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Animals with a fast metabolic rate tend to age quickly and succumb to 
degenerative diseases such as cancer. Birds are an exception because they 
combine a fast metabolic rate with a long lifespan, and a low risk of disease. 
They achieve this by leaking fewer free radicals from their mitochondria. But 
why does free-radical leakage affect our vulnerability to degenerative 
diseases that on the face of it have little to do with mitochondria? A dynamic 
new picture is emerging, in which signalling between damaged mitochondria 
and the nucleus plays a pivotal role in the cell’s fate, and our own.

Ageing and death—
mitochondria divide or 
die, depending on their 
interactions with the 
nucleus
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ATP synthase. 
Structure and function
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Figure from: ALLEN, J F (2002) Photosynthesis of ATP - Electrons, Proton Pumps, Rotors, and Poise. Cell 110, 273–276
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Rotation of the Fo-ATPase.Fo-ATPase as a proton-driven, rotary stepping motor, as proposed by Junge (1997).
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The F1-Fo ATPase








 Hendrik Sielaff, Henning Rennekamp, André Wächter, Hao Xie, Florian Hilbers, Katrin Feldbauer, Stanley D. 
Dunn, Siegfried Engelbrecht, and Wolfgang Junge Domain compliance and elastic power transmission 
in rotary FOF1-ATPase PNAS 2008 105:17760-17765; published online before print November 10, 2008, 
doi:10.1073/pnas.0807683105

Structural model of EFOF1 (stator 
subunits in dark gray, rotor in light  
gray), and, at the very right side, 
of the homodimer of subunit b, 
and numbers for the torsional 
stiffness of various domains. 
Numbers given on the left side 
resulted from data obtained with 
EF1 in the set-up shown in Fig. 
1A, those in the right side from 
EFOF1 as in Fig. 2A, and the one 
at the very right from EFOF1 as in 
Fig. 4A. The stiffness  comes in 
units of pNnm. Numbers 
associated with horizontal colored 
lines denote the resulting stiffness 
result (see Eq. 3) as 
observed when the respective 
disulfide cross link (its two 
cysteines shown in the same hue, 
dark 
on the stator or light on the rotor) 
was closed. The numbers between 
the black vertical arrows 
denote the stiffnesses of the rotor 
domain lying between the 
respective pairs of cross link 
positions. The red arrow marks the 
region of greatest compliance in 
EFOF1, the dominant elastic 
buffer which is responsible for an 
elastic power transmission 
between FO and F1. 
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prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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High-Speed Atomic Force
Microscopy Reveals Rotary Catalysis
of Rotorless F1-ATPase
Takayuki Uchihashi,1,2,3* Ryota Iino,3,4,5* Toshio Ando,1,2,3† Hiroyuki Noji3,4,5†

F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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PERSPECTIVES

        T
he molecular machinery of life can be 
visualized by crystal structure analy-
sis, which provides still pictures at 

atomic resolution (~0.1 nm), as well as by 
pulsed-laser methods that can yield record-
ings of events ranging from vibronic relax-
ation (10−14 s) to catalysis (10−6 to 10−3 s). 
The ultimate goal has been to merge high-
resolution space and time recordings and 
advance from still pictures to movies of mol-
ecules at work. High-speed scanning probe 
microscopy provides excellent spatial reso-
lution and has been extended into the time 
domain of chemical activity ( 1,  2). On page 
755 of this issue, Uchihashi et al. ( 3) use this 
technique to examine the FOF1-ATPase, the 
rotary enzyme that synthesizes adeno sine tri-
phosphate (ATP), the universal fuel of cells. 
The study demonstrates the power of atomic 
force microscopy (AFM) in observing the 
cellular machinery at nanometer and milli-
second resolution.

The FOF1-ATPase is a membrane-associ-
ated enzyme composed of two rotary motors 
that are elastically coupled by a central γ shaft 
and stabilized by a peripheral stator-stalk 
( 4) (see the fi gure). Its catalytic headpiece, 
F1, lies outside the membrane and produces 
ATP by using the torque provided by the 
membrane-embedded electromotor, FO. The 
conversion of electrochemical into chemi-
cal energy is reversible; when running back-
ward, the enzyme hydrolyzes ATP and gener-
ates torque to pump ions in the reverse direc-
tion. Nearly 15 years ago, fl uorescent probes 
and video microscopy were used to directly 
observe the rotation of the central shaft in F1 
as driven by ATP hydrolysis ( 5). Uchihashi 
et al. used high-speed AFM to observe very 
small conformational changes in the cata-
lytic hexameric ring (called the stator ring, 
composed of three α and three β subunits) of 
F1 in the absence of the central shaft and the 
stator-stalk. The authors asked whether the 
directionality of ATP hydrolysis by the hexa-
meric ring is dictated by the chirality of the 
central shaft or by the chirality of the catalytic 
hexagon. This question is of general relevance 
considering nature’s wide use of hexagonal 
nucleoside triphosphatases (NTPases): for 

