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Nonequilibrium Energetics of a Single F,-ATPase Molecule
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Molecular motors drive mechanical motions utilizing the free energy liberated from chemical reactions
such as ATP hydrolysis. Although it is essential to know the efficiency of this free energy transduction, it
has been a challenge due to the system’s microscopic scale. Here, we evaluate the single-molecule
energetics of a rotary molecular motor, F;-ATPase, by applying a recently derived nonequilibrium
equality together with an electrorotation method. We show that the sum of the heat flow through the
probe’s rotational degree of freedom and the work against an external load is almost equal to the free
energy change per a single ATP hydrolysis under various conditions. This implies that F;-ATPase works
at an efficiency of nearly 100% in a thermally fluctuating environment.
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F|-ATPase, a water soluble part of FyF;-ATP syntheses,
is a rotary molecular motor [1-4]. The central y shaft
rotates unidirectionally on average within a cylinder con-
sisting of three a and three 8 subunits while hydrolyzing
ATP to ADP and phosphate [Fig. 1(a)]. A single ATP
hydrolysis triggers a 120° rotation [4,5]. By fixing an F,
motor to a glass surface and attaching a probe filament or
particle to the y shaft, we can observe its ATP-driven
rotations using conventional optical microscopes at a
single molecule level [3,4,6]. In cells, combined with the
membrane embedded proton driven motor F, they couple
ATP synthesis or hydrolysis and proton flow. Thus,
F;-ATPase plays a central role in biological energy trans-
duction. Therefore, it is crucial to reveal its energetics,
especially the efficiency, to understand the principle of
its operation [7]. Although F;-ATPase is known to be
highly efficient [4], well-controlled precise evaluation
has not been achieved. In this study, we evaluated the
energetics of the F;-ATPase by measuring thermodynamic
quantities of its probe particle using a new nonequilibrium
equality [8—10] together with an electrorotation method
developed for torque manipulation of microscopic objects
[11-13].

In single molecule experiments, what we can access is
only the probe attached to molecular motors since motor
proteins are quite small with a dimension of around 10 nm.
Accordingly, a methodology to extract energetic informa-
tion of motors from the probe motion is required. Although
the probe is much larger than the motor protein, it is still
sufficiently small that thermal fluctuations have a dominant
effect on its behavior. The probe exchanges energy with an
environment through thermal fluctuations as heat [14,15].

Consider a microscopic object moving in a viscous fluid
with a frictional coefficient I' and a velocity v(z). It feels a
force of —I'v(z) + &(r) from the fluid, where £(z) is the
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thermal fluctuating force. Then, the heat flow per unit time
from the system to the heat bath is naturally defined as J =
(Tv(r) — &(t)]v(r)), where (- - ) is the ensemble average
[16,17]. However, since £(¢) is usually not accessible in
experiments, measurement of J in small fluctuating sys-
tems has been difficult. Recently, a nonequilibrium equal-
ity that enables us to calculate J from experimentally
accessible quantities was derived by Harada and Sasa for
Langevin systems in nonequilibrium steady states [8—10]
and experimentally verified [18,19]:

s=ra+r [ aen) - 2aRpL )

where v, is the mean velocity. C(f) is the fluctuation of the
velocity around v, calculated as the Fourier transform of
the self time correlation function C(7) = {v(t + 7) —
v, [v(t) — v,]). R(f) is the Fourier transform of the veloc-
ity linear-response function; (v(1))y = v, + [* dsR(r —
$)N(s) + O(N?), where (v(t))y is the ensemble average of
v(f) under a sufficiently small probe torque N(z). R(f)
indicates the sensitivity of the velocity to a perturbation
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FIG. 1 (color online). (a) Schematic of F;-ATPase molecule.
The central y shaft rotates unidirectionally when ATP is hydro-
lyzed to ADP and phosphate. § and & subunits are omitted for
simplicity. (b) Typical trajectory at low ATP concentration
(0.4 uM ATP, 0.4 uM ADP, 1 mM P;). An ATP binding reaction
triggers a 120° step.
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at f. R'(f) is the real part of R(f). T is the temperature. The
Boltzmann constant was set to one for the briefness.
Around an equilibrium state, fluctuation response relation
(FRR) C(f) = 2TR/(f) is known to hold [20], meaning
that a system with large fluctuations is highly sensitive to
an external perturbation and vice versa. On the other hand,
FRR is generally violated in nonequilibrium systems [21—
24]. Therefore, the magnitude of the integral in (1) indi-
cates how far the system is from equilibrium and vanishes
around the equilibrium state. Thus, the first and second
terms of the equality correspond to the dissipation origi-
nating in the steady motion and that originating in the
nonequilibrium fluctuations, respectively. It should be
noted that heat can dissipate through multiple degrees of
freedom, including rotations, swings, radial fluctuations,
etc., in a rotational system such as F,-ATPase. The equal-
ity enables us to track the energy flow in terms of the
amount of heat dissipation through the degree of freedom
that we are interested in by measuring the fluctuation and
response of that degree of freedom. In the following, we
focus on the rotational degree of freedom of the probe,
where v(f) is the rotational velocity and I' the rotational
frictional coefficient.

