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We experimentally show that biological molecular motor F;-ATPase (F;) implements an optimal
rectification mechanism. The rectification mechanism hardly suppresses the synthesis of adenosine
triphosphate by F;, which is F;’s physiological role, while inhibiting the unfavorable hydrolysis of
adenosine triphosphate. This optimal rectification contrasts highly with that of a simple ratchet model,
where the inhibition of the backward current is inevitably accompanied by the suppression of the forward
current. Our detailed analysis of single-molecule trajectories demonstrates a novel but simple rectification
mechanism of F; with parallel landscapes and asymmetric transition rates.
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Introduction.—Energy transduction is essential for living
systems. In particular, adenosine triphosphate (ATP) plays a
central role in biological energy transduction as a source of
free energy for diverse processes. F F, is a cellular ATP
factory [1] composed of two coupled motors: F, and F; [2—4]
[Fig. 1(a)]. F,, driven by the flow of hydrogen ion (H™)
through it, rotates the y shaft of F; forcefully. Then, F,
synthesizes ATP from adenosine diphosphate (ADP) and
inorganic phosphate (P;) by converting the mechanical work
to chemical free energy [5,6] with high efficiency [7-9].
However, there might be certain freely diffusing F; mole-
cules that are not involved in the F F; complex. Since F; is a
reversible motor, these isolated F; molecules rotate in the
opposite direction and hydrolyze ATP to ADP and P;. Such
futile ATP hydrolysis may also take place in the F F;
complex when the driving force of F, becomes insufficient
for synthesizing ATP.

The suppression of futile ATP consumption may be
regarded as a rectification that blocks the unfavorable
current (ATP hydrolysis) while sustaining the favorable
current (ATP synthesis). The rectification of current in
small fluctuating systems such as biological molecular
motors is not straightforward since they work at an energy
scale comparable to that of thermal energy [23]. For
example, let us consider a Brownian particle in an asym-
metric ratchet potential [Fig. 1(b)], where the current
responds asymmetrically to the reversal of the external
field. However, this simple ratchet model inherits a trade-
off: the barrier needs to be high to block the backward
current activated by thermal fluctuation, while the high
barrier reduces the forward current as well. We emphasize
that the rectification discussed here is the asymmetry of the
response to the reversal of the stationary driving force
and is not that in the Brownian ratchet, which induces
unidirectional current by rectifying periodic or stochastic
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variation of the mechanical potential, driving force, or
temperature [24,25].

According to the literature, previous biochemical
experiments imply that the phenomenon called inhibition
serves as the rectification mechanism of F; for suppressing
the futile ATP consumption [26-28]. Besides, single-
molecule experiments have shown that the inhibition
causes long pauses of the rotation and can be activated
mechanically [29-31]. However, how the inhibition causes
such a rectification, which has not been observed at the
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FIG. 1. F,F;-ATP synthase and current rectification. (a) F F;-

ATP synthase converts the electrochemical potential of HT to the
chemical free energy of ATP via rotary machinery [4]. (b) The
forward current vs the rectification efficacy of F; and simple
ratchet model. The symbols correspond to the experimental
results of F; under different concentrations of ADP. [ATP] =
100 uM and [P;] = 1 mM. For [ADP] = 1 mM, we measured &
only in N, = 0 and assumed ?; = 1 as in the other cases. The
range of the current and rectification efficacy numerically
obtained for the simple ratchet model with a sawtooth potential
is shown by the shaded area under the curve. (See the Supple-
mental Material [10] and Fig. S1 for details.)
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single-molecule level, remains elusive. In this Letter, we
aim to demonstrate the rectification by inhibition and reveal
its mechanism. We have used single-molecule experiments
of the isolated F; under external torque as a model system
of F; working in the F F; complex.

