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Two proton pumps, the F-ATPase (ATP synthase, FoF1) and the V-ATPase (endomembrane proton pump),
have different physiological functions, but are similar in subunit structure and mechanism. They are
composed of a membrane extrinsic (F1 or V1) and a membrane intrinsic (Fo or Vo) sector, and couple catalysis
of ATP synthesis or hydrolysis to proton transport by a rotational mechanism. The mechanism of rotation has
been extensively studied by kinetic, thermodynamic and physiological approaches. Techniques for observing
subunit rotation have been developed. Observations of micron-length actin filaments, or polystyrene or gold
beads attached to rotor subunits have been highly informative of the rotational behavior of ATP hydrolysis-
driven rotation. Single molecule FRET experiments between fluorescent probes attached to rotor and stator
subunits have been used effectively in monitoring proton motive force-driven rotation in the ATP synthesis
reaction. By using small gold beads with diameters of 40–60 nm, the E. coli F1 sector was found to rotate
at surprisingly high speeds (N400 rps). This experimental system was used to assess the kinetics and
thermodynamics of mutant enzymes. The results revealed that the enzymatic reaction steps and the timing
of the domain interactions among the β subunits, or between the β and γ subunits, are coordinated in a
manner that lowers the activation energy for all steps and avoids deep energy wells through the rotationally-
coupled steady-state reaction. In this review, we focus on the mechanism of steady-state F1-ATPase rotation,
which maximizes the coupling efficiency between catalysis and rotation.
vacuolar-type ATPase; FRET,
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1. Introduction

Two proton pumping ATPases, the F- and V-ATPases, are structurally
and mechanistically similar, but have different physiological roles (for
reviews, see [1–11]). They are entirely different from the gastric and
yeast plasma membrane proton pumping P-type ATPases (P-ATPases),
which form an aspartyl–phosphate intermediate during the course of
the reaction cycle [6,12,13]. The F-ATPase is a ubiquitouswell conserved
complex found inmitochondria, chloroplasts, and bacterialmembranes,
and plays a central role in energy transduction [6]. This enzyme
synthesizes ATP coupled to the electrochemical proton gradient formed
by electron transfer chains. In contrast, the V-ATPase located on
endomembrane organelles or plasma membrane is involved in
acidification of organellar lumens or extracellular compartments [4,9].
A characteristic feature of the V-ATPase is its subunit diversity: six
subunits have two to four isoforms specific for different organelles or
cell types [7,9,10]. The presence of a specific V-ATPase is important for
organellar function as well as targeting of this enzyme to a proper
destination.
Despite their different physiological roles, the F- and V-ATPases
are similar in subunit structure and mechanism [3,6,7,9,10]. They are
reversible ATP hydrolases/synthases coupled to proton transport. In
some situations, V-ATPases synthesize ATP when an electrochemical
proton gradient is applied [14,15]. In both enzymes, the three catalytic
sites are not independent. The steady-state ATP synthesis and
hydrolysis reactions are highly cooperative mechanisms and involve
all three catalytic sites in each β subunit. Boyer proposed the basic
catalytic scheme, called the binding change mechanism, which
predicted that the F-ATPase utilizes a rotational mechanism [16]
(the body of biochemical evidence supporting rotational catalysis is
summarized in [1]). The physical features of the bovine F1 discovered
in the first X-ray structure clearly showed that a rotation mechanism
was feasible [17]. Quickly, investigators produced indirect biochem-
ical evidence for the rotation of the γ subunit: polarized adsorption
relaxation after photobleaching of eosin attached to the carboxyl
terminus of the γ subunit showed ATP-dependent changes in orien-
tation [18]; ATP hydrolysis-dependent changes of chemical cross-
linking between the β and γ subunits [19]; and images captured by
cryo-electron microscopy showed positional changes of subunits [20].
Finally, rotation was directly observed by attaching a fluorescently-
tagged actin filament to the γ subunit of the Bacillus PS3 F1 enzyme
complex and watching the actin filament rotate in an ATP hydrolysis-
dependent manner relative to the rest of the F1 complex [21]. Rotation
of the entire rotor group, εγc10, relative to the complete F-ATPase
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complex was demonstrated by observations of actin probes attached
to each of the subunits [22–25]. Since the initial single molecule
observation, the rotational mechanism of F-ATPase has been exten-
sively studied using improved techniques as will be described in this
review.

