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Outline of the work:

The concentrations of ions such as Na+, K+, and Ca2+ largely differ between the interiors and exteriors of 
cells. Living organisms utilize these concentration differences for energy and cell signaling. Intracellular ion 
concentrations are regulated by channel and pump proteins. Channels transport ions without spending energy, 
as they naturally follow their concentration gradients. In contrast, pumps translocate specific ions against their 
concentration gradients using the chemical energy of ATP. Na+,K+-ATPase and Ca2+-ATPase have been known 
as membrane pumps of Na+ and Ca2+, respectively. Nevertheless, how these molecules rigorously select their 
target ions and efficiently translocate them across the membrane remains enigmatic. 

In 2000, Prof. Chikashi Toyoshima purified and crystallized Ca2+-ATPase from rabbit skeletal muscle and 
determined the first crystal structure at 2.6 Å resolution by X-ray diffraction at the SPring-8 facility, a 
synchrotron light source. He thereby demonstrated that two Ca2+ ions are co-ordinated in the transmembrane 
region by seven oxygen atoms, including the oxygens of several carboxyl groups, which are arranged for 
selective binding of Ca2+. He subsequently crystallized and determined the atomic structures of as many as 11 
reaction intermediates that almost completely cover the pumping cycle. These crystal structures revealed that 
the Ca2+ pump translocates Ca2+ ions by sequentially opening and closing the two gates flanking the bound 
Ca2+, synchronizing with chemical events at the ATP binding site against a very large (18,000 times) 
concentration gradient across the membrane. Moreover, in an article published in 2017, he resolved the 
phospholipids surrounding the transmembrane region of Ca2+-ATPase. He thereby showed that the lipid 
bilayer, thought to be a mere environment of membrane proteins, actively participates in ion translocation and 
the structural changes of Ca2+-ATPase. 

Prof. Toyoshima has also been elucidating the ion-pumping mechanism of the sodium pump (Na+,K+-
ATPase). He purified and crystallized the ATPases from pig kidney and shark rectal gland, and determined 
their atomic structures by X-ray crystallography at SPring-8. He revealed that the transmembrane cation-
binding sites of Na+-ATPase substantially differ from those of Ca2+-ATPase; specifically, they accommodate 
three Na+ (rather than two Ca2+) while rejecting K+, which is only slightly larger than Na+ (ionic radius 1.33 Å 
vs. 0.95 Å for Na+). He also showed that three Na+ ions must bind before the ATPase conformation admits the 
forward chemical reaction. Based on the atomic structures, these findings clearly explain why the Na+-pump 
can select and rapidly translocate Na+ ions exclusively. 

 
In summary, Prof. Toyoshima determined the atomic structures of many intermediates in the reaction 

cycles of ion pumps such as Ca2+- and Na+,K+-ATPases, and thereby elucidated their marvelously intricate and 
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intelligent mechanisms. These pump proteins are responsible for generating ion concentration gradients 
across cell membranes, and their malfunctions are strongly implicated in many diseases.
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