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Rotation of ATP synthase: The majority of cellular energy, in the form of ATP, is synthesized by 
the enzyme F1F0 ATP synthase. The basic subunit structure of the synthase is α3β3γδεab2c10 (in E. 
coli). Power for ATP synthesis comes from an electrochemical proton gradient, which drives 
rotation of the membrane F0 part of the synthase which consists of the subunits aγc10. This 
torque-generating unit consists of a rotating ring of 10 c subunits and a ‘stator’ a subunit. 
Rotation of the c-ring is transmitted to the γ-subunit which acts as an eccentric motor shaft, 
causing conformational changes in the catalytic sites of F1 that drive ATP synthesis. A series of 
elegant single-molecule experiments have been carried out to define the mechanism of rotation 
and how this is coupled to ATP generation. This review summarizes some of these experiments 
(see also Fig. 7.2.4 in book). 
 
Question 1:  Briefly describe how rotation of the ATP synthase has been demonstrated using 
biophysical methods. 
 

Answer 1: As described in section 3.1 of this paper, Noji et al. first reported the ATP-dependent 
rotation of a fluorescently-labeled actin filament attached to the γ subunits. Subsequently, 
rotation in the Fo sector was shown, a) by fixing a detergent-solubilized FoF1 complex to a glass 
surface via the α subunit with a fluorescent probe attached to the rotor c subunit ring and b) 
with FoF1 fixed to the surface via the c ring and the probe attached to the β subunits. The 
observed rates of ATP-driven γ subunit rotation in F1 and ATP-driven γεc10 rotation in FoF1 are 
similar. The rotation of γεc10 was also consistent with the results of inter-subunit cross-linking 
experiments: a disulfide bond between γ and c subunits had little or no effect on ATP hydrolysis 
or synthesis while cross-links between γ and β, or γ and α, resulted in the loss of steady-state 
ATPase activity. Other single molecule FRET experiments observed that the γ and ε subunits 
rotate relative to the b subunits in membrane-bound FoF1. While ATP hydrolysis-dependent 
rotation of γεc10 is observed in one direction, one would expect that ATP synthesis, driven by 
proton flow through the Fo, would rotate in the reverse direction. This hypothesis was proven 
by showing rotation in the expected direction during ATP synthesis by FoF1 that was 
reconstituted in liposomes. In this case, FRET was used to report the real time changes in 
distances between probes attached to the b and γ subunits, or the ε and b subunits. Similarly, 
artificially forced rotation of γ by an attached magnetic bead was shown to drive a low but 
significant level of ATP synthesis (see also Fig. 7.2.4 in book). These results clearly establish that 
there is coupling between ATP synthesis, hydrolysis and rotation. 
 

Question 2.  Can γ subunit rotation be resolved into steps that are related to chemical reaction 
kinetics?  
 

Answer 2: As illustrated by Fig 2 in this review, γ subunit rotation was found to occur in distinct 
120° steps with periodic pauses in rotation (the thermophilic bacillus PS3 F1, was used in these 
experiments with ATP concentrations well below the Michaelis-Menten constant KM). The 
duration of the pause was found to depend on the ATP concentration, so the pause was 
attributed to the enzyme waiting for an ATP binding event. Experiments with better time 
resolution, using 40-nm diameter gold beads, revealed that the 120° steps were divided into 80° 
and 40° substeps. The duration of the pause before the 80° substep became shorter with 
increasing ATP concentration. In contrast, the pause duration before the 40° substep was 
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significantly increased by the slow hydrolysis rate when ATPγS was used as a substrate, or by 
the mutation of the catalytic site reside βE190 (e.g. E190D, Bacillus numbering). Together these 
data indicate that the pause duration before the 40° substep corresponds to the time during 
which reversible ATP–ADP hydrolysis/synthesis takes place.  
 
 


