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The membrane domain of rotary ATPases (Fo/Vo/Ao)
contains a membrane-embedded rotor ring which rotates
against an adjacent cation channel-forming subunit
during catalysis. The mechanism that allows stabiliza-
tion of the highly mobile and yet tightly connected
domains during operation while not impeding rotation
is unknown. Remarkably, all known ATPase rotor rings
are filled by lipids. In the crystal structure of the rotor
ring of a V-ATPase from Enterococcus hirae the ring fill-
ing lipids form a proper membrane that is lower with
respect to the embedding membrane surrounding both
subunits. I propose first, that a vertical shift between
lumenal lipids and embedding outside membrane is a
general feature of rotor rings and second that it leads to
a radial potential fall-off between rotor ring and cation
channel, creating attractive forces that impact rotor-
stator interaction in Fo/Vo/Ao during rotation.
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Rotary ATPases (F-, V- and A-ATPases) are universal
energy converters central to the energy metabolism of all
cellular life. They either utilize an electrochemical potential
in the form of proton or sodium cation gradients across a
biological membrane to make ATP from ADP and Pi or

pump protons or sodium cations across a biological mem-
brane at the expense of ATP hydrolysis1–3. Rotary ATPases
are organized in two domains: a water-soluble, cytosolic
domain which is termed F1, V1 or A1, and a membrane-
embedded domain which is termed Fo, Vo or Ao. Energy con-
version in rotary ATPases is achieved through the combina-
tion of two opposing rotary motors, which are connected by
a central shaft and a variable number of lateral stalks4.
While the soluble F1, V1 or A1 domain harbors catalytic
binding sites for ATP, the conversion of electrochemical
energy is catalyzed by the membrane-bound Fo, Vo or Ao

motor. See Figure 1 for a cartoon depicting the general
organization of rotary ATPases.

Direct observation of mechanical rotation in F1 and V1

motors was achieved through high speed video micros-
copy5,13. Similar single molecule observation of F1 powered
rotation were made for the detergent solubilized FoF1 holo-
enzyme6. However, later studies showed the rotor stator
interface in Fo to be rendered non-functional in the detergent
solubilized FoF1 complex7–9. A further single molecule study
in detergent solubilized FoF1, though detecting rotation in
molecules sensitive to the addition of the Fo inhibitor oligo-
mycin, did this only in very few molecules10. In contrast to
the apparently compromised functionality of Fo in the deter-
gent solubilized FoF1 complex, FRET measurements of the
rotational movement of the Fo rotor ring against the Fo stator
powered by both ATP hydrolysis and proton motive force
did not indicate such instability11,12. These single molecule
observations of rotation in the FoF1 complex impressively
showed the notion of mechanical rotation as an intermediate
in the conversion from electrochemical to chemical energy
to be valid and at the same time indicate the importance of
an intact membrane for the stable functioning of the FoF1

complex.
In the cytosolic domain of rotary ATPases, the three cata-

lytic domains of the stator part are surrounding the central
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rotor shaft15–17. This spatial arrangement ensures stability of
the rotor-stator interaction during energy conversion at high
processivity. In contrast to this bearing-like stabilization
mechanism, the stator part is in contact with the rotor part at
only one peripheral site in the membrane embedded Fo, Vo

or Ao motor18–20. In an early proposal of this arrangement
in Fo it was noted that the stable assembly of rotor and
stator during rotation requires explanation21. Generally, the
membrane bound electrochemically driven rotary stepping
motor consists of a cation binding rotor ring and a peri-
pheral cation channel forming subunit, termed Fo-a, Vo-a,
Ao-a or adjacent subunit. The rotor ring is formed by a ring-
like arrangement of multiple pairs of transmembrane alpha
helices. One transmembrane alpha helix of each pair faces
the inside and one the outside of the rotor ring. Rotor rings
contain a species-dependent number of cation binding sites
that face the hydrophobic core of the surrounding mem-
brane. The best studied rotor rings are those of F-ATP syn-
thases. In F-ATP synthases rotor rings consists of a multiple
of c-subunits, hence also named c-rings. Each c-subunit is
formed by one hairpin alpha helix pair and contains one
cation binding site.