ion translocation by F- and V-ATPases; for 
protein, DNA, or RNA translocation; and for 
unwinding DNA or RNA by helicases. The 
hexameric ring in F-ATPases, and in particu-
lar the construction of the catalytic site in the 
hexameric ring, is structurally homologous to 
that of DNA helicases ( 6) and in a DNA-trans-
porting bacterial conjugation protein ( 7). This 
homology, together with the dissimilarity 
of the structural element in the center of the 
hexagon (protein, DNA, or RNA), have led 
to a proposed scenario in which ion-translo-
cating F- and V-ATPases evolved from DNA 
helicases through intermediate ancestors, pro-
tein- or DNA- or RNA-translocases ( 8).

The prevailing view has been that the 
orien tation of the γ shaft relative to the three 
β subunits in the catalytic hexameric ring dic-
tates the next step and therewith the direction 
of rotary catalysis. The important result of the 
time-resolved AFM study of Uchihashi et al. 
is that the three β subunits in the bare catalytic 
hexagon of F1 undergo cyclic conformational 
changes (upon binding and hydrolyzing an 
ATP molecule) in the same rotary direction 
(counterclockwise) as in the presence of the 

central γ shaft. Although the rate and preci-
sion of forward rotation is lower without, 
rather than with, the shaft attached, it is obvi-
ous that the cooperativity between the cata-
lytic sites in the three β subunits is intrinsic to 
the hexagon. Because the contrast of tapping-
mode AFM images can result from structural, 
mechanical, and electrostatic features of the 
object, the future use of different AFM imag-
ing modes will reveal detailed origins under-
lying the conformational changes described. 
It will also be interesting to extend this type 
of work to other hexagonal NTPases that are 
rotating protein, DNA, or RNA.

Time-resolved AFM is one example 
among the various technological develop-
ments that turns the technique into a multi-
functional nanoscopic toolbox ( 9,  10). The 
claim that the AFM-based toolbox “opened 
the door to the nanoworld” ( 9) awaits devel-
opment for biological applications. Besides 
using AFM to image the molecular machin-
ery of the cell at work, AFM is widely applied 
to detect biomolecular interaction forces ( 10–
 12). In the force spectroscopy mode, the AFM 
stylus can detect interactions within a bio-
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the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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High-Speed Atomic Force
Microscopy Reveals Rotary Catalysis
of Rotorless F1-ATPase
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F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.

References and Notes
1. B. K. Burgess, D. J. Lowe, Chem. Rev. 96, 2983

(1996).
2. B. J. Hales, Adv. Inorg. Biochem. 8, 165 (1990).
3. H. Schindelin, C. Kisker, J. L. Schlessman, J. B. Howard,

D. C. Rees, Nature 387, 370 (1997).
4. C. C. Lee, Y. Hu, M. W. Ribbe, Proc. Natl. Acad.

Sci. U.S.A. 106, 9209 (2009).
5. A small-scale nitrogenase reaction typically features

0.15 mg VFe or MoFe protein, the catalytic component of
V or Mo nitrogenase. Such an assay condition was
established empirically some 30 years ago (6) and has
since been used as the conventional scale of in vitro
nitrogenase assays in the field.

6. B. K. Burgess, D. B. Jacobs, E. I. Stiefel, Biochim.
Biophys. Acta 614, 196 (1980).

7. C. C. Lee, Y. Hu, M. W. Ribbe, Science 329, 642
(2010).

8. Based on the retention time on a gas chromatograph
column, the low–molecular-weight hydrocarbon products
formed by the Vala70-substituted Mo nitrogenase variants
have been assigned as methane, ethylene, ethane,
propylene, and propane (9).