The experimental setup including the torque calibration
was essentially the same as that in [13] (see [25] for the
details). F; molecules derived from a thermophilic Bacillus
PS3 with mutations (Hiss — aC193S/W463F, His;, — 3,
vS107C/1210C) [5] were fixed on a cover slip function-
alized by Ni>"-NTA [Fig. 2(a)]. Rotations of a dimeric
probe particle with a diameter of 0.287 wm attached to the
v shaft were observed at 24 = 1 °C in a buffer containing
5 mM MOPS-K, indicated amount of ATP, ADP, P;, and
1 mM excess of MgCl, over ATP and ADP (pH 6.9) on a
phase-contrast microscope (Olympus) equipped with a
high-speed camera at 1800 Hz. Torque necessary for a
constant external load and the response measurement was
induced using an electrorotation method [11-13] as illus-
trated in Fig. 2. The magnitude of torque is proportional to
the square of the amplitude of the applied voltage and the
volume of the dielectric objects. For the torque calibration,
we measured the torque-voltage relation of multiple freely-
rotating particles in each chamber (see [25] for details).
The obtained calibration curve was applied to the
F;-ATPase’s probe particle by assuming that the torque
on such freely-rotating particle and that on the
F,-ATPase’s probe particle are similar in the same cham-
ber. To measure the linear frequency response function, a
sinusoidal torque with a sufficiently-small magnitude [25]
was applied by modulating the amplitude of the induced
10 MHz AC voltage periodically at various frequencies.

At a low ATP concentration, the probe attached to the y
shaft of F;-ATPase rotated unidirectionally with discrete
120° steps (Fig. 1). Intervals between steps correspond to
the waiting time for ATP binding. On the other hand, some
particles showed bidirectional rotational Brownian motion.
They were supposed to be attached to collapsed F; mole-
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FIG. 2 (color online). (a) Experimental setup. A dimeric poly-
styrene particle is attached to the vy shaft of F;-ATPase fixed on
the top glass surface. Four electrodes are coated on the bottom
glass surface. Distance between electrodes is 50 pum.
(b) Electrorotation method. A rotating electric field at a fre-
quency of 10 MHz was generated at the center of four electrodes
by applying sinusoidal voltages with a phase shift of /2.
Dielectric objects in this rotating electric field have a dielectric
moment rotating at 10 MHz. The phase delay between the
electric field and the dielectric moment resulted in the torque
on the objects. Temperature rise due to the electric field was at
most 0.3 °C, which was smaller than the temperature variance of
the environment. Not to scale.

cules or the glass surface through some nonspecific bind-
ings. As a control, we measured C(f) and R'(f) of such
fluctuating particles in a buffer lacking ATP, ADP, and P;.
Figure 3(a) shows that the FRR holds to a good extent, or
C(f) and 2TR'(f) coincide well, except in the high fre-
quency region, where system noise, aliasing effects due to
the finite sampling rate, and the finite exposure time distort
the data. On the other hand, for continuously rotating
particles driven by F; molecules in a buffer containing
ATP, ADP, and P;, the FRR was violated in the low fre-
quency region [Fig. 3(b)]. C(f) is supposed to be the
superposition of two spectra; the high frequency region
reflects Brownian motion in ATP waiting dwells, and the
low frequency region reflects stepwise rotations. Then, we
examined the dependence of C(f) and R'(f) on ATP, ADP,
and P; concentrations. As ATP and ADP concentrations
were simultaneously increased, average rotational velocity
and both C(f) and R'(f) increased [Fig. 3(b)-3(d)]. At low
ATP concentrations, since F;-ATPase spends most of its
time trapped in the ATP waiting state, the fluctuation and
response are suppressed. On the other hand at high ATP
concentrations, it behaves like a Brownian particle running
down a potential gradient, causing the increase in C(f) and
R'(f). When we held the ATP concentration constant and
decreased the ADP and P; concentrations, the average
velocity was nearly the same. In this case, although R'(f)
remained almost constant [Figs. 3(c) and 3(e)], C(f) in-