Results.—We observed the rotation of a single F;
molecule under an external torque, which is induced by
the electrorotation method to the probe fixed on the y shaft
[7,32,33] [Fig. 2(a)]. (See the Supplemental Material [10]
for details of the experimental setup.) The rotation rate
changes depending on the value of the external torque N,.
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FIG. 2. Rotation of a single molecule of F; (a3f3y subcomplex)
under an external torque as a model system of F F;. (a) The
schematics of the experimental setup. The rotation is probed by a
300 nm dimeric probe particle attached to the y shaft. The
electrorotation method using a 10 MHz rotating electric field
induces external torque on the probe. (b) Single-molecule trajec-
tories in the absence or presence of external torque with indicated
values. The gray lines indicate the pauses corresponding to the
inhibited state. The direction of the ATP-hydrolytic rotation is set
as positive. (c¢) Torque dependence of vy, and v, for different
concentrations of ADP. [ATP] = 100 xM and [P;] = 1 mM. The
rotation rates were averaged within bins with widths of 8 and
16 pNnm/rad for the ATP-hydrolytic and synthetic rotations,
respectively. The data at N, = 0 were averaged separately. Data
points are lacking near the stalled state because it was difficult to
identify the inhibition pauses in this region where the rotation rate
almost vanishes. The fitting of the solid curves is a guide for
the eye. Error bars denote standard errors of the mean. (See
Figs. S2 and S3 [10] for the other condition: [ATP] = 100uM,
[ADP] = 100 uM, and [P;] = 100 uM.)

When we applied a strong torque, the rotational direction
was inverted to the ATP-synthetic direction [Fig. 2(b)].

We observed intermittent long pauses of the F; rotation,
as indicated by the gray lines in Fig. 2(b). The pauses
occurred stochastically at three angular positions separated
by 120°, which is a characteristic of the inhibition [30].
We found that the inhibitory pauses took place only in the
ATP-hydrolytic rotations and not in the ATP-synthetic
rotations. This selective inhibition of the ATP hydrolysis
is consistent with the previous bulk experiments [26-28],
supporting the idea that the inhibition serves as the
rectification mechanism.

To characterize the inhibition, the rotational trajectories
were divided into the rotating and inhibited states based on
the instantaneous rotation rates (see the Supplemental
Material [10] for details). Figure 2(c) and Fig. S2 in
[10] show the bare and the net rotation rates, vy,, and
Vpet» COtTEsponding to the rotation excluding and including
the inhibition, respectively. As already implied by the
trajectories in Fig. 2(b), the inhibition-mediated suppres-
sion of the net rotation rate was only seen in the ATP-
hydrolytic rotation. The increase in the ADP concentration
further suppressed v,,. On the other hand, vy,, was not
significantly affected.

We here introduce the mean normalized current ¥ and the
rectification efficacy # for evaluating the performance of
the rectification. ¥ is the ratio between the mean currents
with and without the rectification mechanism and is given
as D = Upet/Vpare fOr Fj. n is defined as n=1-—
|5(N)|/|o(—=N)| based on the response asymmetry where
N is the driving force. Since F; hydrolyzes three ATP
molecules per rotation, the driving force of F; is given as
the free energy change associated with an ATP hydrolysis
Au divided by 120° that is, Nyoor = Ax/120°. Then,
N = N + Npotor- The values of Ayu are calculated by a
method developed in [34] and are in the range of 63 to
82 pN nm in our experimental conditions. The relation
between the forward normalized current ¥y = |#(—N)| and
nat N = N0 Of Fy is compared to that of a simple ratchet
model in Fig. 1(b) (see the Supplemental Material [10] for
details and Fig. S1 for the other values of V). We observed
that F; achieved large # values without suppressing the
ATP-synthetic current (9; ~ 1), whereas the simple ratchet
model could not reach 7 > 0 and ¥y = 1 simultaneously.
Thus, F; implements a rectification mechanism that cir-
cumvents the rectification trade-off between 7; and 7
inherited by the simple ratchet.