9. Z. Y. Yang, D. R. Dean, L. C. Seefeldt, J. Biol. Chem. 286,
19417 (2011).

10. C. K. Rofer-DePoorter, Chem. Rev. 81, 447
(1981).

11. C. C. Lee, Y. Hu, M. W. Ribbe, Angew. Chem. Int. Ed. Engl.
50, 5545 (2011).

12. Materials and methods are available as supporting
material on Science Online.

13. Given the detection threshold of CH4 (0.0007 nmol
per nmol protein per min) and the activity of V
nitrogenase in CH4 production (0.12 nmol per nmol
protein per min), the Mo nitrogenase is at least 170-fold
less active than its V counterpart in catalyzing the
formation of CH4 from CO.

14. Only 0.04% of electrons can be traced in the
hydrocarbon products formed in the Mo
nitrogenase–catalyzed reaction.

15. E. C. Carnahan, J. D. Protasiewicz, S. J. Lippard,
Acc. Chem. Res. 26, 90 (1993).

16. The effect of deuterium on nitrogenase-catalyzed
CO reduction is probably multifaceted. Apart from
the inverse kinetic isotope effects (i.e., kH/kD < 1,
where kH and kD are the rate constants of H2O- and
D2O-based reactions, respectively) of D2O that favor
the formation of deuterated products (18, 19), other
solvent effects of D2O—such as those affecting the
protein conformation, the interaction between proteins,
and the network of hydrogen bonds—have been
observed (20–23).

17. A. A. Khodadadi, R. R. Hudgins, P. L. Silveston,
Can. J. Chem. Eng. 74, 695 (1996).

18. K. A. Kurtz, P. F. Fitzpatrick, J. Am. Chem. Soc. 119, 1155
(1997).

19. D. G. Churchill, K. E. Janak, J. S. Wittenberg, G. Parkin,
J. Am. Chem. Soc. 125, 1403 (2003).

20. W. E. Karsten, C. J. Lai, P. F. Cook, J. Am. Chem. Soc.
117, 5914 (1995).

21. T. V. Morgan et al., Biochemistry 29, 3077 (1990).
22. M. Cassman, Arch. Biochem. Biophys. 165, 60

(1974).
23. S. Y. Sheu, E. W. Schlag, H. L. Selzle, D. Y. Yang,

J. Phys. Chem. A 112, 797 (2008).
Acknowledgments: We thank D. C. Rees and N. Dalleska

of the California Institute of Technology (Pasadena,
CA) for help with the GC-MS analysis. This work was
supported by Herman Frasch Foundation grant 617-HF07
(M.W.R.) and NIH grant GM 67626 (M.W.R.).

Supporting Online Material
www.sciencemag.org/cgi/content/full/333/6043/753/DC1
Materials and Methods
Figs. S1 to S4
Table S1
References (24, 25)

12 April 2011; accepted 16 June 2011
10.1126/science.1206883

High-Speed Atomic Force
Microscopy Reveals Rotary Catalysis
of Rotorless F1-ATPase
Takayuki Uchihashi,1,2,3* Ryota Iino,3,4,5* Toshio Ando,1,2,3† Hiroyuki Noji3,4,5†

F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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Recently, however, this contention has been
challenged by the finding that even when most
interaction sites between b and g are abolished,
F1 retains catalytic power to rotate g unidirec-

tionally (13, 14). A few biochemical studies also
suggest the intrinsic cooperativity of the a3b3
ring (15, 16). However, because conventional
single-molecule optical microscopy requires at-

tachment of a probe onto the rotary shaft for
visualization (5), it does not allow direct exam-
ination of whether the intrinsic cooperativity in
the a3b3 ring is the core feature responsible for
sequential torque generation. We clarified this
issue by directly imaging the ATP-driven con-
formational transition of b’s in the isolated a3b3
ring, using high-speed atomic force microscopy
(AFM) (17, 18), a technique that can visualize
proteins at work in real time without probes
(19, 20).