In this article, we concentrate on the rotational catalytic
mechanism revealed by single molecule experiments using probes
causing little to no viscous drag. Unfortunately, due to space
limitations, we are unable to discuss several important findings
directly related to our main topic, but refer the reader to several
excellent recent reviews [11,26,27].
2. The ATPase structures are designed for rotation

2.1. Catalytic sector and stalks

The F-ATPases and V-ATPases have some common structural
features that investigators have found to be important for a
rotational mechanism. The basic subunit structure of F-ATPase
including that of E. coli is α3β3γδεab2c10, and that of yeast V-ATPase
is A3B3CDE2FG2Hac4c'c"d (no c' has been found in mammals). Both
the membrane extrinsic catalytic sectors (F1 and V1), and the
membranous proton translocation sectors (Fo and Vo) have rota-
tional mechanisms [3,6,7,9–11] (Fig. 1). The nucleotide binding
subunits (α3β3 in F1 or A3B3 in V1) and the proton translocation
subunits in the membrane (ac10 or ac4c'c") are connected by the
central (γε or DFd) and peripheral (δb2 or CE2G2Ha) stalks. The F1
rotor subunit γ is located at the center of the α3β3 pseudo-hexamer
[17] and together, α3β3γ, defines the minimal complex required for
rotational catalysis. γ and ε subunits directly connect to the proton
translocating c subunit ring [28].

Mutagenesis studies helped to identify the F-ATPase amino acids
that are involved in catalysis [6,29–33]. βLys155 and βArg182 in the β
subunit were shown to be required for binding of the γ-phosphate
moiety of ATP [34–38], while the hydroxyl moiety of βThr156 is
essential for Mg2+ binding [35,39]. βGlu181 is a critical catalytic
residue which forms a hydrogen bond with a water molecule located
near the ATP γ-phosphate [17,36]. The βGlu185 residue may be
involved in promotion of catalysis to steady-state turnover [40]. All
these residues are conserved in the V-ATPase, suggesting that it has
the same catalytic mechanism as the F-ATPase [6]. Similarly, genetic,
biochemical, kinetic and thermodynamic analyses were used to
Fig. 1. Schematic models of the F-ATPase (E. coli) and V-ATPase (mammalian). The membran
and membrane domains (FO and VO) are shown. Red arrows represent the direction of the
Diverse isoforms of V-ATPase are shown with their specific localization [7,9]. Those not ind
identify the roles of γ subunit residues in catalysis and energy
coupling [6,41–46].

On the other hand, there are distinct structural differences
between the F- and V-ATPases. The subunit composition of the
peripheral stalk of V-ATPase is more complex than that of F-ATPase
because the V-ATPase C, E, G, H, and a subunits have two to four
isoforms each [7]. These subunits may be related to the reversible
disassembly/reassembly regulatory mechanism specific to the V-
ATPase [9].
2.2. Proton-transporting sector

In the F-ATPase, ATP hydrolysis in the β subunits couples to
rotation of the γεc10 complex against the stator (α3β3δab2), which
drives uphill proton transport. Themechanism of proton translocation
occurs at the interface between a and c subunits and specifically
involves proton binding residues aArg210 and the Asp61 of the
rotating c ring [5,47–49]. In the reverse or physiological condition, the
electrochemical gradient of protons drives rotation of the c ring, which
couples to ATP synthesis in F1. The number of c subunits in a complex
appears to be dependent on the source. The ATP synthases of yeast
mitochondria, E. coli, and Bacillus PS3 have 10 subunits in their c rings
[50–52]. In contrast, those of Ilyobacter tartaricus and Propionigenium
modestum have 11 c subunits [53,54], while that of chloroplasts has 14
subunits [55,56], and cyanobacterium Spirulina platensis contains 15 c
subunits [57]. Assuming one proton per c subunit, the number of
c subunits in the ring complex implies the number of protons
transported during the course of a 360° rotation, 10–15 protons in
the above mentioned examples, or 3.3–5 protons per ATP synthesized
or hydrolyzed. The proton/ATP coupling ratio of ATP synthases are
probably optimized for their specific physiological condition.

The similar subunit structure of the V-ATPase suggests the DFc4c'c"
complex along with perhaps the d subunit acts as the rotor [9].
Because a single proton-transporting Glu residue is found in each of
the c, c' and c" subunits which form the transmembrane rotor ring,
rotation of the c4c'c" ring likely translocates only six protons per 360°
rotation. Therefore, two protons are pumped per ATP hydrolyzed
implying that the V-ATPase requires a much higher proton motive
force to drive the reverse ATP synthesis direction [58].

The direction of the chemical reaction (ATP hydrolysis or
synthesis), which is directly coupled to the direction of proton
transport, and therefore the direction of subunit rotation, appears to
e extrinsic (F1 and V1) sectors, catalytic hexamers (α3β3 and A3B3, respectively), stalks,
chemical reaction, subunit rotation, and proton transport in physiological conditions.
icated are ubiquitous.
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be regulated by the energy state of the cell. The energetic balance of
the ATP/ADP concentration ratio and the electrochemical proton
gradient exclusively define whether the enzyme operates as an ATP
synthase or an ATPase [6,7]. Similar to the reversibility of the F-type
ATP synthase to hydrolyze ATP, the V-ATPase synthesizes ATP in some
cases [14,15]. Finally,wenote that the basic structure of V-ATPase is very
similar and mechanically the same as that of the F-ATPase. Common
structural features of these ATPases are exquisitely designed for
coupling the rotational catalytic and proton transport mechanisms.

