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a b s t r a c t

F1-ATPase (F1), an important rotary motor protein, converts the chemical energy of ATP hydrolysis into
mechanical energy using rotary motion with extremely high efficiency. The energy-conversion mecha-
nism for this molecular motor has been extensively clarified by previous studies, which indicate that the
interactions between the catalytic residues and the b- and g-phosphates of ATP are indispensable for
efficient catalysis and torque generation. However, the role of a-phosphate is largely unknown. In this
study, we observed the rotation of F1 fuelled with an ATP analogue, adenosine 50-[a-thio]-triphosphate
(ATPaS), in which the oxygen has been substituted with a sulfur ion to perturb the a-phosphate/F1 in-
teractions. In doing so, we have revealed that ATPaS does not appear to have any impact on the kinetic
properties of the motor or on torque generation compared to ATP. On the other hand, F1 was observed to
lapse into the ADP-inhibited intermediate states when in the presence of ATPaS more severely than in
the presence of ATP, suggesting that the a-phosphate group of ATP contributes to the avoidance of ADP-
inhibited intermediate formation.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

F1-ATPase (F1), the water-soluble portion of the FoF1-ATP syn-
thase complex, is an ATP-driven rotary molecular motor [1,2,3].
Bacterial F1 is composed of a3b3gdε subunits; however, only the
a3b3g subcomplex is required for motor function [4]. The a3b3
subunits of this minimal motor form the stator ring and the g
subunit acts as the rotary shaft [5,6,7]. Further, the three catalytic
sites, which mainly reside on the b subunits at the a-b interfaces
[5,6,7] (Fig. 1A), hydrolyze ATP in a highly cooperative manner to
drive the unidirectional rotation of the g subunit. Through this
mechanism, F1 converts chemical energy to mechanical work in an
extremely efficient manner. For example, in thermophilic Bacillus
hermophilic Bacillus PS3; EF1,
[a-thio]-triphosphate; ATPgS,
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PS3 (TF1) and Escherichia coli (EF1), the levels of rotary torque
generated by F1 have been estimated to be 40 pN nm [8,9] and
20e74 pN nm [10,11,12], respectively, which are comparable to the
energy released through simple ATP hydrolysis in these species.

Elucidation of the full reaction scheme of F1 has been accom-
plished primarily using single-molecule techniques focusing on the
mechanism of TF1 [8,13e17]. According to current literature, the
elementary step size of the rotation is 120�, and each step is
coupled with a single turnover of ATP hydrolysis [8]. This 120� step
can be further separated into 80� and 40� substeps [13], which are
triggered by ATP binding/ADP release and ATP cleavage/Pi release,
respectively [14,15,18]. Notably, the angular positions of F1 before
the 80� and 40� substeps are referred to as the binding and catalytic
angles, respectively.

Recently, we investigated the role of individual ATP moieties
(i.e., base, and triphosphates) during F1 rotary catalysis [19e21].
The role of the base moiety of ATP was determined using a base-
free nucleotide (ribose triphosphate, RTP). Notably, even though
the binding rate of RTP to the motor was retarded 2.2 � 105 fold,
lacking the base did not hinder the rotation of F1, which still
generated torque similar to that observed during normal ATP-
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Fig. 1. Position of ATPaS bound to the catalytic site of F1 and chemical structures of ATP and ATPaS. A, Crystal structure of mitochondrial F1 viewed from the side, bDP/aDP catalytic
interface (PDB code: 1BMF). The a, b, and g subunits are shown in pearlgreen, pearlblue, and pearlyellow, respectively. AMP-PNP bound to the catalytic site is shown as a pink space-
filling model and the oxygen bound to the a-phosphate is highlighted in pearlpink. B, Chemical structures of ATP and ATPaS. The oxygen ion bound to the a-phosphate is substituted
with a sulfate ion, shown in pearlpink. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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driven rotation [19]. Thus, these findings indicate that the base
moiety of ATP is likely required for efficient catalysis, but not for
torque generation. On the other hand, the role of the triphosphate
moiety appears to play a larger function during torque generation.
To study this, we used F1 mutated at the catalytically critical resi-
dues of the p-loop lysine and the arginine finger, which are known
to directly interact with the b- and g-phosphates of ATP [20e22].
When the arginine finger was substituted with lysine or the natural
amino acid 2,7-diaminoheptanoic acid (Lyk), which still retain the
electrostatic interactions with the b- and g-phosphates of ATP, we
observed a 500-fold decrease in catalytic activity. However, these
mutants appeared to generate almost the same amount of rotary
torque compared to the 50-[g-thio]-triphosphate (ATPgS), which
specifically perturbs the g-phosphate, but still retains the electro-
static interactions [14]. In contrast, when the residues are
substituted with alanine, which completely eliminates the elec-
trostatic interactions with the ATP molecule, the catalytic activity
was extremely slow and torque generation was diminished to only
half of the normal levels [21]. Thus, it appears that the b- and g-
phosphates of ATP are indispensable for efficient catalysis and
torque generation.

