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ADP +  Pi +mHoutside

+ ! " # ATP +  mHinside

+

Schematic subunit arrangement of the Escheri-

chia coli F
0
F

1
 ATP synthase and the proposed 

proton pathway in F
0
. The !

3
"

3
 hexamer contain-

ing the catalytic sites in each of the " subunits 

surrounds the rotor shaft made up of the # subunit 

coiled-coil. The rest of the proposed rotor consists 

of the $ and c subunits. The stator !
3
"

3
 and a 

subunits are connected by the % and two b sub-

units. The 10–12 c subunits are believed to be 

arranged in a ring, with subunit a on the side. 

Proton transport is mediated between the a and c 

subunits. As shown, the protons enter from the 

periplasmic space (right half-channel) to protonate 

the c subunit, and the protonated c subunit rotates 

counterclockwise until it meets the cytoplasmic-

facing half-channel (left), where the protons are 

released. Nakamoto RK, CJ Ketchum and MK 

Al-Shawi (1999) Rotation coupling in the F
0
F

1
 ATP 

synthase. Annual Review of Biophysics and 

Biomolecular Structure. 28:205–234.

The structure of the ATP synthase has similarities to the flagellar motor, especially evi-

dence that rotation of the c complex in the membrane cause conformational change that are 

transduced into ATP synthesis from ADP and phosphate.

Energetic equivalence of the chemical potential and Gibbs

free energy at equilibrium: 

$Gtotal = n • $!
H

+ + $G
ATP

= 0

n • (RT ln
a
H

+

inside

a
H

+

outside

% 

& 
' ' 

( 

) 
* * + F$+) + $G

ATP

o + RT ln
[ATP]

[ADP][P
i
]

% 

& 
' 

( 

) 
* = 0

The equilibrium energy is determined by solving for $+ 

($GATP

o  and H+ activities can be determined experimentally,  

as can [ATP],  [ADP] and [Pi]).
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Biochemists identified the role of the proton motive force in ATP synthesis and bacterial 

motility over a period of time extending from the 1950’s through the 1990’s. Much of this 

scientific history is embedded in introductory and advanced biochemistry textbooks in 

various forms.

It is, however, highly unlikely that the proton 

(H+, a positively charged hydrogen ion) could be 

the transported ion. It is very small, with a corre-

spondingly high charge density, difficult to polar-

ize, and unlikely to exist for more than a brief 

moment in aqueous biological environs, where 

there are so many other molecules it can interact 

with (especially water molecules, H
2
O, but also 

ionizable groups such as carboxyls, aminos and 

phosphates). If it did react with H
2
0, the product 

would be the hydronium ion H
3
O+.

This is important in the context of flagellar rotation (or ATP synthesis), because the 

mechanisms using a naked proton H+ would be different from those involving H
3
O+.  The 

hydrogen ion would tend to pass from one ionizable group to the next (often called a 

proton wire). This could result in conformational changes that cause a torsional strain and 

eventually rotation.  The H
3
O+ would have to pass through a pore structure[1]. Now, the 

actual mechanism could involve a combination of both proton wire and hydronium ion 

pore, but in fact this is not the case. The reason for such certainty is that certain bacteria 

rely upon Na+ motive force, rather than H+ motive force for synthesis of ATP and flagellar 

rotation[2]. Unlike the naked proton  H+, the Na+ ion will not react with ionizable groups by 

forming a covalent bond.  

[1]Source: Boyer, PD (1988) Bioenergetic coupling to proton motive force: Should we be considering  

  hydronium ion coordination and not group protonation? Trends in Biochemical Science  

  13:5–7.
[2]Source: Dimroth P (1995) On the way towards the Na+-binding site within the F

1
F

o
 ATPase of Propi 

  ongenium modestum. Biochem. Soc. Trans. 23:770–775. 
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