The negative potential side of a rotary ATPase embedding
membrane, often identical to the cytoplasmic side, is named
N-side. The positive potential side, in bacteria and archae
identical to the periplasmic side, is named P-side. Access to
the cation binding sites from both sides of the membrane is
thought to be given by water-filled half-channels at the
interface of the rotor ring and the cation channel forming
adjacent subunit4,21. Biochemical studies employing silver
cation accessibility assays provide evidence for the existence

of water access half-channels at the rotor-stator interface22.
During catalysis, the rotor ring rotates against the cation

channel forming subunit at a rate of up to 700 revolutions
per second10,11. That even faster rates of rotation are possible
was shown in a careful study on Fo in chromatophores.
Despite the absence of both peripheral and central stalk, Fo

remained tight against proton leakage, showed a linear
dependence between rotation rate and transmembrane poten-
tial and remarkably no signs of saturation with increasing
driving force23. This clearly demonstrates the functionality
of the rotor-proton channel interface in Fo not to depend on
the presence of F1, but rather on itself and its embedding
membrane.

A recent cryo-electron microscopy study on a detergent
solubilized bacterial V-ATPase from Thermus thermophilus

suggests the contact surface between Vo-a and rotor ring to
be very small24. If the small contact surface is a physio-
logical relevant feature or a consequence of the missing
membrane remains to be shown. Detailed structural infor-
mation on the molecular architecture of the cation channel
forming subunit and especially its interface with the rotor
ring is not available. Thus, the nature of the interaction that
allows constant rotation of cation channel and rotor ring
against each other while providing stability and tightness
remains an intriguing problem14.

Hypothesis

The hypothesis presented here is that, first, a vertical shift
of lipids filling rotor rings towards the P-side is a general
feature of rotary ATPases. And, second, that the resulting
proximity of the P-side half-channel to the water filled
inside of rotor rings leads to a radial potential fall-off that
impacts the interaction of the rotor-stator interface.

Rotor rings of rotary ATPases contain a shifted inner 

membrane

A wealth of structural and biochemical data is available
for rotor rings from various, evolutionary distant species.
Atomic models from crystal structures have been deter-
mined for the c8-ring of the bovine mitochondrial F-ATP
synthase, the c10-ring of the mitochondrial yeast F-ATP syn-
thase, the c11-ring of the sodium powered F-ATP synthase
from Ilyobacter tartaricus, the c13-ring of a thermoalkali-
philic F-ATP synthase from the Bacillus species, the c15-ring
of the F-ATP synthase of the photosynthetic cyanobacteria
Spirullina platensis and the homologous K10-ring of the
sodium pumping V-ATPase from the bacterium Enterecoccus

hirae25–31.
Early biochemical and AFM studies on the c11-ring from

Ilyobacter tartaricus demonstrated that it is filled with a
phospholipids containing plug protruding from the P-side of
the ring32. Similarly, a later AFM study on two-dimensional
arrays of membrane reconstituted Bacillus c13 rings revealed
a lipid plug protruding from the P-side33. Both studies were

Figure 1 Schematic representation of rotary ATPases. Rotor parts
are depicted in red, stator parts in blue. Cation channel forming stator
and membrane embedded cation transporting rotor ring are highlighted
by darker hues.
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conducted on rotor rings reconstituted into artificial mem-
branes, leaving room for speculation concerning the situa-
tion in the intact enzyme in its native membrane. However,
a photo-cross-linking based study on intact E. coli F-ATP
synthase in its native membrane demonstrated that the
inside lumen of the rotor ring is filled with phospholipids34.
These observations make it plausible that in general the
rotor ring′s inner lumen is sealed by lipids in its native envi-
ronment and that the relative position of these lipids is
biased towards the P-side.