The a3b3 subcomplex (fig. S1) was covalent-
ly immobilized on a mica surface and observed
with high-speed AFM with a frame capture time
of 80 ms unless otherwise mentioned (Fig. 1 and
figs. S2 and S3). In the absence of nucleotide,
the a3b3 showed a pseudo-sixfold symmetric
ring in which three alternately arranged subunits
were elevated relative to the other three (Fig. 1A
and fig. S4). The simulated AFM image of the
C-terminus side of the ring constructed from the
crystal structure of the nucleotide-free a3b3
subcomplex (21) well reproduced the observed
image (Fig. 1C). This indicates that the N-terminus
side was selectively attached to the mica, although
a smaller ring corresponding to the N-terminus
side was occasionally observed (fig. S5). The
three b’s, which all assumed an open confor-
mation in the crystal structure of a3b3, gave
three protruding peaks in the simulated image
as bright spots. When a nonhydrolyzable ATP
analog AMPPNP was added, the ring became
triangular and the central hole was obscured (Fig.
1D). Although the three a’s with lower protru-
sions retained the same conformation as those
under the nucleotide-free condition, two of three
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Fig. 1. (A) Averaged AFM image of C-terminal side of the a3b3 subcomplex without nucleotide (movie
S1). (B) C-terminal side of the crystal structure of the nucleotide-free a3b3 subcomplex [Protein Data
Bank (PDB) code 1SKY] (21). The a and b subunits are colored in cyan and pink, respectively. The
C-terminal DELSEED motif of b corresponding to the high protruding portions is highlighted in red.
(C) Simulated AFM image of the a3b3 subcomplex constructed from the structure in (B). (D) Averaged
AFM image of C-terminal side of the a3b3 subcomplex in 1 mM AMPPNP. (E) Atomic structure of the
a3b3 subcomplex with bound nucleotides. This structure is obtained by removing g from the crystal
structure of F1 (PDB code 1BMF) (4). (F) Simulated AFM image constructed from the structure in (E).
The brightness of all AFM images in this paper represents the sample height but is not linearly set to
highlight the top surface structure (fig. S4).
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Recently, however, this contention has been
challenged by the finding that even when most
interaction sites between b and g are abolished,
F1 retains catalytic power to rotate g unidirec-

tionally (13, 14). A few biochemical studies also
suggest the intrinsic cooperativity of the a3b3
ring (15, 16). However, because conventional
single-molecule optical microscopy requires at-

tachment of a probe onto the rotary shaft for
visualization (5), it does not allow direct exam-
ination of whether the intrinsic cooperativity in
the a3b3 ring is the core feature responsible for
sequential torque generation. We clarified this
issue by directly imaging the ATP-driven con-
formational transition of b’s in the isolated a3b3
ring, using high-speed atomic force microscopy
(AFM) (17, 18), a technique that can visualize
proteins at work in real time without probes
(19, 20).

The a3b3 subcomplex (fig. S1) was covalent-
ly immobilized on a mica surface and observed
with high-speed AFM with a frame capture time
of 80 ms unless otherwise mentioned (Fig. 1 and
figs. S2 and S3). In the absence of nucleotide,
the a3b3 showed a pseudo-sixfold symmetric
ring in which three alternately arranged subunits
were elevated relative to the other three (Fig. 1A
and fig. S4). The simulated AFM image of the
C-terminus side of the ring constructed from the
crystal structure of the nucleotide-free a3b3
subcomplex (21) well reproduced the observed
image (Fig. 1C). This indicates that the N-terminus
side was selectively attached to the mica, although
a smaller ring corresponding to the N-terminus
side was occasionally observed (fig. S5). The
three b’s, which all assumed an open confor-
mation in the crystal structure of a3b3, gave
three protruding peaks in the simulated image
as bright spots. When a nonhydrolyzable ATP
analog AMPPNP was added, the ring became
triangular and the central hole was obscured (Fig.
1D). Although the three a’s with lower protru-
sions retained the same conformation as those
under the nucleotide-free condition, two of three
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Fig. 1. (A) Averaged AFM image of C-terminal side of the a3b3 subcomplex without nucleotide (movie
S1). (B) C-terminal side of the crystal structure of the nucleotide-free a3b3 subcomplex [Protein Data
Bank (PDB) code 1SKY] (21). The a and b subunits are colored in cyan and pink, respectively. The
C-terminal DELSEED motif of b corresponding to the high protruding portions is highlighted in red.
(C) Simulated AFM image of the a3b3 subcomplex constructed from the structure in (B). (D) Averaged
AFM image of C-terminal side of the a3b3 subcomplex in 1 mM AMPPNP. (E) Atomic structure of the
a3b3 subcomplex with bound nucleotides. This structure is obtained by removing g from the crystal
structure of F1 (PDB code 1BMF) (4). (F) Simulated AFM image constructed from the structure in (E).
The brightness of all AFM images in this paper represents the sample height but is not linearly set to
highlight the top surface structure (fig. S4).
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Fig. 2. (A) Successive AFM images showing the conformational change of
b’s in 2 mM ATP (movie S3). The highest pixel in each image is indicated
by the red circle. Frame rate, 12.5 frames/s. (B) Time evolution of the cu-
mulated angle of the highest pixel. The inset shows a trajectory, superimposed
on an AFM image, of the highest pixels corresponding to the high protrusions
of open b’s (412 frames, movie S6). The center of rotation is defined by the
averaged x and y positions of the highest pixels, and the cumulated angles
are calculated relative to the first frame. (C) Correlation coefficient histograms
calculated for each b designated in (A) (n = 220). An open b is used as
a reference for the analysis of each b. (D) Time courses of correlation
coefficients. The white and gray backgrounds show periods of O and C states,
respectively. Solid lines show the mean correlation coefficient for each period. (E) Time evolution of the cumulated number of counterclockwise shifts of the CCO
state. Circles, x’s, and crosses correspond to CCO, COO, and other irregular states (OOO and CCC), respectively. The increase in the cumulated number
indicates that the open b in CCO shifts counterclockwise.

