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In this project, we established an expression system for various membrane protein complexes, developed methods for
evaluation of purified samples and optimization of sample preparation for cryo-EM, and established a system for
structural analysis of cryo-EM based on the advancement of image analysis systems and feedback. We established a
method for nanodisc reconstitution of membrane proteins into phospholipids, applied it to several membrane proteins,
and succeeded in high-resolution cryo-EM structural analysis. We supported protein expression, negative staining
electron microscopy, and cryo-EM sample preparation based on rapid sample exchange, leading to several publications.
The technological development in this project can be widely applied to structural studies of membrane proteins, which
are closely related to drug discovery, and is expected to lead to the development of new drugs based on an understanding
of their functions in vivo.

The following is a summary of the R&D and supporting research advanced in this project.

R&D

a) We determined the X-ray crystal structures of H*,K*-ATPase, which allowed us to understand how to generate a highly
acidic environment in the stomach as high as pH 1 and cation selectivity. Cryo-EM analysis of non-gastric proton pump
demonstrated how to generate a weakly acidic environment and ion selectivity. The X-ray and cryo-EM structures of
ATP11C in different states of the transport cycle provide a molecular basis of how phospholipid travers the membrane
coupled with ATP-hydrolysis.

b) We established nanodisc reconstruction techniques. We also established a rapid and efficient nanodisc reconstruction
method that significantly reduced the incubation time for detergent removal and applied it to the structure determination
of lipid flippase. For the sample preparation for cryo-EM, manual blotting was applied as well as a semi-automatic
freezing robot to improve the particle orientation preference problem.

¢) The structures of Innexin-6 undock hemichannels and human Pannexin-1 large pore channels were determined by
cryo-EM with nanodisc reconstitution. From these studies, a "lipid gating" model was demonstrated, in which lipid enters
the channel passage and causes a conformational change in the N-terminus.

d) We established a novel lipid bilayer reconstitution method that allows the rapid and efficient production of liposomes
reconstituted with mammalian FoF1-ATP synthase. This enbabled us to show that the FoF1-ATPase is the molecular
identity of the mitochondrial permeability transition pore (mtPTP), an active drug target for mitochondrial diseases. The
high-resolution structure of PSI monomers from cyanobacteria was determined by cryo-EM using GraDeR.

e) We developed an automated tomogram segmentation tool, termed RAZA, which is an algorithm that recognizes

contour edges. This allows subtomogram averaging from automatically segmented sub-complexed in tomograms.

Research Support.

a) Negative staining electron microscopy observation to confirm that intrinsically disordered proteins inhibit fibrosis of
amyloid-f peptide.

b) The overexpression of mammalian clock proteins using insect cells for X-ray crystallography.

¢) Quality check of cryo-EM sample preparation of the bacterial cytoskeleton proteins that have been successfully
purified, polymerized, and observed in negative staining of fibers.

d) Observation using negative staining electron microscopy and cryo-EM to analyze the binding mode of antitumor
natural products to their target proteins.

e) X-ray and cryo-EM structures of the gastric proton pump in complex with four different inhibitors.

f) Structural analysis of a sodium pump mutant that is related to an important cellular process.

g) Proteoliposome formation of human membrane transporters for drug screening purposes.
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