An interesting question is which sector of ATPase rotates
physiologically because the rotor or stator has been defined by
in vitro single molecule studies. In this regard, Holliday et al. and Lu et
al. found that the B and E subunits of V-ATPase bind actin and aldolase,
respectively [59,60]. The interaction with actin likely immobilizes the
A3B3 hexamer, and thereby causes the A3B3 hexamer to act as a stator.
A similar protein interaction is unknown for F-ATPase.

3. Rotational catalysis in the F-ATPase

3.1. Observation of subunit rotation

In 1979, Paul Boyer [16] suggested that the F-ATPase catalytic
mechanism involved rotation of an F1 subunit relative to the three
catalytic sites. The crystal structure of the α3β3γ complex reported in
1994 by Walker and colleagues [17] rekindled this idea. Several
investigators set out to design experiments that would prove such a
mechanism. Indirect biochemical approaches led to results that were
consistent with ATP-dependent γ subunit rotation (described above).
Finally, rotation was conclusively shown by direct observation in
single molecule experiments. Noji et al. reported the ATP-dependent
rotation of a fluorescently-labeled actin filament attached to the γ
subunit of Bacillus PS3 F1 [21]. Using similar methods, rotation of the
E. coli γ subunit was also shown to rotate indicating that rotation was
a general mechanism of the F1 enzyme [61].

Subsequently, rotation in the Fo transport sector was shown by
fixing the detergent-solubilized FoF1 complex on a glass surface via
the α subunit with a fluorescent probe attached to the rotor c subunit
ring [23], or the FoF1 fixed to the surface via the c ring with the probe
attached to the β subunits [24,62]. The results demonstrate that the
rotor and stator are interchangeable. Rotation of membrane-bound
FoF1 has also been shown experimentally [25], establishing that the
c ring rotates relative to the a and β subunits. Rates of ATP-driven γ
subunit rotation in F1 and ATP-driven γεc10 rotation in FoF1 are very
similar in the two complexes with a calculated frictional torque of
∼40 pN nm. The rotation of γεc10 was consistent with results of inter-
subunit cross-linking experiments [63,64] where a disulfide bond
between γ and c subunits had little or no effect on ATP hydrolysis or
synthesis, while cross-links between γ and β, or γ and α, resulted in
loss of steady-state ATPase activity. In this regard, Scanlon et al. [65]
showed by pre-steady-state analysis that γ–β cross-linked enzyme
can hydrolyze the first ATP but not other bound ATP. Other single
molecule FRET experiments also observed that the γ and ε subunits
rotate relative to the b subunits in membrane-bound FoF1 [66,67].

While ATP hydrolysis-dependent rotation of γεc10 is always
observed in one direction, one expects that ATP synthesis driven by
proton flow through the Fo should rotate in the reverse direction. This
hypothesis was proven by showing rotation in the expected direction
during ATP synthesis in FoF1 reconstituted in liposomes. In this case,
FRET was used to report the real time changes in distances between
probes attached to b and γ subunits, or ε and b subunits [66–68]. As
predicted, the direction of rotation during ATP synthesis was reversed
to that of ATP hydrolysis. Similarly, artificially forced rotation of γ in
the same direction was shown to drive ATP synthesis. Itoh et al. [69]
and Rondelez et al. [70] observed a low but significant level of ATP
synthesis when a bead firmly attached to γwas forced to rotate. These
results established beyond the shadow of any doubt the mechano-
chemical coupling between ATP synthesis/hydrolysis and the elec-
trochemical gradient of protons.

3.2. Mechanical rotation and ATPase reaction

3.2.1. Can rotation of the γ subunit be resolved into steps that are related
to the chemical reaction kinetics?

The binding change mechanism indirectly predicts that a rotary
mechanism is intimately involved in the mechanism of ATP synthesis
and hydrolysis [16]. Using the thermophilic Bacillus PS3 F1 at ATP
concentrations well below the Km, γ subunit rotation was found to
dwell in distinct 120° steps [71,72] (Fig. 2). Because the duration of
the pause depends upon the ATP concentration, the pause was
attributed to the enzyme waiting for an ATP binding event (ATP-
waiting dwell) (Fig. 2, blue line). Experimental set-ups with better
time resolution using 40-nm diameter gold beads revealed that the
120° steps were divided into 80° and 40° substeps [73]. The duration
of the pause before the 80° substep became shorterwith increasing ATP
concentration, once again suggesting the ATP-waiting dwell (Fig. 2, blue
line). In contrast, the pause duration before the 40° substep was
significantly increased by the slow hydrolysis rate when ATPγS was
used as a substrate, or by the catalytic site mutation βE190D (Bacillus
numbering) [74]. Together these data indicate that the pause duration
before the 40° substep is the catalytic dwell (Fig. 2, red line), or the time
during reversible ATP–ADP hydrolysis/synthesis step [75].