5 AUGUST 2011 VOL 333 SCIENCE www.sciencemag.org756

REPORTS

 o
n 

Au
gu

st
 5

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 



Movie S1
AFM movie of the C-terminal side of α3β3 without nucleotide. Scan area, 18 x 15 nm2; frame 
rate, 10 fps

prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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High-Speed Atomic Force
Microscopy Reveals Rotary Catalysis
of Rotorless F1-ATPase
Takayuki Uchihashi,1,2,3* Ryota Iino,3,4,5* Toshio Ando,1,2,3† Hiroyuki Noji3,4,5†

F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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Movie S1
AFM movie of the C-terminal side of α3β3 without nucleotide. Scan area, 18 x 15 nm2; frame 
rate, 10 fps

prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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Movie S3
AFM movie of the C-terminal side of α3β3 in 2 µM ATP. Scan area, 17 x 13 nm2; frame rate, 
12.5 fps.

prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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Movie S3
AFM movie of the C-terminal side of α3β3 in 2 µM ATP. Scan area, 17 x 13 nm2; frame rate, 
12.5 fps.

prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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Movie S6
AFM movie of the C-terminal side of α3β3 in 2 µM ATP. Scan area, 21 x 14 nm2; frame rate, 12.5 fps. 
The pixel with the highest (brightest) position in each image is indicated by the blue circle. The center 
used for calculating the rotational angle is indicated by the cross mark.

prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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Movie S6
AFM movie of the C-terminal side of α3β3 in 2 µM ATP. Scan area, 21 x 14 nm2; frame rate, 12.5 fps. 
The pixel with the highest (brightest) position in each image is indicated by the blue circle. The center 
used for calculating the rotational angle is indicated by the cross mark.

prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
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reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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Successive AFM images showing the conformational change of β’s in 2 μM ATP (movie S3). 
The highest pixel in each image is indicated by the red circle. Frame rate, 12.5 frames/s. 

prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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prevailing impact of heterometal chemistry on
the efficiency of the reaction; at the same time,
the merging of the product profiles of the two
nitrogenases in D2O points to a critical role of
coupled electron/proton tunneling in the mech-
anism of this particular reaction. The discovery
that Mo nitrogenase is capable of using CO as
a substrate, albeit at a considerably lower rate
than its V counterpart, more broadly supports
the hypothesis that CO reduction is an evo-
lutionary relic of the function of this enzyme
family. The parallelism between the nitrogenase-
catalyzed CO and N2 reduction—demonstrated
further by the ability of V nitrogenase to form
CH4, an analogous product of NH3—strengthens
the theory that the ancestral nitrogenase may
represent an evolutionary link between carbon
and nitrogen cycles on earth (7). In a practical
vein, the industrial Fischer-Tropsch process uses
H2, a costly syngas component, for CO reduc-
tion and shows a tendency toward excessive for-
mation of CH4, a low-value product (17), whereas
the nitrogenase-based reaction uses H+ for hy-
drocarbon formation and favors the formation
of C-C bond over the cleavage of C-O bond.
These features make nitrogenase an attractive
template for cost-efficient hydrocarbon forma-
tion that is directed toward C-C coupling and
carbon-chain extension. Borrowing a trick or
two from this ancient enzyme family, perhaps
an efficient strategy could be developed in the
future for controlled fuel production from CO?
Only time will tell.
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F1 is an adenosine triphosphate (ATP)–driven motor in which three torque-generating b subunits
in the a3b3 stator ring sequentially undergo conformational changes upon ATP hydrolysis to
rotate the central shaft g unidirectionally. Although extensive experimental and theoretical
work has been done, the structural basis of cooperative torque generation to realize the
unidirectional rotation remains elusive. We used high-speed atomic force microscopy to show
that the rotorless F1 still “rotates”; in the isolated a3b3 stator ring, the three b subunits
cyclically propagate conformational states in the counterclockwise direction, similar to the rotary
shaft rotation in F1. The structural basis of unidirectionality is programmed in the stator ring.
These findings have implications for cooperative interplay between subunits in other
hexameric ATPases.