Notably, the role of the a-phosphate, the first phosphate of the
ATP triphosphate moiety, during F1 rotary catalysis is largely un-
known. In the present study, we have investigated the function of
this a-phosphate using commercially available adenosine 50-[a-
thio]-triphosphate (ATPaS) (Fig. 1B), which specifically perturbs the
a-phosphate-mediated interactions between ATP and the rotary
motor. The details of ligand binding/release related to the a-
phosphate were resolved using a single molecule rotational assay,
and the role of the a-phosphate during the complex rotary catalysis
of the F1 motor was identified. Taken together, these data indicate
that interaction with the a-phosphate is not crucial for efficient
catalysis, but likely contributes to avoid formation of ADP-inhibited
intermediates.
2. Materials and methods

2.1. Purity assessment of the ATPaS solution

Purity of the ATPaS solution (Jena Bioscience, Germany) was
assessed using HPLC with an anion-exchange column. Nucleotides
(1 mM ATP or 1 mM ATPaS) were applied to a POROS HQ 20 micron
10 mmD/100 mmL column (Lifetechnologies, USA) equilibrated
with eluent A (50 mM MOPS-KOH buffer (pH 7.0)) and eluted with
an appropriate eluent A and eluent B (50 mMMOPS-KOH, 500 mM
K2SO4 (pH 7.0)) program (A/B¼�isocratic at 100/0 for 2 min, linear
gradient to 0/100 in 6 min, then isocratic at 0/100 for 4 min). We
monitored the absorbance of each elution volume at 260 nm (A260)
(Fig. S1a). To assess the ATP contamination in the ATPaS buffer, we
analyzed the elution profiles of three independent samples with
known levels of contamination: 1 mM ATPaS without ATP (Buffer
A), 1 mMATPaS with 15 mMATP (Buffer B), 1 mMATPaS with 50 mM
ATP (Buffer C), and 1 mM ATPaS with 150 mM ATP (Buffer D)
(Fig. S1b). A calibration curve was established using these buffers
by calculating the area values for each ATP-peak (Fig. S1c), and this



Fig. 2. Rotational time courses and kinetic analyses. A, Examples of the wild-type F1
rotational time courses observed at 1 mM (brightpink), 10 mM (pearlpurple), and 1 mM
ATPaS (pearlpink) using colloidal gold. B, Rate of wild-type F1 rotation at various ATPaS
(red) and ATP (blue) concentrations determined using colloidal gold. Error bars were
calculated using at least five different molecules. The data was fitted with the
MichaeliseMenten equation, v ¼ Vmax � [ATPaS or ATP]/(Km þ [ATPaS or ATP]), while
the binding rate constant (kon) of ATPaS or ATP was determined from 3 � Vmax/Km [13].
C, Histograms of the dwelling times between steps at an ATPaS concentration of 1 mM.
Images were recorded at 3000 fps. The solid line represents a fitted curve using two
exponents, whereby y ¼ C � (exp(�khyd � t) e exp(�kPioff � t)), taking into consider-
ation the two rate-limiting reactions involved: ATPaS hydrolysis and phosphate
release. These kinetic values (kon, khyd, and kPioff ) are summarized in Table 1. (For
interpretation of the references to color in this figure caption, the reader is referred to
the web version of this article.)