3.2.2. Does ATP bind to all catalytic sites at the same time?
Nadanaciva et al. suggested that two out of three catalytic sites

have the capability of forming a transition state between ATP and
ADP+Pi simultaneously. Their hypothesis was based on the
observation that two sites were titrated with fluoroscandium
(ScFx) plus ADP, the complex of which, F1-ADP–ScFx, mimics a
catalytic transition state [76]. Consistent with this result, analysis of
the F1 crystal structure found that the three catalytic sites were
occupied by ATP, ADP, or devoid of nucleotide, and thus the
corresponding conformations were designated βTP, βDP, and βE,
respectively [17] (Fig. 3). Simultaneous observation of rotation and
Cy3–ATP bound to the catalytic site suggested that one ATP (ADP)
molecule remained bound to a catalytic site for at least 240° of γ
subunit rotation. This ATP appeared not hydrolyzed upon binding
but rather hydrolyzed after the first 120° revolution [77]. These
results indicated that the reactions at the three catalytic sites were
not simultaneous but rather occurred sequentially in a highly
cooperative fashion: for each 120° step, ATP binds to one β subunit,
ADP is released from the second β subunit, ATP is hydrolyzed in the
third β subunit, and Pi is released from the second β [78,79].

In contrast, a different kinetic pathway was proposed based on
pre-steady-state kinetic analysis using millisecond mixing experi-
ments. Scanlon et al. proposed a model where ATP binds to one β
subunit after ADP release, ATP in the second β is hydrolyzed, and Pi
and ADP in the third β are released within one 120° step [75]. In this
model, all three catalytic sites should bind nucleotides transiently, as
shown in the kinetic scheme in Fig. 2. Consistent with this model,
crystals grown in the presence of ADP and aluminum fluoride showed
the F1 enzyme in a conformation with nucleotides bound to all three β
subunits [80].

3.2.3. Does Bacillus PS3 F1 exhibit the same rotational scheme at its
physiological temperature?

All experiments on the thermophilic Bacillus were carried out
below ∼24 °C, whereas the organism optimally grows at 75 °C. Thus
far, few single molecule experiments have addressed this question,
although F1 was recently studied at 4–50 °C [81]. In this regard, the
advantage of studying the mesophilic enzyme from E. coli should be
noted because it is easily studied in its physiological temperature
range between 25 and 37 °C.



Fig. 2. Scheme of F1 rotational catalysis. A model of the relationship of the chemical reaction to the β subunit conformation, and the position of the γ subunit at ATP concentrations
below the Km are shown. The ATP-waiting dwell time is the time waiting for ATP binding (blue line). The catalytic dwell time is the time for ATP hydrolysis and Pi release (red line).
Note that the γ-β subunit interactions are different for each β subunit. βTP, βDP, βE, and βHC are the β subunits with ATP or ADP bound, empty, or half closed, respectively.
Modified from Sekiya et al. [86].
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4. Toward understanding the rotation mechanism

4.1. Subunit rotation and steady-state ATPase

Discussion in this section is focused mainly on the E. coli F-ATPase.
Extensive genetic and biochemical analyses provide many tools for
dissecting the mechanism of catalysis coupled to transport [6]. Similar
to the case of the thermophilic enzyme, the rotation speed of an actin
Fig. 3. The structures of the bovine β and γ subunits (PDB ID: 2JDI) [99]. Yellow and gree
conformationswith different nucleotide occupancies. The expanded figure (orange) shows the
the catalytic residues (βLys155, βThr156, βGlu181, and βArg182, in black with E. coli numberi
filament attached to the γ subunit was ∼10 rps, which was much
slower than the 30 rps expected based on steady-state ATPase rates
[61]. Obviously, the high viscous drag generated by actin (∼1–2 μm in
length) would decrease the speed. In addition, the long length of the
filament also caused relatively large deviations in the data, which
made kinetic analyses difficult to interpret.

These considerations prompted us to use small gold beads as
probes for observation of subunit rotation, which allowed the enzyme
n represent the β and γ subunits, respectively. The catalytic β subunits adopt different
β subunit hinge domain (P-Loop/α-HelixB/Loop/β-Sheet4, βPhe148–βGly186) including
ng). The conformation of this domain changes dramatically upon nucleotide binding.
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to operate unencumbered [82] (Fig. 4a). The rotation rate was
dependent on the bead size, but was generally much faster than that
achievable with the actin filaments. Significantly, we found that 40
and 60 nm diameter beads rotated at very similar rates, 455±79
and 427±66 rps, whereas those of 80, 100, and 200 nm beads were
320±38, 266±29, and 110±21 rps, respectively [82] (Fig. 4b).
These results indicated that 40 and 60 nm beads were small enough
to rotate without imparting drag, and thus provided the ability
to analyze the rotational behavior with minimal artifacts of the
experimental system.

