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The ATP synthase (having a typical subunit composition of 33ab2c8-15) employs an intriguing rotary mechanism for the 
generation of ATP from ADP and Pi, using energy stored in a transmembrane proton gradient. The conventional rotary model, 
although being generally accepted, remains difficult to explain certain experimental observations. Here we propose an alterna-
tive rotary model for the ATP synthase such that what rotates is the catalytic 33 cylinder rather than the central stalk and the 
membrane-embedded c-ring. Specifically, the membrane translocation of protons would induce a cycled conformational 
change in the c-ring, leading to a reciprocating motion of the attached central stalk, which in turn drives the unidirectional rota-
tion of the 33 cylinder. Such a reciprocating motion-driven rotation mechanism is somehow analogous to the working 
mechanism of a retractable click ballpoint pen. Our new model not only explains the experimental observations that have been 
difficult to reconcile with the conventional model but also avoids its theoretical illogicality. 
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INTRODUCTION 

The ATP synthase (also known as the F1Fo-ATPase), being 
recognized as the principle energy transformer in living 
organisms, is a membrane-integrated multi-subunit protein 
complex (von Ballmoos et al., 2009). It catalyzes the syn-
thesis of ATP from ADP and Pi by utilizing the electro-
chemical potential energy stored in a transmembrane proton 
gradient (Mitchell, 1961). The overall architecture of ATP 
synthase, being highly conserved from bacteria to human, is 
composed of the Fo and F1 parts (von Ballmoos et al., 2008). 
The membrane-integrated Fo part (having a typical subunit 
composition of ab2c8-15) contains the proton channel, while 
the membrane-extrinsic F1 part (having a typical subunit 
composition of 33) contains the catalytic sites for ATP 

synthesis (Abrahams et al., 1994; Stock et al., 1999). 
It has been generally accepted that the catalysis of the 

ATP synthase occurs via an intriguing rotary mechanism 
(Junge and Nelson, 2015). According to the current view of 
this mechanism, the membrane-embedded c-ring is driven 
to rotate unidirectionally by the downhill proton transloca-
tion along a channel formed between the a-subunit and the 
c-ring (Duncan et al., 1995; Junge et al., 1996; Vik and 
Antonio, 1994), and the c-ring in turn drives the rotation of 
the attached central stalk (composing of the - and -  
subunits), which sequentially actuates the conformational 
change of the three catalytic  units for synthesizing ATP 
(Boyer, 1997). 

In retrospect, such a rotary model has been evolved over 
years of conceptual contemplations. Initially in early 1980s, 
Paul Boyer’s group proposed that “A relative rotational 
movement of -subunits and a control subunit core could 
merit consideration” to explain how the three catalytic 
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-subunits that interact with one single -subunit could par-
ticipate in catalysis identically (Gresser et al., 1982). Later 
in 1994, Vik and Antonio proposed that the oligomer of the 
c-subunits rotates with respect to the a-subunit to explain 
how the protons are translocated across the ATP synthase 
(Vik and Antonio, 1994). Subsequently, relative rotation 
between the -subunit of central stalk and the 33 hexamer 

was demonstrated by intersubunit chemical crosslinking 
(Duncan et al., 1995), fluorescence anisotropy measure-
ments (Sabbert et al., 1996) or epifluorescent microscopy 
(Noji et al., 1997). These produced the current picture of the 
rotary model of the ATP synthase as usually documented in 
textbooks. 

RESULTS 

Defects of the conventional model 

Notwithstanding the general acceptance of the conventional 
rotary model of the ATP synthase, there remain aspects that 
are difficult to reconcile with (Walker, 2013). For example, 
it is difficult to visualize how one round rotation of the cen-
tral stalk that was reported to proceed via three 120o-steps 
(Yasuda et al., 2001) is synchronized with one round rota-
tion of the c-ring that proceeds via a number of steps that 
equal to the number of subunits in the c-ring (Düser et al., 
2009). In particular, when the number of subunits of the 
c-ring of the ATP synthase is non-integer multiple of 3 (e.g. 
8, 10, 11, 13 or 14), as observed in certain organisms (Meier 
et al., 2005; Stock et al., 1999; Vollmar et al., 2009; Watt et 
al., 2010), one 120o-step of the central stalk rotation would 
have to correlate to a non-integer number of steps of the 
c-ring rotation, a scenario that is too complicated to con-
template and apparently disobey the rule of parsimony. 

In addition, there should be theoretically at least three 
different orientations for the central stalk in reference to the 
stationary peripheral stalk (composing the a- and the b- 
subunits) in the resolved structure of ATP synthase, ac-
cording to the conventional rotary model. Nevertheless, the 
central stalk was found to adopt only one specific orienta-
tion in the determined X-ray crystal structure of a 
sub-complex of the bovine ATP synthase (Rees et al., 2009) 
(Figure 1A). Similarly, the central stalk of the ATP synthase 
from an archaea (Lau and Rubinstein, 2011) (Figure 1B) 
and mitochondria of a green alga (Allegretti et al., 2015) 
was both found to adopt a single orientation as revealed by 
cryo-electron microscopy analysis. Remarkably, for the 
structures of all these ATP synthases, we found that their 
central stalks apparently adopted the same orientation in 
reference to their peripheral stalks (Figure 1). These exper-
imental observations raise a possibility that the central stalk 
actually does not rotate in reference to the peripheral stalk. 