In the high-resolution crystal structures of the same c11-
ring from Ilyobacter tartaricus and the c15-ring from the
cyanobacterium Spirullina platensis, lipids are absent from
the inner lumen of the rotor ring. A molecular dynamic
simulation of both rings that included outer and inner mem-
brane, however, suggests a shift of the inner membrane with
respect to the surrounding membrane towards the P-side35.
So far, the only structural insight on the inner membrane of
a rotor ring at atomic resolution was given by the seren-
dipitous co-crystallization of the K-ring from the bacterial
V-ATPase of Enterococcus hirae with native lipids bound to
the rotor ring′s lumen31. This structure unequivocally shows
the ring to be filled with lipids that form a proper lipid
bilayer with upper and lower leaflet . Very much like the
lipid plug of the c11 and c13 rings, the K-ring bilayer is
located at the periplasmic end of the ring inside which
results in a shift of the inner lipid membrane towards the
P-side (Fig. 2). In this arrangement, the lipid head groups

facing the N-side of the inner membrane align exactly to the
height of the sodium cations bound at the outside of the
ring. Thus, the cytoplasmic side of the rotor ring lumen is
filled with water. Crystal structures of F1-c-ring complexes
with the central shaft bound to the rotor ring show that the
upper lumen of the rotor ring is not occupied by protein and
is accessible from the cytoplasm25,26,36. Therefore, the upper
inner lumen of these rotor rings is electrochemically con-
nected to the cytoplasmic bulk solution.

A cross-section of the K-ring from Enterococcus hirae

shows the outside-bound sodium cation to be horizontally in
line with alternating charges of a negatively charged lipid
head group phosphate, the terminal positive nitrogen of
lysine 32 and the partially negative charged water oxygen
(Fig. 3A, B). This arrangement could strongly influence the
local dielectric environment. The distance between sodium
cation and the closest structural water on the inside of the
rotor ring is less than 12 Ångstrom (Fig. 3B). This is much
shorter than the phosphate-to-phosphate distance of more
than 33 Ångstrom observed between lipid molecules in the
two leaflets of membranes surrounding bacteriorhodopsin
(pdb 2AT9) or aquaporin0 (pdb 2B6O)37 and the inner mem-
brane of the K-ring (pdb 2BL2). It is also considerably
shorter than the distance between neighboring sodium ions
in the K-ring of 20 Ångstrom or the effective distance of
~18 Ångstrom between proton acceptor/donor sites pro-
posed for Fo-a23.

Figure 2 Central slice of the K-ring from Enterecoccus hirae (pdb 2BL2) perpendicular to the membrane plane. Protein is depicted in white
ball&stick, protein surface in light grey, sodium as a red sphere, water as blue spheres and lipid as ball&stick and surface in gold-orange. Bound-
aries of the inside membrane and the expected position of the outside membrane are indicated by overlayed boxes. Notice the coincidence of height
between outside bound sodium and inside lipid headgroups.
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A possible radial potential fall-off might stabilize rotor-

stator interaction in the membrane

A water-filled half-channel in the stator of the Fo/Vo/Ao
motor provides access to rotor ring cation binding sites from
the P-side22,38,39. If the membrane shift observed in the K-
ring is indeed a structural feature of rotor rings in general,
then the P-side half-channel lies in proximity to the water-
filled cytoplasmic inside of the rotor ring. Generally, loca-
tion and direction of a potential fall-off across a membrane
are determined by the geometry of the membrane and the
membrane′s local dielectric constant. Thus, the membrane
potential is expected to fall off where the distance across a
region of low dielectric constant is the shortest, i.e. the insu-
lation is thinnest. Along similar arguments of distance and
geometry, a horizontal membrane potential fall-off between
two half-channels has been incorporated as an important
element for torque generation in a numerical model of the
Fo motor40. The apparent proximity between P-side half-
channel and cytoplasmic inside of the rotor ring makes it
likely that at least a partial membrane potential fall-off is
occurring radially between them (Fig. 4). I hypothesize that
a potential fall-off between adjacent subunit and rotor ring
inside will be accompanied by an electric field. Such an
electric field will exert force on charges at the interface
between adjacent subunit and rotor ring, possibly providing
attraction between rotor and stator. This mutual attraction
could compensate for frictional forces during rotation and
thus stabilize the complex. Importantly, increased rotation
due to a higher membrane potential would be accompanied
by stronger attraction. Thus the stabilization of the stator-
rotor interface is conceived to be achieved by two com-
plementary forces: a “resting” interaction, e.g. by van der

Waals forces, and a secondary one induced by a radial
potential fall-off between P-side half-channel and rotor ring
inside.