Table 1
Kinetic parameters, torque, and stiffness.

Nucleotide kon (M�1 s�1) khyd (s�1) kPioff (s
�1) N (pN nm) k (pN nm)

ATP 2.2 � 107 6.7 � 102 2.0 � 103 43 ± 3 73.9
ATPaS 3.3 � 106 7.8 � 102 8.5 � 102 44 ± 4 63.1
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curve was then used to determine the ATP contamination present
in the ATPaS solution.

2.2. Rotation assay

TF1 was isolated as previously reported [23], and a flow chamber
was prepared for the rotation assay (<20 mL) according to the
methods established by Yasuda et al. [13]. F1 was immobilized onto
a Nickel-Nitrilotriacetic Acid (Ni-NTA)-modified glass surface via
polyhistidine-tags (His-tags). Analysis of the rotational Michae-
liseMenten enzyme kinetics was conducted using 60 nm colloidal
gold as a non-frictional rotation marker [13,24]. The rotations were
observed using a high-speed camera (FASTCAM-1024PCI, Photron,
Japan). Further, magnetic beads (0.2e0.4 mm, Seradyn, USA) were
used tomeasure the level of torque, rotary potential, and inhibition.
We used a phase-contrast microscope (IX-70; Olympus, Japan) with
a 100� objective. Images were recorded at 3000 frames per second
(fps) for the MichaeliseMenten, torque, and rotary potential mea-
surements and 30 fps for the inhibition analysis. All experiments
were conducted at pH 7.

3. Results

3.1. Rotary motion of F1 in the presence of ATPaS

Commercial ATPaS was used for the rotation assay without
further purification. ATP contamination in the ATPaS sample was
below the detection limit (i.e., present at <0.1%) of our analysis (see
Fig. S1). Using colloidal gold (f ¼ 60 nm), the rotation of wild-type
F1 was observed at various ATPaS concentrations, ranging from
1 mM to 1 mM (Fig. 2A). Notably, the viscous friction exerted by the
colloidal gold on the g subunit has been shown to be very low,
allowing full-speed rotation of F1 [13,24], implying that any change
in rotation is due to the presence of ATPaS rather than ATP. The
rotational values obtained for ATPaS appeared to obey a simple
MichaeliseMenten curve (Fig. 2B), similar to a previous report [13],
with a maximum rotation rate (Vmax) of 100 s�1 and a Michaelis
constant (Km) of 91 mM. The binding rate constant (kon) of ATPaS,
defined as kon ¼ 3 � Vmax/Km [13], was found to be
3.3 � 106 M�1 s�1. Notably, this binding rate is 6.7 times lower than
that of ATP (2.2� 107M�1 s�1, Table 1). While the konATPaS/konATP is only
15%, these data suggest that substitution with ATPaS still allows F1
rotation. Notably, the contribution of possible ATP contamination
(<0.1%) to this binding is negligible.

Furthermore, the measured Vmax for each concentration of
ATPaS was also evaluated in terms of the individual reaction steps
comprising ATP hydrolysis (e.g., hydrolysis and product release)
[13]. In the presence of 1 mM ATPaS, F1 was observed to rotate with
discrete 120� steps. The distribution of the dwell-time before each
120� step exhibited a typical convex curve indicative of a sequential
reaction, whereby y ¼ C$(exp(-k1$t)-exp(-k2$t)) with k1 and k2
values of 7.8 � 102 s�1 and 8.5 � 102 s�1, respectively (Fig. 2C).
Following our previous observation that the slower step corre-
sponds to hydrolysis while the faster step represents Pi release [25],
these values (7.8 � 102 s�1 and 8.5 � 102 s�1) represent the rate
constants for ATPaS hydrolysis (khyd) and Pi release (kPioff ), respec-
tively. Notably, these values are almost equal to those observed for
ATP (summarized in Table 1), indicating that the kinetic effects of
substituting a sulfate ion for the oxygen bound to the a-phosphate
of ATP was minor, unlike ATPgS [14].