We also note that we decided to calculate rotation rates from full
0.25 s data sets regardless of the length of pauses, rather than only
using data from beads that were observed to rotate continuously.
Interestingly, we found that the observed rotation rate of 381±33 rps
from 0.25 s data sets that included long pauses was ∼10 times faster
than the value estimated from the bulk steady-state ATPase activity,
which was ∼30 rps, assuming that 3 ATP were hydrolyzed per
revolution [82]. We concluded that the discrepancy was because
∼90% of the F1 molecules were inactive or in an inhibited state at any
given point during our standard 0.25 s rotation observations. We
observed much longer pauses of rotation than the catalytic dwell
times (∼1 ms) even when assayed for 0.25 s [82]. As can be surmised
from the numbers of pauses, the extended observation time of 2 s
typically contained pause durations of longer than 1 s [83] (Fig. 4c),
which would not be detected in shorter observation windows. These
long pauses were likely due to Mg·ADP inhibition or the inherent
Fig. 4. Single molecule observation of F1 subunit rotation. (a) The experimental setup for obs
the γ subunit through streptavidin and BSA (bovine serum albumin). The laser light reflect
charge coupled device camera. (b) Average rotation rates for various sized gold beads (ora
against the corresponding viscous drag. (c) Time courses of 60 nm gold beads followed for 2
gold beads. (d) Examples of histograms of single revolution times obtained for single bead
Cited and modified from Nakanishi-Matsui et al. [82,83].
behavior of the rotary enzyme [83]. These long pauses were possibly
part of the mechanism regulating ATP hydrolysis by F-ATPase.
Significantly, bulk phase steady-state ATPase activity was approxi-
mated by the combination of the averaged rotation rate and the time
of long pauses over many observations. Therefore, long pauses
appeared to be an important component of the ensemble steady-
state ATPase activity. The reason for the difference between the
observed rotation rate and the ATPase activity could be because all
long pauseswere not included in 0.25 s observations [82]. As shown in
Fig. 4c, even the 2 s observation was sometimes not enough for
quantitative analysis of long pauses because some pauses lasted
longer (e.g. red and gray time courses). However, when rotation was
observed for 16 s, almost all long pauses could be included and the
overall average rotation rate (rate estimated from rotation and long
pauses) was consistent with the bulk ATPase activity (M. Sekiya, H.
Hosokawa, M. Nakanishi-Matsui, and M. Futai, in preparation).

4.2. Stochastic fluctuation and effect of the ε subunit

Single molecule observation is a powerful method for following
the continuous reaction of individual molecules. When time courses
are expanded, at least in the case of the E. coli F1, rotation speeds vary
to a significant degree. Histograms of rates at 10 ms intervals show the
expected stochastic fluctuation of rotation rates [82,84,85]. To further
evaluate the fluctuation, single revolution times, i.e., the time length
required for single 360° revolutions, were estimated [83]. This
erving gold bead rotation. F1 was immobilized on a glass surface and a bead attached to
ed from the gold bead was observed under a dark field microscope and recorded by a
nge circles) and actin filaments (green triangles). Average rotation rates were plotted
s in the presence of 2 mM ATP. Different colors represent the rotation of 10 individual

s (n=4) are shown. The colors correspond to those in (c).
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analysis included all rotations regardless of the duration of the pauses.
Summarized histograms for individual beads clearly showed similar
fluctuations (Fig. 4d) indicating that the fluctuation is an intrinsic
property of this enzyme.

Although the effect of the ε subunit, an inhibitor of F1-ATPase
activity, on rotation has not been observed using actin filaments, the
average rate of 60 nm beads was clearly inhibited about 50% upon the
addition of super-stoichiometric concentrations of ε subunit [82,85].
Although long pauses were rarely observed in 0.25 s observations,
pauses longer than 50 ms were sometimes observed in the presence
of excess ε [82]. These results suggest that ε subunit inhibits rotation
by decreasing the rotation rate and by increasing the frequency
of long pauses. To analyze the ε effect on long pauses quantitatively,
longer observations are necessary.

4.3. Rate determining step of rotation through a flat energy pathway

Each catalytic site should assume at least four states during ATP
hydrolysis: ATP binding, ATP hydrolysis, ADP release, and Pi release.
As Abrahams et al. discovered in the high resolution X-ray structure, a
critical feature of F1-ATPase is the inherent asymmetry of the three
β subunits in different conformations, βTP, βDP, and βE, the confor-
mations of which correspond to the nucleotide bound in each catalytic
site, ATP, ADP and empty, respectively [17]. During the course of
steady-state rotational catalysis, one catalytic site binds ATP, while
a different site carries out hydrolysis, and the third site releases
Pi [6,45,73,78,79]. The conformation of the given β subunit is
conferred by the side of the asymmetric γ subunit it faces, as shown
in Fig. 3.