In this context it is noteworthy that the voltage-sensing
domain of voltage activated ion-channels has been shown to
manipulate the membrane potential fall-off by a combina-
tion of change in local dielectric constant and geometry to
focus the electric field on hydrated arginine residues that
exert the necessary force for the opening of the ion pore41.

Candidates for charged residues experiencing force
through an electric field between P-side half-channel and
rotor ring are the essential arginine of the adjacent subunit
and the cation binding glutamate or aspartate of the rotor
ring. With one elementary charge at a transmembrane poten-
tial of 200 mV, one charged residue would have an electric
potential energy of 0.2 eV which is equivalent to the energy
of a hydrogen bond of medium strength at 20 kJ/mol. There-
fore, over the time of one full rotation, the frictional forces
between stator and a c10 ring would be counteracted by an
equivalent of more than 10 hydrogen bonds from the charged
residues. Even if assuming that only a fourth of the mem-
brane potential falls off radially, the forces generated are
still in the range of protein-protein interaction. Moreover,
forces generated from a radial electric field would stem not
only from pre-existing charged residues, but also from non-
permanent charges induced by the electric field itself. Apart
from creating attractive forces which are supporting the
stability of the rotor-stator complex during rotation, the
putative radial electric field may facilitate the rotamer con-
formational changes in cation binding glutamate or aspar-
tate that are proposed to be essential for uptake and release
of cations42. This facilitation could effectively enhance the

Figure 3 (A) Cross-section through the K-ring horizontal to the membrane plane at the height of the sodium binding sites. (B) Close-up of the
same cross-section. The proximity of the bound sodium to structural water of the ring inside is indicated by broken lines and the horizontal line-up
of charges by the colored spheres of a lipid head group phosphate (yellow), the terminal nitrogen of lysine 32 (green) and a structural water (blue).
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P-side half-channel’s role as a Mitchell′ proton well43. Addi-
tionally, the closeness of lipid head groups on the inside of
the rotor ring to the site of cation uptake/release possibly
also lowers the desolvation barrier at the a/c interface dis-
cussed in44.

A straightforward way to falsify the importance of ΔΨ on
the stabilization of rotor-stator interaction in Fo/Vo/Ao
would be to perform ATP synthesis with a pmf in which the
ΔΨ component is in reverse. In other words both lower pH
and negative potential on the P-side. Another possible
experiment could be the introduction of residues in the rotor
ring of the Fo domain that either shorten or lengthen the
radial distance between cation binding site and rotor inside.
A thickening is expected to have a detrimental effect on the
stability of Fo. A further interesting experiment would be to
map sites of potential fall off on the rotor ring through the
use of electrochromic fluorophores such as Di-1-ANEPIA45.
The hypothesis predicts the detection of changes in the local
electric field that are more pronounced on the inside of the
rotor ring at the height of the cation binding site than at loop
and termini regions. Furthermore, single molecule experi-
ments on the Fo complex that pull rotor ring and stator apart
could be used to probe if a membrane potential has or has
not a stabilizing effect. Computational methods could be
used to calculate the energetic consequences a radial hori-
zontal field could have on the open rotamer conformation of
the cation binding glutamate or aspartate at the rotor-stator
interface.

Eventually, it will be necessary to elucidate the molecular
architecture of the rotor-stator interface including the inner
and the surrounding membranes. The determination of the
exact position of a lipid bilayer in which a membrane pro-
tein complex is embedded may be ambiguous from the

structure of the protein alone. Thus, direct structural insights
from type I three-dimensional crystals or two-dimensional
crystals that include membranes together with the protein
structures will be essential for a complete understanding of
the electric motor of rotary ATPases.