3.2. Measurement of torque and rotary potential

To compare the torque produced during ATPaS- and ATP- driven
rotation of F1, wemeasured the angular velocities of these rotations
by conducing buffer-exchange experiments, whereby ATPaS buffer
was exchanged for ATP buffer. To this end, magnetic beads
(f ¼ 0.2e0.4 mm) were used as the rotation probe, and the angular
velocity ratio of the ATPaS- to ATP- driven rotation (uATPaS/uATP)
was determined. Fig. 3A represents the typical time courses of 1 mM
ATPaS and 200 nM ATP, in which each slope value for the green
lines corresponds to the angular velocity (uATPaS or uATP, respec-
tively). Data was collected for nine molecules of each nucleotide.
Further, uATPaS/uATP was 0.95 ± 0.21 (mean ± S.D.) (Fig. 3B), indi-
cating that the rotational torque driven by ATPaS (44 ± 4 pN nm)
was comparable to that driven by ATP (43 ± 3 pN nm) (Table 1).

Next, in order to investigate the effects of ATPaS on the stability
of the F1 complex, we determined the torsional stiffness. Notably,
the apparent torsional stiffness is dependent on at least two elastic
components: the elasticity of the g subunit and the rotary potential
between the ab stator ring and the g subunit [23]. The former is
typically the dominant factor in determining torsion stiffness of the
wild-type F1 in the presence of ATP. However, when the rotary



Fig. 3. Torque and rotary potential. A, Time courses of the stepping rotation observed
for wild-type F1 in the presence of 1 mMATPaS (left) and 200 nM ATP (right). Buffer was
exchanged from 1 mM ATPaS to 200 nM ATP. The thin lines show eight successive steps
along with their averages (thick orange lines). The thick green lines show the linear
fittings of the average steps between 40� and 80� . B, Histograms of the angular velocity
ratios (uATPaS/uATP). The mean value of the ratios is 0.95, indicating that the calculated
rotary torque for ATPaS and ATP are 44 ± 4 pN nm and 43 ± 3 pN nm, respectively. C,
Rotary potential observed during the catalytic pause. The probability densities of
angular position during the pause were analyzed for nine molecules for both ATPaS
(red) and ATP (blue) and transformed into the rotary potential according to the
Boltzmann's law. These rotary potentials were then used to calculate stiffness (k) using
the harmonic function, DG ¼ (1/2)kq2. The stiffness was determined to be 63 pN nm
and 74 pN nm for ATPaS and ATP, respectively. The torque and rotary potential values
are summarized in Table 1. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

Fig. 4. Analysis of ADP-inhibited intermediate formation (long pauses). A, Represen-
tative rotational time course containing a long pause (pearlpink). B, Distribution of
pause times before resuming the rotations (pearlpink) and the rotation times prior to
lapsing into the long pause (pearlblue). Each solid line shows the fitted single-
exponential decay function with a time constant of 171 s and 22 s, respectively. (For
interpretation of the references to color in this figure caption, the reader is referred to
the web version of this article.)
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potential is largely weakened, the torsional stiffness has also been
shown to be significantly lowered and appears to correlate well
with the rotary torque [19e21]. Thus, the apparent stiffness can be
used as a barometer for how stably the ab stator ring holds the g
subunit. In this study, the probability distribution of g-subunit
orientation during the binding-waiting pauses was measured at
3000 fps, and the rotary potentials were determined from this
probability distribution according to the Boltzmann law (Fig. 3C).
The torsion stiffness (k) was then estimated by fitting the calculated
rotary potentials to the harmonic function, DG¼ 1/2� k� q2. In the
presence of ATPaS, the torsional stiffness of F1 was 63 pN nmduring
the binding-waiting pauses. These values are comparable to the
torsional stiffness determined in the presence of ATP (74 pN nm,
Fig. 3C, Table 1), which is similar to that previously reported
(79 pN nm) [21]. Thus, while the stiffness and the calculated torque
appeared to be correlated, similar to a previous report [21], the
effect of sulfate substitution on these levels was minor.