Next, we examined the mean duration of the rotating and
inhibited states to evaluate the inhibition dynamics. The
mean duration of the inhibited state, z;,,, exhibited a peak at
Ny ~ 0 [Fig. 3(a)]. On the other hand, the mean duration of
the rotating state, 7,,, had no significant dependence on
N¢. Accordingly, the time fraction of the inhibited state
F = 7/ (Tinn + 7o) has a peak at N, ~0 [Fig. 3(b)].
Hence, we concluded that the suppression of the rotation is
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FIG. 3. Torque dependence of 7, (yellow square) and z;,, (blue
diamond) (a), and F (b). [ATP] = 100 uM, [ADP] = 100 uM,
and [P;] = 1 mM. The blue curve in (a) is the fitting curve to 7,
by Eqgs. (1) and (2). The obtained values of the fitting parameters
are 0 — L = 12° and S — 0* = 59°. The yellow line is the mean
of 7. The gray curve in (b) shows the fitting by a Gaussian
function. The widths of the bins for averaging are 6 pN nm/rad
for 7., and 7;,;,, and the same as Fig. 2(c) for F. The plots of 7,
and 7, are limited for N, > —20 pN nm/rad because no pause
is observed otherwise. Error bars are standard errors of the mean.
See Fig. S4 for the other conditions and Fig. S5 for the
distributions of the duration of each state [10].

mainly regulated by z;,,. An important feature is that the
external torque in both directions reduced the value of z;y,.
This observation implied the existence of two activation
paths from the inhibited state, given the previous obser-
vations that the F; elementary reactions typically depend on
the angle monotonically [35].

The activation dynamics observed in the rotational
trajectories indicated the involvement of two such activa-
tion paths (Fig. 4). We found that F; is stochastically
activated in two ways: activation with or without a transient
rewinding in the ATP-synthetic direction [Fig. 4(a)]. The
magnitude of rewinding reached up to ~120°. The prob-
ability of the rewinding activation, p, increased when an
external torque was applied in the ATP-synthetic direction
[Fig. 4(b)]. This result is consistent with the picture that
there are two elementary reactions whose rates monoton-
ically depend on the angle. The qualitative tendency was
the same for different concentrations of ADP and P;. Note
that p may be underestimated since it is not always possible
to identify the short rewinding rotations by discriminating
them from the thermal fluctuations.

Finally, we recovered the free energy landscapes corre-
sponding to the three inhibited states separated by 120°
[Fig. 5(a) and Fig. S6 in [10]] to model the rectification
mechanism. The ith landscape U;(6) was recovered from
the angular distributions in the corresponding inhibited
state for multiple values of the external torques (see the
Supplemental Material [10] for details). In addition, we
roughly estimated the free energy landscape of the rotating
state Ug(0) as a straight line with a slope of N o We
found that the left side of U;(0) has a slope close to N otor
and is nearly parallel to Ug(6). Since the reversal of the
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FIG. 4. Dynamics of activation from the inhibited state.
(a) Trajectories of activation with (left) or without (right) the
transient rewinding in the ATP-synthetic direction (red triangles)
under indicated values of external torque. [ATP] = 100 uM,
[ADP] = 100 uM, and [P;] = 1 mM for all trajectories. (b) Prob-
ability of activation with rewinding p at different values of torque
for various concentrations of ADP and P;. [ATP] = 100 xM. We
did not estimate p for N, < —20 pNnm/rad as inhibition was
rarely observed in that region. The widths of bins are
8 pNnm/rad. The solid curve is an exponential function as a
guide to the eye. See [10] for error bars.

driving force changes these slopes from N ,qor 10 =N hotors
the free energy landscape has a mirror symmetry between
the ATP-hydrolytic and ATP-synthetic rotations.

Model.—Based on the experimental results, we propose
a model for describing the rectification mechanism
[Fig. 5(b)]. The rectification is the asymmetric response
to the reversal of the driving force. The presence of the
symmetry of the free energy landscape indicates that the
rectification does not arise from the energetic asymmetry
but from the kinetic asymmetry between the activation
rates. We here validate this kinetic asymmetry.