Acknowledgements

I want to thank Michael Börsch, Hiroyuki Noji, Kaoru
Mitsuoka, Wolfgang Junge, Daniela Stock and Boris Feniouk
for their stimulating discussion and encouragement. I also
want to express my sincere thanks to Florian Hauer and
Kathy Gelato for discussion and critical reading of the
manuscript. This work was supported by the Special Coor-
dination Fund for Promoting Science and Technology of
MEXT, Japan.

References

1. Boyer, P. The ATP synthase-a splendid molecular machine.
Annu. Rev. Biochem. 66, 717–49 (1997).

2. Jefferies, K. C., Cipriano, D. J. & Forgac, M. Function, structure
and regulation of the vacuolar (H+)-ATPases. Arch. Biochem.
Biophys. 476, 33–42 (2008).

3. Wilkens, S. Rotary molecular motors. Adv. Protein Chem. 71,
345–82 (2005).

4. Junge, W., Sielaff, H. & Engelbrecht, S. Torque generation
and elastic power transmission in the rotary F(o)F(1)-ATPase.
Nature 459, 364–70 (2009).

5. Noji, H., Yasuda, R., Yoshida, M. & Kinosita, K. Direct
observation of the rotation of F1-ATPase. Nature 386, 299–
302 (1997).

6. Sambongi, Y., Iko, Y., Tanabe, M., Omote, H., Iwamoto-
Kihara, A., Ueda, I., Yanagida, T., Wada, Y. & Futai, M.
Mechanical rotation of the c subunit oligomer in ATP synthase
(F0F1): direct observation. Science 286, 1722–1724 (1999).

Figure 4 Cartoon illustrating how horizontal proximity of the cation binding site and bulk solution on the inside of the rotor ring could result
in a radial membrane potential fall-off, indicated by a purple triangle, at the interface of the rotor ring and the adjacent subunit. Regions of high
dielectric constant are depicted in blue for bulk solution and red for lipid headgroups. Regions of low dielectric constant are shown in grey for pro-
tein and in yellow for the hydrophobic membrane core.



BIOPHYSICS Vol. 7104

7. Tsunoda, S. P., Aggeler, R., Noji, H., Kinosita, K., Yoshida,
M. & Capaldi, R. A. Observations of rotation within the
F(o)F(1)-ATP synthase: deciding between rotation of the F(o)c
subunit ring and artifact. FEBS Lett. 470, 244–248 (2000).

8. Tsunoda, S. P., Aggeler, R., Yoshida, M. & Capaldi, R. A.
Rotation of the c subunit oligomer in fully functional F1Fo
ATP synthase. Proc. Natl. Acad. Sci. USA 98, 898–902 (2001).

9. Gumbiowski, K., Pänke, O., Junge, W. & Engelbrecht S.
Rotation of the c subunit oligomer in EF(0)EF(1) mutant
cD61N. J. Biol. Chem. 277, 31287–31290 (2002).

10. Ueno, H., Suzuki, T., Kinosita, K. & Yoshida, M. ATP-driven
stepwise rotation of FoF1-ATP synthase. Proc. Natl. Acad. Sci.
USA 102, 1333–1338 (2005).

11. Diez, M., Zimmermann, B., Börsch, M., König, M.,
Schweinberger, E., Steigmiller, S., Reuter, R., Felekyan, S.,
Kudryavtsev, V., Seidel, C. A. M. & Gräber, P., Proton-powered
subunit rotation in single membrane-bound F0F1-ATP synthase.
Nat. Struct. Mol. Biol. 11, 135–141 (2004).

12. Düser, M. G., Zarrabi, N., Cipriano, D. J., Ernst, S., Glick,
G. D., Dunn, S. D. & Börsch, M. 36 degrees step size of proton-
driven c-ring rotation in FoF1-ATP synthase. EMBO J. 28,
2689–2696 (2009).