198103-2



PRL 104, 198103 (2010)

PHYSICAL REVIEW LETTERS

week ending
14 MAY 2010

Brownian Particle 0.4 UM ATP
100 a losmmr —+F Db
1mMP,
SN MRANBIET-O40m0-00. /\/\j\ 1,%,‘ -
10 g’
o
~ N o o0 ©°°
el L W E e e
o
F ( ) ° T 05s © 1s N
—_~ adk oL -] - sl -]
L o1 1 10 100 1000 0.1 1 10 100 1000
o
o
£ 100 C d
—_ /\\.
(= I\ o \/V\fo“M
a 10 o of o
K
! 2 M ATP 2 [ 100 uM ATP 10.7 H 2
= 2 M ADP 7-00y‘/| € | 100 uM ADP y | e
S TFimmp, == ° ftmme, -5 2
. A . i i i A -
0.1 1 10 100 1000 0.1 1 10 100 1000
100 \/ e under load f
. oo NV\NWMWW
10 o o o 0 %6 o o O
2 UM ATP 2 fa2umatP .08 Hz )
0.5 uM ADP 6.51 Hz |§ 2 M ADP e Di_/’l*oc’-
TFosgmp,  — 1 <7 F5 2 Fimmp GRSt
0.1 1 10 100 1000 0.1 1 10 100 1000

Frequency (Hz)

FIG. 3 (color online). Typical examples of fluctuations C(f)
(lines) and responses 2TR'(f) (circles) of the rotational veloc-
ities. The shaded area corresponds to the half of the integral in
(1). The rotational trajectory is shown in the inset. rots: rotations.
(a) Rotational Brownian particle in the absence of ATP, ADP,
and P;. (b)—(f) Particles driven by F,-ATPase at indicated
concentrations of substrates. (f) Under an external load of
17.7 pN nm/rad.

creased significantly. This is probably due to the change of
fluctuations triggered by the binding and release of ADP
and P;, while an apparent difference in the rotational
behavior was not evident. At last, we imposed a constant
external load in the opposing direction of the ATP-driven
rotations. A torque of 17.7 pN nm/rad decreased the mean
rotational velocity of a probe from 5.08 Hz to 2.58 Hz
[Fig. 3(f)]. Under such an opposing torque, the extent of
FRR violation, or the discrepancy between C(f) and
2TR'(f), was less than that in the absence of the constant
opposing torque [Figs. 3(c) and 3(f)].

Next, we focus on the energetics. ATP hydrolysis and
mechanical motion are known to be tightly coupled in the
hydrolytic reactions of F;-ATPase; an ATP hydrolysis
triggers a step of 120° rotation [4,5]. Therefore, the num-
ber of steps, or the number of ATP consumptions, per unit
time is 3v,. To clarify the energy balance, we compared the
heat and work per a step with the free energy consumption
of an ATP hydrolysis. The heat per a step is equivalent to
0,0t = J/3v,, where J is the heat per unit time calculated
using (1). Note that the integral in (1) corresponds to twice
of the area between C(f) and 2TR'(f) shaded in Fig. 3. We
limited the integration in the range up to 300 Hz to avoid
the systematic noise in the high frequency region. I' was
obtained by taking the average of C(f) around 300 Hz by