The lack of direct evidence showing that the c-ring/central 
stalk rotates 

Though the relative rotation between the c-ring/central stalk  

 
Figure 1  The central stalk adopts a single orientation in reference to the 
membrane-integrated peripheral stalk in the ATP synthase. A, The X-ray 
crystal structure of the F1-peripheral stalk complex from bovine mitochon-
drial ATP synthase (Dickson et al., 2006; Rees et al., 2009) (PDB ID: 
2WSS and 2CLY). B, The atomic models of the F1 and the peripheral stalk 
subunits as fitted into the cryo-electron microscopy map of the ATP syn-
thase from Thermus thermophiles (Lau and Rubinstein, 2011) (PDB ID: 
3J0J). The structures are shown in ribbon representation. The central stalks 
(containing the -subunit in the bovine or the D- and F-subunits in the T. 
thermophiles ATP synthases) are colored red and the peripheral stalks 
(containing the b-, d- and F6-subunits in the bovine, or the E- and 
G-subunits in the T. thermophiles ATP synthases) are colored purple. The 
-subunit in panel A) is colored green. The two sets of the -subunits in 
both panels are all colored gray, with one set of the -subunits facing the 
reader being not displayed in both panels. 

and the 33 hexamer was clearly observed by multiple in 
vitro studies (Duncan et al., 1995; Noji et al., 1997; Sabbert 
et al., 1996), there lacks direct experimental evidence 
showing that the c-ring/central stalk actually rotates in ref-
erence to the membrane-integrated peripheral stalk for the 
ATP synthase. For example, Börsch et al. concluded that the 
-subunit of the central stalk rotates relative to the b-subunit 
based on the observation of three states with different in-
tramolecular single molecule fluorescence resonance energy 
transfer (FRET) efficiencies between these two subunits 
(Börsch et al., 2002). Martin et al. concluded that the c-ring 
rotates based on the observation of a cycled orientation 
change of a nanorod being attached to the c-ring of an ATP 
synthase molecule embedded in lipid bilayer nanodiscs 
(Martin et al., 2015). These experimental data certainly re-
flected a cycled conformational change of the c-ring/central 
stalk, but whether the c-ring/central stalk rotates, as ex-
plained by these authors, is uncertain because the rotation 
motion could only be considered as a special case of such 
cycled conformational change. In a recent electron cry-
omicroscopy analysis, the authors claimed that they ob-
tained three rotational states of the yeast V-ATPase, but 
they were biased in this study by preassuming the existence 
of such three states and thus artificially classified the parti-
cle images into three groups before performing their com-
putational reconstruction (Zhao et al., 2015). 

A reciprocating motion-driven rotation mechanism 

Here we propose an alternative rotary model in which what 
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rotates is the cylinder of the 33 hexamer rather than the 
c-ring and the central stalk. In proposing this reciprocating 
motion-driven rotation mechanism, as illustrated schemati- 
cally in Figure 2A, we are inspired by how a retractable 
click ballpoint pen works, in which the reciprocating motion 
of a push rod is transformed to the rotational motion of a 
cam through an inclined interface. Specifically, for the ATP 
synthase, translocation (i.e. the binding and releasing) of 
protons through the channel between the c-ring and the 
a-subunit induces a cycled conformational change in the 
c-ring, which leads to the back and forth motion of the at-
tached central stalk in a direction perpendicular to the 
membrane, in turn driving a unidirectional rotation of the 
33 hexamer. 

According to our model, the direct motion transmission 
from the c-ring to the central stalk would require the 
-subunit of the central stalk to contact the c-ring at a site 
close to the proton channel. Our analyses of the previously 
reported structures of ATP synthase do reveal, as illustrated 
in Figure 3A, that the -subunit contacts the c-ring by inter-
acting with the few c-subunits near the a-subunits, where 
the proton translocation channel apparently sites. 

More importantly, for the back-and-forth motion of the 
central stalk (as the push rod) to drive the rotation of the 
33 hexamer (as the cam), it would rely on a critical in-
clined interface between them (refer to Figure 2A). Re-
markably, a contact between the -subunit and the 
-subunit, as indicated in Figure 3B, apparently serves as 
such a putative inclined interface. Although being ignored 
before, the functional importance of this interface is strong-
ly implicated by the fact that it involves the most conserved 
Asp/Asn-Arg/ Lys-Gly-Leu-Cys-Gly sequence along the 
whole polypeptide chain of the -subunit (Figure 3C). 

Another critical component for our model to work is the 
presence of a cap that is able to prevent the 33 hexamer to 

shift position during its rotation upon pushing by the central  
stalk (refer to Figure 2A). In this regard, the -subunit (be-
ing called the OSCP-subunit in the mitochondrial ATP syn-
thase; refer to Figure 1A) would ideally act as such a cap. 
Meanwhile, the -subunit would also serve as a hinge join-
ing the rotating 33 hexamer to the stationary peripheral 
stalk.  