F1-ATPase, a water-soluble portion of aden-
osine triphosphate (ATP) synthase (1), is a
rotary motor protein. The a3b3g subcom-

plex (referred to here as F1) suffices as the mo-
tor, in which the rotor g subunit rotates in the
stator a3b3 ring upon ATP hydrolysis (2). The con-
cept of the “rotary catalysis” of F1 was proposed
on the basis of biochemical studies (3). It was
strongly supported by the first crystal structure

reported (4) and directly proven by observations
of rotating single molecules (5). In F1, the cata-
lytic sites are located at the a-b interfaces, mainly
on the b subunits. In the crystal structure (4),
three catalytic sites are in different nucleotide-
bound states; one binds to an ATP analog (aTP-bTP
in Fig. 1E), another binds to adenosine diphos-
phate (ADP) (aDP-bDP), and the third is un-
bound (aE-bE). Both bTP and bDP assume the

closed conformation, swinging the C-terminal
domain toward g, whereas bE assumes the open
conformation, swinging the domain away from g.
Because these two general conformational states
appear to push or be pushed by g, respectively, it
was proposed that interactions with g control the
conformational and catalytic states of individual
b’s to sequentially generate torque (6). In fact,
some biochemical studies are thought to suggest
that the a3b3 ring alone does not possess intrin-
sic cooperativity, and g mediates the interplay
among b’s (7–9). This view was reinforced by
studies showing that backward mechanical rota-
tion of g with external force reverses the chem-
ical reaction toward ATP synthesis (10, 11),
whereas forced forward rotation results in ac-
celerated ATP binding (12).
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b’s retracted toward the center and simulta-
neously lowered their protrusions. Consequently,
the ring showed a single high protrusion. A simu-
lated image of a3b3 with bound nucleotides was
constructed using a structure in which g was re-
moved from the crystal structure of F1 (Fig. 1E)
(4). The simulated image (Fig. 1F) also showed
an asymmetric ring very similar to that of the
observed image. The excellent agreement indi-
cates that only two b’s can assume the closed
conformation, even in saturating AMPPNP. This
feature is consistent with the observation that three
b’s do not assume the closed conformation simul-
taneously (22).

When ATP was added, b showed distinct
conformational dynamics; each b underwent a
conformational transition between the outwardly
extended high state (open) and the retracted low
state (closed) (Fig. 2A and table S1); the out-
wardly extended and retracted conformations
correlated well with the high- and low-protrusion
states, respectively (fig. S6). The most prominent
features are that only a single b assumes the open
state, as in the presence of AMPPNP, and that
when the open-to-closed transition occurs at one
b, the opposite closed-to-open transition occurs
simultaneously at its counterclockwise neighbor

b in most cases. Thus, the high and outwardly
extended conformation propagates in the coun-
terclockwise direction (Fig. 2, A and B).

For a more quantitative analysis of this co-
operativity, the conformational states of the three
b’s in each image frame were determined from
their correlation coefficients, using respective ref-
erence images of b’s in the open state (fig. S7).
The correlation coefficients are distributed around
two distinct peaks at ~0.995 and ~0.96 (Fig. 2C).
The peaks with larger and smaller coefficients
correspond to the open (O) and closed (C) states,
respectively. On the other hand, the correlation
coefficient analysis for the nucleotide-free and
AMPPNP-bound a3b3 showed static conforma-
tions of b (figs. S8 and S9 and table S1). Figure
2D shows typical time courses of the two con-
formational states for individual b’s. In all images
observed in the presence of 2 to 4 mM ATP (n =
8746 frames), three b’s at a given frame dom-
inantly showed the CCO state (82% of total).
The COO state was also observed (14.5%). Other
states such as CCC (3%) and OOO (0.5%) were
rare. We analyzed the rotary propagation of the O
and C states by counting the number of coun-
terclockwise shifts of the CCO state [Fig. 2E and
supporting online material (SOM)]. The propa-