13. Imamura, H., Takeda, M., Funamoto, S., Shimabukuro, K.,
Yoshida, M. & Yokoyama, K. Rotation scheme of V1-motor
is different from that of F1-motor. Proc. Natl. Acad. Sci. USA
102, 17929–17933 (2005).

14. von Ballmoos, C., Wiedenmann, A. & Dimroth, P. Essentials
for ATP synthesis by F1F0 ATP synthases. Annu. Rev. Biochem.
78, 649–672 (2009).

15. Abrahams, J. P., Leslie, A. G., Lutter, R. & Walker, J. E. Struc-
ture at 2.8 A resolution of F1-ATPase from bovine heart mito-
chondria. Nature 370, 621–628 (1994).

16. Numoto, N., Hasegawa, Y., Takeda, K. & Miki, K. Inter-
subunit interaction and quaternary rearrangement defined by
the central stalk of prokaryotic V(1)-ATPase. EMBO Rep. 10,
1228–1234 (2009).

17. Coskun, U., Chaban, Y.L., Lingl, A., Müller, V., Keegstra, W.,
Boekema, E. J. & Grüber, G. Structure and subunit arrange-
ment of the A-type ATP synthase complex from the archaeon
Methanococcus jannaschii visualized by electron microscopy.
J. Biol. Chem. 279, 38644–38648 (2004).

18. Lau, W. C. Y., Baker, L. A. & Rubinstein, J. L. Cryo-EM struc-
ture of the yeast ATP synthase. J. Mol. Biol. 382, 1256–1264
(2008).

19. Diepholz, M., Venzke, D., Prinz, S., Batisse, C., Flörchinger,
B., Rössle, M., Svergun, D. I., Böttcher, B. & Féthière, J. A
different conformation for EGC stator subcomplex in solution
and in the assembled yeast V-ATPase: possible implications
for regulatory disassembly. Structure 16, 1789–1798 (2008).

20. Bernal, R. & Stock, D. Three-dimensional structure of the
intact Thermus thermophilus H+-ATPase/synthase by electron
microscopy. Structure 12, 1789–1798 (2004).

21. Engelbrecht, S. & Junge, W. ATP synthase: a tentative struc-
tural model. FEBS Lett. 414, 485–491 (1997).

22. Angevine, C. M., Herold, K. A. G. & Fillingame, R. H. Aqueous
access pathways in subunit a of rotary ATP synthase extend to
both sides of the membrane. Proc. Natl. Acad. Sci. USA 100,
13179–13183 (2003).

23. Feniouk, B. A., Kozlova, M. A., Knorre, D. A., Cherepanov,
D. A., Mulkidjanian, A. Y. & Junge, W. The Proton-Driven
Rotor of ATP Synthase: Ohmic Conductance (10 fS), and
Absence of Voltage Gating. Biophys J. 86, 4094–4109 (2004).

24. Lau, W. C. Y. & Rubinstein, J. L. Structure of intact Thermus
thermophilus V-ATPase by cryo-EM reveals organization of
the membrane-bound Vo motor. Proc. Natl. Acad. Sci. USA
107, 1367–1372 (2010).

25. Watt, I. N., Montgomery, M. G., Runswick, M. J., Leslie,
A. G. W. & Walker, J. E. Bioenergetic cost of making an ade-

nosine triphosphate molecule in animal mitochondria. Proc.
Natl. Acad. Sci. USA 107, 16823–16827 (2010).

26. Dautant, A., Velours, J. & Giraud, M.-F. Crystal structure of
the Mg.ADP-inhibited state of the yeast F1c10 ATP synthase.
J. Biol. Chem. 285, 29502–29510 (2010).

27. Meier, T., Polzer, P., Diederichs, K., Welte, W. & Dimroth, P.
Structure of the rotor ring of F-Type Na+-ATPase from Ilyo-
bacter tartaricus. Science 308, 659–662 (2005).

28. Meier, T., Krah, A., Bond, P., Pogoryelov, D., Diederichs, K.
& Faraldo-Gómez, J. Complete Ion-Coordination Structure in
the Rotor Ring of Na(+)-Dependent F-ATP Synthases. J. Mol.
Biol. 391, 498–507 (2009).