Apparently, our model is highly compatible with the 
structure information of the ATP synthase as provided by 
electron cryomicroscopy and X-ray crystallography. It fol-
lows that we are able to generate a structure-based synthetic 
animation to display the reciprocating motion-driven rota-
tion mechanism of the ATP synthase, as shown in the sup-
plementary movie (one picture of which is shown in Figure 
2B).  

DISCUSSION 

Here we propose a reciprocating motion-driven rotation 
mechanism for the ATP synthase, in which what rotates is 
the cylinder of the 33 hexamer instead of the c-ring and 
the central stalk. Our model not only explains the experi-
mental observations that have been difficult to reconcile 
with the conventional rotary model but also avoids its theo-
retical illogicality. For example, the synchronization be-
tween the rotations of the c-ring and the central stalk in the 
context of the conventional model is no longer an issue in 
our model. Additionally, the number of protons translocated 
for generating each round of 360° rotation (i.e., for making 
three ATP molecules) does not have to be equal to the exact 
number of subunits in the c-ring. Instead, such a c-ring oli-
gomer, made of various numbers of c-subunits in different 
species, might be viewed as a symmetric entity that is able 
to maintain stability during its cycled conformational 
change in participating proton translocation. 

 

 

Figure 2  A schematic illustration of the reciprocating motion-driven rotation mechanism for the ATP synthase to reflect how the back and forth linear 
motion of the central stalk is transformed to the circular rotational motion of the 33 hexamer (A), and a static state of a structure-based animation of this 
mechanism (B). A, In the “working state”, the binding of proton(s) to the channel triggers a conformational change of the c-ring, which results in an upward 
motion of the central stalk that in turn, through the inclined interface, drives the rotation of the 33 hexamer, whose position shift is prevented by the 
-subunit cap. In the “new ground state”, the releasing of proton(s) from the channel resets the c-ring and the attached central stalk, returning the whole 
enzyme to its “ground state” and getting the ATP synthase ready for another cycle of rotational catalysis. B, The animation was generated based on the elec-
tron cryomicroscopy map of the Polytomella F-type ATP synthase (Allegretti et al., 2015) and the crystal structure of bovine ATP synthase (Rees et al., 
2009). 
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Figure 3  The -subunit of the central stalk interacts with the c-ring in an asymmetric manner (A) and with the -dimer through an inclined surface (B), 
composing of the most conserved stretch of amino acid residues (C). A, Displayed is the c-ring surface (colored red) that interacts with the -subunit, as 
identified in the bovine ATP synthase (Watt et al., 2010) (PDB ID: 2XND). The structures are displayed in solid representation, with the c-ring, the a- and 
b-subunits all being colored gray. Location of the b-subunit is deduced from the determined crystal structure of bovine ATP synthase (Rees et al., 2009) 
(PDB ID:2WSS), and that of the a-subunit is deduced from the cryo-electron microscopy of mitochondrial ATP synthase (Allegretti et al., 2015). B, A 
-subunit interacting with a -dimer, as taken from the determined crystal structure of bovine ATP synthase (Rees et al., 2009) (PDB ID: 2WSS). The 
-dimer is colored gray and the -subunit red, with the interaction surface of the -subunit colored green. C, Sequence alignment of the -subunits of the 
ATP synthase from the indicated organisms. The residues composing the interaction surface with the -dimer (colored green in (B)) is circled by the green 
frame. 

An additional major issue that we believe to exist in the 
conventional model is the potential disturbance on the 
membrane structure resulting from the high-speed rotation 
(up to 100 rounds per second) of the membrane-embedded 
c-ring. Such disturbance would be ignorable given that the 
c-ring is proposed not to rotate in our model.  

What distinguishes our reciprocating motion-driven rota-
tion mechanism from the conventional model is whether the 
33 hexamer or the c-ring rotates in reference to the mem-
brane-integrated peripheral stalk. As a matter of fact, under 
in vitro conditions, the rotation of the 33 hexamer, as 
driven either by hydrolysis of ATP (Nishio et al., 2002; 
Tanabe et al., 2001) or by a transmembrane proton gradient 
(Watanabe et al., 2013), was effectively detected in the ho-
lo-ATP synthase when the c-ring was immobilized. Ac-
cording to our model, these data solely indicate the rotation 
of the 33 hexamer, without requiring the membrane-  
integrated peripheral stalk to rotate along as having to be  

explained according to the conventional model. Neverthe-
less, it would be technically difficult to determine whether it 
is the 33 hexamer or the c-ring that actually rotates in 
living cells and it awaits new approaches to resolve this 
critical issue. One possible solution to this issue is that, in 
the aformentioned experimental system (Watanabe et al., 
2013), attach the probe to the b-subunit of the peripheral 
stalk, instead of on the 33 hexamer, and examine whether 
the probe rotates (it would rotate according to the conven-
tional model, but not according to our model).  
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