3.3. Formation of ADP-inhibited intermediates

F1 has previously been shown to form severely inhibited ADP-
bound intermediate states during hydrolysis [26e29]. To deter-
mine the role of the a-phosphate in this inhibited state, we
compared the duration of time spent in the rotating (trotating) or
inhibited states (tpausing) in the presence of ATPaS or ATP (Fig. 4A,
Table 2). Fig. 4B shows the histograms of the time spent in each
phase in terms of ATPaS. Notably, compared to ATP, ATPaS appeared
to elongate the duration of time spent in the inhibited state by 5
fold, while the time spent in the rotating state was unchanged.
Therefore, we conclude that disruption of the interactions between
the a-phosphate of ATP and F1 results in an increased likelihood of
ADP-inhibited intermediate formation.
4. Discussion

Our experiments have shown that substituting ATPaS for ATP
does not have a prominent impact on the kinetic parameters of F1.
Further, the differences in the rate constants for nucleotide binding
(kon), hydrolysis (khyd), and Pi release (kPioff ) between ATPaS and ATP
was minor compared with other ATP analogues, such as ATPgS and
base-substituted analogues [14,19]. In addition, it appears that the
substitution of a sulfate ion for the oxygen bound to the a-phos-
phate of ATP was irrelevant for rotary-torque generation and did
not affect the stability of the complex, even though these two
values have been shown to be positively correlated with each other
in previous studies [21]. Therefore, we conclude that the a-phos-
phate group of ATP does not directly participate in the catalytic
processes utilized during F1 motor function and torque generation.

It should be noted that the activation rate from the ADP-
inhibited intermediate state (kact ¼ 1/tpausing) using ATPaS is
approximately five times slower than that observed using ATP,
while the inactivation rate (kinact ¼ 1/trotating) for ATPaS was almost
the same as that for ATP. Notably, previous studies have revealed
that the activation rate from the ADP-inhibited state is suppressed
by the addition of ADP [27] while the inactivation rate is suppressed
by addition of Pi [27], suggesting that ADP release and improper Pi
release likely triggers the activation and inactivation from ADP-
inhibited state, respectively [30]. One possible interpretation of



Table 2
Duration of the rotation state (tpause) and the inhibited state (trotation).

Nucleotide tpause (s) trotation (s)

ATP 32 22
ATPaS 171 22
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the asymmetric effects of ATPaS we observed on ADP inhibition is
that ATPaS may specifically perturb the a-phosphate, disrupting
ADP release, but has no effect on g-phosphate, which is known to
be involved in Pi release following hydrolysis. Thus, specific
changes in the interactions between a-phosphate and F1 likely
result in the isolated effect on the activation rate from the ADP-
inhibited intermediate state. To verify this, future work should
focus on simultaneously visualizing F1 rotary motion and
fluorescent-labeled ATPaS/ADPaS bound to the catalytic site of the
ATPase.

Furthermore, this study demonstrates the potential use of the
ATP analogues, ATPaS, which has allowed us to investigate the role
of the triphosphate moiety of ATP in greater detail. To date, a large
portion of the research concerning F1, as well as other molecular
motors, has focused on the changes observed following protein
mutation; however, this study highlights the prospective utilization
of nucleotide or ligand modifications using high resolution tech-
niques. The use of this ATP analogue has helped to further differ-
entiate between the functional roles of the three phosphate groups
during F1 rotary catalysis in addition to advancing our knowledge
concerning the general mechanism of ATP-driven molecular
motors.
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