29. Preiss, L., Yildiz, Ö., Hicks, D. B., Krulwich, T. A. & Meier,
T. A new type of proton coordination in an F(1)F(o)-ATP syn-
thase rotor ring. PLoS Biol. 8, e1000443 (2010).

30. Pogoryelov, D., Yildiz, O., Faraldo-Gómez, J. D. & Meier, T.
High-resolution structure of the rotor ring of a proton-
dependent ATP synthase. Nat. Struct. Mol. Biol. 16, 1068–
1073 (2009).

31. Murata, T., Yamato, I., Kakinuma, Y., Leslie, A. G. W. &
Walker, J. E. Structure of the rotor of the V-Type Na+-ATPase
from Enterococcus hirae. Science 308, 654–659 (2005).

32. Meier, T., Matthey, U., Henzen, F., Dimroth, P. & Müller, D. J.
The central plug in the reconstituted undecameric c cylinder
of a bacterial ATP synthase consists of phospholipids. FEBS
Lett. 505, 353–356 (2001).

33. Matthies, D., Preiss, L., Klyszejko, A. L., Muller, D. J., Cook,
G. M., Vonck, J. & Meier, T. The c13 ring from a thermo-
alkaliphilic ATP synthase reveals an extended diameter due to
a special structural region. J. Mol. Biol. 388, 611–618 (2009).

34. Oberfeld, B., Brunner, J. & Dimroth, P. Phospholipids occupy
the internal lumen of the c ring of the ATP synthase of
Escherichia coli. Biochemistry 45, 1841–1851 (2006).

35. Krah, A., Pogoryelov, D., Langer, J. D., Bond, P. J., Meier, T.
& Faraldo-Gómez, J. D. Structural and energetic basis for
H(+) versus Na(+) binding selectivity in ATP synthase F(o)
rotors. Biochim. Biophys. Acta 1797, 763–772 (2010).

36. Stock, D., Leslie, A. G. & Walker, J. E. Molecular architecture
of the rotary motor in ATP synthase. Science 286, 1700–1705
(1999).

37. Hite, R. K., Gonen, T., Harrison, S. C. & Walz, T. Interactions
of lipids with aquaporin-0 and other membrane proteins.
Pflugers Arch. 456, 651–661 (2008).

38. Vik, S. B. & Antonio, B. J. A mechanism of proton transloca-
tion by F1F0 ATP synthases suggested by double mutants of
the a subunit. J. Biol. Chem. 269, 30364–30369 (1994).

39. Junge, W., Lill, H. & Engelbrecht, S. ATP synthase: an electro-
chemical transducer with rotatory mechanics. Trends Biochem.
Sci. 22, 420–423 (1997).

40. Xing, J., Wang, H., von Ballmoos, C., Dimroth, P. & Oster, G.
Torque generation by the Fo motor of the sodium ATPase.
Biophys. J. 87, 2148–2163 (2004).

41. Krepkiy, D., Mihailescu, M., Freites, J. A., Schow, E. V.,
Worcester, D. L., Gawrisch, K., Tobias, D. J., White, S. H. &
Swartz, K. J. Structure and hydration of membranes embedded
with voltage-sensing domains. Nature 462, 473–479 (2009).

42. Pogoryelov, D., Krah, A., Langer, J. D., Yildiz, O., Faraldo-
Gómez, J. D. & Meier, T. Microscopic rotary mechanism of
ion translocation in the F(o) complex of ATP synthases. Nat.
Chem. Biol. 6, 891–899 (2010).

43. Mitchell, P. Chemiosmotic Coupling and Energy Transduction,
Glynn Research, Bodmin. (1968)

44. Mulkidjanian, A. Y. Proton in the well and through the desol-
vation barrier. Biochem. Biophys. Acta 1757, 415–427 (2006).

45. Asamoah, O. K., Wuskell, J. P., Loew, L. M. & Bezanilla, F.
Fluorometric approach to local electric field measurements in
a voltage-gated ion channel. Neuron 37, 85–97 (2003).


