
drug discovery through the integration of cryo-electron microscopy, NMR, and in silico structural analysis technologies.

1. Development of platform technologies for functional and structural analysis of RNA and its complexes using cryo-
electron microscopy

* We have successfully developed and improved a high-resolution cryo-electron microscopy system that can efficiently
analyze structures at resolutions better than 2 A. Using this cryo-electron microscopy system, we have analyzed the structures
of target molecules with a molecular weight smaller than 100 kDa, primarily RNA, and their complexes.

* In collaboration with a NMR group, we studied the structural changes of the J-K domain of the encephalomyocarditis virus
when the domain binds to the host cell translation initiation factors. This revealed how the virus exploits the dynamic structural
equilibrium of its RNA to replicate, as detailed in a paper published in Nature Communications.

*+ One of our aim in this project is to develop a basic strategy that enhance the permeability and targeted delivery of RNA
therapeutics. To this end, we have advanced foundational research into the control mechanisms of permeation at cell
membranes (gap junctions) and intercellular junctions (tight junctions). We analyzed the structures of the proteins; connexin,
innexin and pannexin, and we proposed a lipid mediated gating mechanism for these gap junction channels. We also analyzed
the structures of claudins, which are key to forming tight junctions. We proposed an antiparallel double rows model of tight
junction. In nice collaboration, we achieved structure analyses of gap junctions by cryo-electron tomography.

2. Development of platform technologies for functional and structural analysis of RNA and its complexes using nuclear
magnetic resonance (NMR)

In this project, we established segment-selective and base-selective labeling methods for NMR analyses of high-molecular-
weight RNA. Using this strategy, we successfully performed dynamic structural analysis of the J-K-St domain (108 nt) of a
virus IRES (Imai et al. Nat. Commun. 2023) and the Thiamine Pyrophosphate (TPP) riboswitch (152 nt). We also clarified
the functional and structural modulation of RNAs by divalent cations (Mg?*, Ca*"), temperature, and modifications, leading
to the clarification of the mechanism of action of the clinically used VEGF aptamer Macugen (Takeuchi et al. RNA, 2025)
and the inhibitory mechanism of ligand L50 for the cancer-upregulated microRNA precursor pre-miR-21. Furthermore, by
using the 1 GHz ultra-high-sensitivity NMR spectrometer (introduced in FY2022), we identified transient, low-populated
structures of pharmaceutical importance in the J-K-St domain. We also successfully performed high-sensitivity high-order
structural analyses of biopharmaceuticals, interaction analyses of the SARS-CoV-2 PL protease and its inhibitor (Shiraishi et
al. J. Am. Chem. Soc. 2023) and elucidation the mechanism of RNA recognition and activation of RNA helicases (Toyama &
Shimada, Nat. Commun. 2024, Toyama et al. Nat. Commun. 2025, Toyama et al. Biophys. Chem. 2026, Toyama et al. J. Am.
Chem. Soc. 2026). We also achieved comprehensive NMR analysis of short RNA structures with known Mg?* binding,
enabling the optimization of Mg?" binding-site prediction using computational methods.

3. Development of in silico structural analysis technologies for RNA and its complexes based on empirical verification

* Our new theory can handle the nonuniform charge distribution around Mg?*, improving MD accuracy.

- We developed RNA docking software that achieved an error of <3 A (58%), and docking screening.

* By developing MD docking methods that uses a space-division technique and coordinates that characterize intermolecular
interactions, we achieved accurate drug dockings. We applied this to 10 RNA-ligand systems, and reproduced binding and
elucidated differences in binding mechanisms and activity.

+ We collected 100 RNA structures with Mg bound to them, performed MD simulations, and compared them with the NMR

data. Using a MD simulation method, we could predict the positions of 70-80% of the Mgs.
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