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Energy is necessary to sustain life. ATP, the energy currency of life, is produced mainly by ATP synthase in

mitochondria. The ATP is used by living organisms for synthesis, degradation, and transport of biomolecules.

For example, vacuolar proton ATPase (V-ATPase) uses ATP to transport ions into vesicles and is responsible

for various physiological phenomena through its acidification How a molecular machine composed of tiny

proteins, such as FoF1-ATP synthase and V-ATPase, converts the energy of ATP into transport and motion

is a very interesting question and one of the life science problems to be solved. To elucidate the mechanism

of this molecular machine, it is necessary to see its movement and shape, and we have been using single

molecule observation and cryo-electron microscopy for structural biology to elucidate it.

We have obtained an important insight in molecular mechanism of rotary ATPase using cryoEM last year. 

The mutant V/A-ATPase (TSSA mutant) used in this study has changed the threonine residue in the active 

center to a serine residue and the serine residue to an alanine residue, resulting in reduced affinity for the 

catalytic site of ADP involved in inhibition. The basic properties of this mutant enzyme, such as ATP 

synthesis and hydrolysis activities, are almost the same as those of wild-type V-ATPase and can be 

considered equivalent to wild-type V/A-ATPase. Purified TSSA mutant V/A-ATPase can be dialyzed in 

phosphate buffer containing EDTA to almost completely remove bound ADP. The nucleotide-free state of 

the V/A-ATPase (Vnucfree) can then be reconstituted into nanodiscs and analyzed as single particles to obtain 
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a structure with all catalytic sites empty (ATP-binding waiting structure). Next, the cryogrids were prepared 

by adding the reaction solution to the cryogrid under the catalytic waiting, hydrolysis waiting, and ATP 

binding conditions, and then flash freezing the cryogrid (Fig. 1). The cryogrid under each reaction condition 

was subjected to data acquisition with a Titan Krios, and single-particle analysis was performed to obtain 

the three-dimensional structure. The V1 domain, responsible for ATP hydrolysis, consists of three AB dimers 

that form the catalytic hexamer, surrounding the rotational axis subunit. three AB dimers, with and without 

nucleotides, consist of an open structure (ABopen), a slightly closed structure (ABsemi-closed), and a closed 

structure (ABclosed). In high ATP concentration, all catalytic sites were occupied with ATP or the degradation 

product ADP (V3nuc). ABopen had no nucleotide density. This indicates that ATP binds to the ABopen to form 

the V3nuc. This indicates that all catalytic sites are occupied by nucleotides before the rotation of the axis 

occurs. In the structure obtained under the condition of using ATP analogues as substrates, which slow down 

the hydrolysis of ATP, ADP was bound to the ABclosed and ATP to the ABsemi-closed (Vprehyd). This indicates 

that the structure is waiting for the degradation of ATP in ABsemi-closed, i.e., the degradation of ATP in ABsemi-

closed is accompanied by a conformational change to ABclosed, suggesting a tight coupling of the ATP 

hydrolysis reaction with the axis rotation, since the conformational change from ABsemi-closed to ABclose is 

accompanied by an axis rotation. The ATP hydrolysis is exergonic reaction, suggesting that the rotation is 

driven by the free energy difference between the catalytic sites. At the three catalytic sites, the reaction 

processes of ATP hydrolysis occur separately and simultaneously, and each reaction is strictly coupled with 

the rotation of the axis protein, indicating highly mechano-chemical energy conversion (Figure 2). This 

elaborate and ingenious mechanism by which ATP synthase functions and the natural mechanism by which 

ATP is efficiently produced by rotation of the axis is a tremendous marvel. 
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