gation is unidirectional, rotating counterclockwise
with an efficiency of 83% (in 2 mM ATP) over
the total shift events examined (n = 371) (fig.
S10). Considering that two consecutive counter-
clockwise shifts occurring occasionally within the
frame capture time (80 ms) would be counted as
a clockwise shift, this value of efficiency is prob-
ably underestimated by ~6% (Fig. 3D, fig. S11,
and SOM).

The rate of rotational propagation of the CCO
state increased with increasing ATP concentration
(Fig. 3, A to C), indicating that ATP binding is
rate-limiting, consistent with the biochemically
determined Michaelis constant of 12 mM for ATP
hydrolysis (fig. S1). Histograms of the dwell time
of the O state followed a single exponential func-
tion, and those of the C state were well fitted with
the model that two consecutive events of ATP
binding to the other two b’s trigger the transition
of the b from the C to the O state (fig. S11). The
rate constants of the counterclockwise shift of
the CCO state were comparable with the initial
rates of ATP hydrolysis measured biochemically
(Fig. 3D). Thus, each ATP hydrolysis is well
coupled with the open-to-closed transition of b.
Just before transitioning to the next CCO state, a
COO state occasionally appeared (~30% of total
transitions) (x’s in Figs. 2E and 3, A to C). In
this event, one of the two closed b’s positioned
at the counterclockwise side opened in most
cases, implying that ADP can be released from
the closed b before ATP binds to the open b
(23, 24).

The present results prove that the stator a3b3
ring alone possesses high cooperativity for se-
quential power stroking among three catalytic
b’s. This was also indicated by the observations
that the occasional subunit dissociation com-
pletely stopped the rotary propagation of the con-
formational state (fig. S12). Thus, the “g-dictator”
model (13), which proposes that only the in-
teraction with g determines the conformational
and catalytic states of b’s (23, 24), is not valid.
On the other hand, the ATP-binding rate and the
efficiency of unidirectionality of the a3b3 sub-
complex are distinctly lower than those of F1
(Fig. 3 and fig. S11). Thus, the interaction with
g is dispensable but still important for the rapid
and precise rotary catalysis. Our findings are not
inconsistent with the observations that the rates
and equilibriums of the catalytic reactions are
apparently under the control of the rotary angle
of g (10–12). The intrinsic interplay among b’s
would reinforce catalytic control by g; even if g
tightly interacts with only one b, it still can act
on all b’s through b-b interplay.

These results also have implications for the
cooperativity of other structurally related hexa-
meric ATPases such as RecA- and AAA+-family
proteins, in which cooperativity among the sep-
arate catalytic sites is a central issue (25). These
ATPases may also have intrinsic cooperativity.
Comparative studies on these proteins should shed
light on the common operating principles of hex-
americ ATPases.
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indicated as in Fig. 2E. (D) [ATP] dependence of the initial rates of ATP hydrolysis determined by
biochemical assay [circles; 2 mM, 1.6 T 0.9 s−1; 3 mM, 2.5 T 1.0 s−1; 4 mM, 3.3 T 1.3 s−1 (mean T SD, n =
6 individual measurements at each [ATP])] and the rates of conformational change of b determined by
fitting the dwell time histograms of open (squares; 2 mM, 1.5 s−1; 3 mM, 3.0 s−1; 4 mM, 3.8 s−1) and
closed (triangles; 2 mM, 1.5 s−1; 3 mM, 2.5 s−1; 4 mM, 3.2 s−1) states shown in fig. S11.
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The way in which mitochondria generate 
energy is one of the most bizarre 
mechanisms in biology. Its discovery has 
been compared with those of Darwin and 
Einstein. Mitochondria pump protons across a 
membrane to generate an electric charge 
with the power, over a few nanometres, of a 
bolt of lightning. This proton power is 
harnessed by the elementary particles of life
—mushroom-shaped proteins in the 
membranes—to generate energy in the form 
of ATP. This radical mechanism is as 
fundamental to life as DNA itself, and gives 
an insight into the origin of life on Earth





Thank you for listening
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