assuming the FRR in high frequency regions as C(f) =
2T/T. The work performed against the external load N
during a stepis W = N X 120°. On the other hand, the free
energy consumption of an ATP hydrolysisis Ay =~ Au° +
T In([ATP]/[ADP][P;]), where the standard free energy
difference Au° was calculated on the basis of the litera-
ture [25-29]. In Fig. 4, we plot Q,., W and A i, where Q,;
is shown separately: the contribution from the steady mo-
tion Q, = I'v?/3v, and that from nonequilibrium fluctua-
tions Q, =T [df[C(f) — 2TR'(f)]/3v,. We found an
energy balance relation W + Q,; = A u under all the con-
ditions we examined. When we increased ATP and ADP
concentration together while A u was held to be constant
[Fig. 4(i-iii)], v, and accordingly Q; increased, and Q,,
decreased. This is because the 7y shaft rotates rapidly
and smoothly at high ATP concentrations with short
waiting time for the ATP binding. Under an external
load, F; performs work against the load. Although Q,
and Q, decreased simultaneously under an external load
[Fig. 4(iv)], the sum W + Q,.; was almost equal to A u. At
a constant ATP concentration and different A w [Fig. 4(ii,
v)], v, and accordingly Q, were almost the same, but Q,,
increased together with A w. In addition, the Stokes effi-
ciency defined as the ratio Q,/(Au — W) was always less
than unity, as expected [25,30] (Fig. 4). High Stokes effi-
ciency implies that the driving force of a motor is nearly
constant.
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FIG. 4 (color online). Amount of heat dissipation per a step
QO.ot» the work on an external load per a step W, and the free
energy difference of an ATP hydrolysis Au. Q. = Qs + Q, is
separately plotted: the contribution from the steady motion Q;
and that from nonequilibrium fluctuations Q,. The horizontal
thick lines indicate A u calculated on the basis of Au° reported
in the literature [25-29]. Since Aw° are different in the litera-
ture, the error of the estimation of Au is indicated as the
thickness of the line: 72.4-78.4 pNnm (i-iv) and
109-115 pNnm (v). In (i-iv), the ratio [ATP]/[ADP][P;] and
accordingly Au are held to be constant except for a minor
difference due to changes in the ionic strength, concentration
of free Mg?", etc. Error bars indicate the standard deviations.
Number of samples are (i) 15, (ii) 8, (iii) 7, (iV) 5, and (V) 7,
respectively.
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The relation W + Q. =~ Au seems to imply that
F,-ATPase focuses all of the free energy consumption on
the rotational degree of freedom despite that there are
multiple degrees of freedom. However, we need to be
careful since Q. is nothing but a heat dissipation; the
heat is not necessarily limited by the free energy change
Ap and can actually exceed Au [30]. Nevertheless, our
results suggest that F;-ATPase works at an efficiency of
nearly 100% as follows (see also [25]). Since we attached a
large probe particle to the y shaft with a relatively soft
elastic linker, the time scale of the y shaft’s motion is much
faster than that of the particle. As the y shaft rotates, the
probe does not rotate immediately due to the friction.
Therefore, work performed by the y shaft on the linker is
stored as an elastic energy of the linker, which then dis-
sipates through the delayed motion of the probe as Q, or
is used to oppose the external load if subjected to the
external load. Since the work on the linker is against a
conservative elastic force and cannot exceed Au, W +
O 1s limited by Au. Thus, W + Q. ~ Au suggests
that the F; motor works at an efficiency of nearly 100%.
Note that W + Q. is an extractable work by coupling an
appropriate system to the probe. On the other hand, if the
time scale of the probe is faster than that of the y shaft by
attaching sufficiently small probes with a stiff linker, it is
expected that the probe follows the motion of the y shaft
without delay. If this is the case, in addition to A u, there
may be inextractable heat absorption or dissipation through
the rigid complex of the probe and shaft. In our system,
with a large probe, it is possible that there is such an
additional heat flow through the rotation of the 7y shaft.
However, this heat does not conduct to the probe and is
directly exchanged between the shaft and surrounding
medium. Thus, by insulating the probe from the y shaft,
we measured only the extractable work of F;-ATPase and
found that it works at an efficiency of nearly 100%.

In summary, we measured the violation of the fluctua-
tion response relation of F;-ATPase at a single molecule
level. From the extent of this violation, we calculated the
thermodynamic quantities of the probe using a nonequilib-
rium equality and found that F;-ATPase works at an effi-
ciency of nearly 100% under a large variety of conditions.
The free energy conversion at 100% efficiency does not
contradict the thermodynamic laws, yet it is surprising that
such highly efficient machinery exists and is actually work-
ing in cells. It is also worth noting that F,-ATPase adapts to
a large variety of conditions to retain this efficiency. Since
the rotation of the vy shaft is the sole handle to transmit
energy between F; motor and F, motor in cells, this high
efficiency might have been developed for the efficient
coupling of ATP hydrolysis or synthesis and proton trans-
port during a long evolutionary process. Including this
possibility, detailed mechanism and meaning of such
highly efficient energy transduction remain subjects for
future study.
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