The next question is how the steady-state catalytic reaction steps
are coordinated to the rotation of the γεc10 complex and therefore the
conformations of the three β subunits. Pre-steady-state analysis of the
burst kinetics of ATP hydrolysis in nearly Vmax conditions demon-
strated that the rate-limiting transition state occurs after the revers-
ible hydrolysis/synthesis step and before the release of Pi [65,75].
The kinetics of steady-state hydrolysis can only be assessed when the
ATP concentration is high enough to fill all three catalytic sites. In
such conditions, F1-ATPase exhibits continuous 120° steps, consisting
of short pauses (b1 ms) (Fig. 5a, red line) and 120° rotation steps
(Fig. 5a, gray line) [83]. Because the ATP-waiting dwell times are too
short to be detected with millisecond time resolution, the observed
duration of the short pauses should be the catalytic dwell times, or the
times required for ATP hydrolysis. Significantly, the duration of the
catalytic dwell became slightly shorter with increasing temperature;
the average dwell times at 17 and 31 °C were 0.22±0.014 ms and
0.15±0.016 ms, respectively [86]. The time for the 120° rotation was
longer than the pause duration and also became shorter with tem-
perature: 0.84±0.055 ms at 17 °C and 0.53±0.037 ms at 31 °C. The
reciprocal of the 120° rotation time was used to calculate the speed of
the 120° rotation, which increased with temperature: 1206±80 s−1

at 17 °C and 1917±127 s−1 at 31 °C. Arrhenius slopes of the speed of
the individual 120° revolution steps (open circles) and the reciprocal
of the average pause duration (closed circles) were linear and very
close in value (Fig. 5b), indicating that they had similar activation
energies, EA, and thus similar rate constants for the revolution and
pause steps between 17 and 31 °C [86]. These results indicate that
there is no distinct rate-limiting transition state in the steady-state
reaction cycle. Thus, the energy pathway is relatively flat, and the
enzyme avoids distinct energy peaks and valleys. Clearly, the highly
cooperative, three site motor is exquisitely designed to operate in a
smooth rotational cycle.

4.4. Generation of driving force in the β subunit

The crystal structure of bovine F1 revealed that the three catalytic
β subunits adopted distinct conformations with different nucleotide
occupancies. The β subunit hinge domain [P-loop (phosphate-binding
loop)/α-helix B/loop/β-sheet 4, βPhe148–βGly186] including the
catalytic residues (βLys155, βThr156, βGlu181, βArg182, and βGlu185,
E. coli numbering) [6] dramatically changed its conformation upon
nucleotide binding (Fig. 3) [17]. The conformational change in the hinge
domain is transmitted to the β subunit 380DELSEED386motif, which
pushes the γ subunit to rotate. This hypothesis has been supported by
recent NMR analysis of the βmonomer with nucleotide bound [87]. We
investigated the rotation of mutant F1 complexes with an amino acid
replacement in the (1) hinge domain and (2) at the interface between
γ and the β380DELSEED386 motif.

The F1 mutant with the Ser174 in β-sheet 4 replaced by Phe
(βS174F) (Fig. 3) has been extensively characterized and has about
10% of the wild type ATPase activity [88]. Consistent with the low
activity, the rotation speed of this mutant was clearly slower than that
of the wild type [83,85]. Similar to the wild type, the mutant exhibited
three 120° steps per revolution in Vmax conditions. Most importantly,
the mutant catalytic dwell times were about 10 times longer than
those of the wild type [83]. Thus, the slower rate of the ATP hydrolysis
and product release steps decreased the overall mutant rotation rate.
The Phe replacement of the native Ser possibly stabilized the hinge
domain when the nucleotide binding site was occupied.

Based on the crystal structure of the bovine enzyme, homology
modeling of the E. coli β subunit predicted a hydrophobic interaction
between βIle163 and the Phe introduced at position β174. The
calculated energy of interaction is −0.47 kcal/mol [89], which is low
but not insignificant. We hypothesized that the additional interaction
caused a large effect on rotation because no other strong interaction
was predicted in the hinge domain. Further modeling suggested that
the replacement βI163A would reduce the interaction between
βIle163 and βS174F, whereas βI166A would not affect the interaction
(Fig. 3). As expected, βI163A resulted in increased rotation rates of the
βS174F mutant, but βI166A was without effect [89]. These results
suggest that the interaction between βIle163 and βS174F stabilizes
the hinge domain in the nucleotide bound form. This stabilization
probably inhibits the smooth conformational change of the hinge
domain, which is necessary for driving high-speed rotation.

4.5. A pertinent interaction between the β and γ subunits

An active role of the γ subunit in the F-ATPase has been suggested
by the behavior of a series of mutants with low ATPase activity or
defective energy coupling between catalysis and proton transport
[41,42,90]. Among them, the most interesting is replacement of
γMet23 with a positively charged amino acid. Alignment of the
known γ subunit sequences reveals that conserved residues are
clustered in the amino- and carboxyl terminal regions, and γMet23 is
one of the few completely conserved residues [42]. Replacement of
γMet23 by Arg or Lys perturbed the coupling between ATPase activity
and proton transport [42]. The uncoupling is probably due to an
altered β–γ interaction because all second site suppressor mutations
are located in the β–γ interface [43,44]. As one would surmise from
the rotation of the γ subunit and its influence on the β subunit
conformations, the β–γ interactions must play specific roles in the
transmission of conformational information to the β subunits.
Although most of the second site mutations were distant from the
γM23K site, the X-ray crystal structure indicated a close interaction
between γMet23 and βGlu381 of the βDP

380DELSEED386 motif
[17] (Fig. 5c). We speculated that the positively charged Lys or Arg
at position γ23 formed an ionized hydrogen bond with βGlu381.
Consistent with this notion, replacement of βGlu381 with Ala, Asp, or
Gln suppressed the uncoupling effect of γM23K [46].

Importantly, Al-Shawi and Nakamoto [91] and Al-Shawi et al.
[45,92] found that the γM23K mutation strongly affected the rate-
limiting transition state of steady-state ATP hydrolysis and ATP
synthesis. To identify the rate-limiting transition state step in the



Fig. 5. Thermodynamic analysis of F1 rotation. (a) Scheme of F1 rotational catalysis in Vmax conditions. The 120° step (the catalytic dwell time (red) and 120° rotation (gray)) is
shown. See also the scheme in Fig. 2 (the limiting ATP condition). (b) Arrhenius plots of the speed of the 120° rotation (s−1) (open circles) and the reciprocal of the pause duration
(closed circles) of wild type F1. (c) The interface between the βDP (purple) and γ (blue) subunits. The β and γ subunits interact through γMet23 and βGlu381 in the β380DELSEED386

loop. (d–f) Transition state thermodynamic parameters at 31 °C forwild type andmutant F1 rotationwere calculated from theArrheniusdata for the speedof the 120° rotation step (d), and
the reciprocal of the pause duration (e) of γM23K F1 compared with wild type F1, and the reciprocal of the pause duration of γM23K/βE381D F1 compared with wild type F1 (f). The
differences in the parameters between the wild type (WT) and mutant F1 enzymes are shown as ΔΔ values on the right.
Cited and modified from Sekiya et al. [86].

1349M. Nakanishi-Matsui et al. / Biochimica et Biophysica Acta 1797 (2010) 1343–1352
rotational behavior, the temperature dependence of γM23K F1 rota-
tion was examined in Vmax conditions [86]. The transition state
thermodynamic parameters show the dramatic effect of the γM23K
on the catalytic dwell time. Although the thermodynamic parameters
for the stepping speed of the 120° rotation were very similar to wild
type (Fig. 5d), ΔH‡ and TΔS‡ for the catalytic dwell time were sig-
nificantly increased by ∼80 kJ/mol for γM23K compared to the wild
type (Fig. 5e). These results clearly demonstrate that the mutant
enzyme exhibits a dominant rate-limiting step during the catalytic
dwell time. The prolonged dwell time is a manifestation of the much
larger activation energy the enzyme faces at the beginning of each
rotation step.

To verify that the γM23K mutation caused the greatly increased
activation energy and the effect on the rotation behavior, the double
mutant, γM23K/βE381D, was assessed in rotation experiments [86].
As expected, γM23K/βE381D exhibited bulk steady-state ATPase
activity, single revolution times, and pause durations similar to those
of the wild type. Significantly, the double mutant had very similar
thermodynamic parameters compared with the wild type, in
particular the catalytic dwell time (Fig. 5f). These results demonstrate
that the specific interaction between the γ and β subunits (γMet23
and β380DELSEED386, respectively) plays a critical role in establishing
the transition state structure of the enzyme and that the transition
state occurs at the beginning of the rotation step.

5. Rotational catalysis of V-ATPase

As discussed above, the structure of the V-ATPase has the
same basic elements as that of the F-ATPase, including the catalytic
residues [4,6]. The structural similarities with F-ATPase suggest



1350 M. Nakanishi-Matsui et al. / Biochimica et Biophysica Acta 1797 (2010) 1343–1352
catalysis by V-ATPase occurs by a rotational mechanism, although it
has been studied less extensively. An actin filament attached to the
G subunit of the yeast V-ATPase rotated upon ATP hydrolysis [93]. It is
noteworthy that this experiment showed rotation of the peripheral
stalk against the c ring immobilized on a glass surface. A bacterial
homologue of the V-ATPase also exhibited rotation as subunit rotation
of the T. thermophilus V1 sector was observed relative to the A3B3
hexamer. In these experiments, a 560 nm bead was attached to the D
or F subunit, which were considered to be the functional homologues
of F1 γ or ε subunits [94]. Rotation of T. thermophilus VoV1 fixed
through the A3B3 complex was also observed using a bead attached to
the c4c'c" ring [95]. In both cases, the torque generated during rotation
was ∼35 pN nm, slightly lower than that measured for the F-ATPase.

To determine if V1 has a different rotation scheme from F1, the
substeps of the V1 were recorded with a duplex of 209 nm beads
attached to the V1 D subunit [96]. Upon hydrolysis of ATPγS, the beads
showed the expected 120° stepping rotation. After changing reaction
buffer to one containing a low concentration of ATP, the same bead
duplex showed 120° steps at the same orientation of the D subunit as
that of ATPγS. This result indicated that catalysis and ATP binding
occurred at the same D subunit orientation, whereas in F-ATPase,
catalysis and ATP binding occurred at different orientations. As de-
scribed above, catalysis occurs in the F1 enzyme at the 80° position
advanced from that of ATP binding. Based on these results, coupling
between the mechanical rotation and chemistry in V1 is likely to be
different from that of F1. The scheme comprising 40° and 80° substeps
may not be an intrinsic property for rotational catalysis by all proton
pumping ATPases. To elucidate the rotational mechanism of V-ATPase
in more detail, the crystal structure of V1 is needed as well as an
experimental system for observing the rotation of a probe that
imparts low viscous drag.

6. Perspectives

“Seeing is believing” is as true in bioenergetics as in any other field.
The single molecule approach and direct observation of rotation
provided a new method for answering questions regarding the
complicated F- and V-ATPase enzymes. The fast rotation of the E. coli
F1 was unexpected (∼430 rps at 24 °C) [82] because the Bacillus F1
rotated much more slowly (∼130 rps at 24 °C) [73]. The E. coli F1 has
an intrinsic mechanism for rotation at such a high speed. Studies
of rotation are pertinent to understanding the mechanism, thermo-
dynamics, and physiological roles. Initial probes used for observing
rotation were actin filaments (∼1 μm in length), but great progress
has been made in the past decade using more sophisticated probes.
Gold beads of 40–60 nm enabled us to analyze rotation without
the artifact of viscous drag. High-speed stepped rotation, stochastic
fluctuation of rotation rates, an inhibitory effect of the ε subunit, the
profile of the energy pathway, and pertinent interactions in the
β hinge domain or between β and γ have been demonstrated using
such beads [82,83,86,89].

The progress of understanding the F- and V-ATPases raises further
questions:

(1) The detailed mechanism of energy coupling between catalysis
and proton transport through mechanical rotation remains
unknown. As discussed above, the γ subunit rotates in F1
through 120° steps, which is consistent with the three catalytic
sites. In the FoF1, the integration of the catalytic 120° steps to
the proton transport via the 10 proton-transporting subunit c
Asp residues is not understood. The ratio of the number of
protons transported to ATP synthesized or hydrolyzed appears
not to be an integer quantity. Alternatively, the number of
protons transported in each catalytic 120° step may vary to
accommodate the non-integer H+/ATP ratio: for example,
three protons in two catalytic 120° steps and four in one 120°
step may be transported in a complex with 10 c subunits. A
similar mechanism may be expected for other organisms that
have 11, 13, or 14 c subunits in the c ring [50,55,97]. Whatever
the case, an elastic energy storage mechanism is most likely in
the coupling of proton transport and catalysis through rotation.

(2) The rotation mechanism during ATP synthesis should be
examined to confirm whether or not ATP synthesis is the
complete reverse of ATP hydrolysis. It is challenging to assay
rotation and chemistry driven by a proton gradient at the same
time.

(3) The question remains whether the F-ATPase rotates through
the same mechanism in physiological conditions. Although
rotational catalysis has been studied extensively using the
thermophilic Bacillus enzyme, the experiments were mostly
performed at room temperature, i.e., far from the physiological
condition of the bacterium. In this regard, further analysis using
the E. coli enzyme is critical because it can be studied in its
physiological temperature range. The next challenge is to
develop the techniques to observe rotation in situ.

(4) Many questions about the V-ATPase remain to be answered. As
mentioned above, some V-ATPase subunits have two to four
isoforms that have organellar or tissue-specific distribution
[6,7,9,10]. The different isoforms are involved in localization
and in different biological roles. In this regard, the two E sub-
unit isoforms, the acrosome-specific E1 and the ubiquitous E2,
have different effects on Vo and V1 assembly [98]. It is not
known if E1 confers differences in the rotation behavior com-
pared to E2. Observation of the rotation behavior may be the
most straightforward method for determining the effects
of different isoforms. It is likely that the different behaviors
will be reflected in the biological functions including determi-
nation of organellar pH. An experimental system for observing
V-ATPase rotation with a low viscous drag probe is essential for
answering these questions. Many interesting questions remain
to be addressed and single molecule experiments on proton
pumping ATPases will continue to fascinate us in the next
decade.
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