The experimental results suggested two paths for the
activation from the inhibited state to the rotating state. Let L
and S be the locations of the transition from the inhibited
state to the rotating state [Fig. 5(b)]. In this model, ;. is
given as

Tinn = [appi(L) + aspi ()], (1)

where p;(0) is the probability density function of @ in the
ith inhibited state, and «; and ag are the constant
parameters. The result that 7, has a peak at N, ~0
[Fig. 3(a)] implies that the activation rates at L and S, that
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FIG. 5. Model depicting the rectification by F. (a) Free energy
landscapes of the inhibited states U;(0) recovered from the
trajectories of a single F; molecule. The dashed part is a guide
for the eye to indicate the correspondence with Fig. 5(b). Three
free energy landscapes correspond to three inhibited states
separated by 120°. The landscape minima are vertically shifted
by Ap = 73 pNnm from each other. The roughly estimated free
energy landscape of the rotating state Uy (6) is shown by the blue
line. [ATP] = 100 uM, [ADP] = 100 uM, and [P;] = 1 mM. See
[10] for the definition of the angle origin and the relative height
between Ug(6) and U; (). (b) Our proposed schematic model of
rectification by F;. In the ATP-hydrolytic rotation, the inhibited
state serves as a trap (“Inhibition”). The torque to the ATP-
synthetic direction enhances the activation with the rewinding to
L (“Rewinding”). In contrast, the inhibited state is quickly
activated in the ATP-synthetic rotation (‘“Fast activation™).

is, ap p;(L) and agp;(S), have similar values at N, ~ 0. On
the other hand, it is natural to expect p;(L) < p;(S) since
U;(L) > U,(S) follows from the locations of L and S,
which are 120° backward [36] and ~40° forward [30] from
0" = argmin,U,;(0), respectively. Thus, a large kinetic
asymmetry, o /ag> 1, is deduced. See [10] for the
validation of the above argument based on the reaction
scheme.

We next quantitatively evaluate the value «; /ag from the
dependence of 7;,;, on N, (Fig. 3). Assuming that the
angular distribution is sufficiently equilibrated in the inhib-
ited state, p;(6) = e PlVi0)-Nel /7 holds, where f is the
ambient inverse temperature, and Z = [ ¢ IVi0)-Nfldg is

the partition function. By evaluating Z using the saddle point
approximation, p;(#) is rewritten as

p0) xexp {5 [Ui0) - 0,0 - N0 -0) + 5] |

(2)

where the curvature x = U7 (0) is regarded as a constant.
Equation (1) with Eq. (2) fitted z;,, well within the
experimental errors [Fig. 3(a)]. The fitting parameters
gives a ratio a;ePVill) /[age Vi) = 19. Given that
U;(L) — U;(S) ~ Au, we obtain a rough estimation of the
kinetic asymmetry as a; /as ~ 108. The angular equilibra-
tion assumed here might not apply to L because of its fast
kinetics. However, a; /ag becomes larger in this diffusion-
limited situation. Thus, the above evaluation provides the
lower bound of the asymmetry.

The enormous kinetic asymmetry between L and S
brings about the rectification in the following manner. If
the free energy landscape is completely symmetric as
illustrated in Fig. 5(b), the local detailed balance condition
[37] imposes that the ratio of the transition rates between
the rotating and inhibited states at L is the same as that at S.
Thus, the result a; /ag > 1 indicates a significantly greater
transition rate from the rotating to the inhibited state at L
than that at S. Therefore, in the absence of external torque,
the ATP-hydrolytic rotation is easily trapped by the
inhibited state through L and is hardly activated since
the activation rate at S is small and the thermal diffusion to
L is rare. On the other hand, in the ATP-synthetic rotation, a
rapid activation takes place through L, which is close to the
free energy minimum of the inhibited state. Hence, we
conclude that the rectification arises from the Kkinetic
asymmetry. Note that this rectification mechanism itself
does not consume free energy.

Concluding remarks.—We showed that the core mecha-
nism of rectification by F; is derived from the kinetic
asymmetry between the two activation paths from the
inhibited state [Fig. 5(b)]. This mechanism circumvents
the trade-off inherited by the simple ratchet; a high barrier
for the brake of the backward current inevitably suppresses
the forward current as well. A minimal modification to
circumvent this trade-off is to add a landscape that serves as
a brake. The large efficacy without the suppression of the
forward current is achieved by changing the probability of
being in the additional landscape. Our striking finding is
that F; employs kinetic asymmetry instead of the asym-
metry of the free energy landscape to change the proba-
bility. Current control is ubiquitous across biological
systems, including voltage-gated ion channels. An in-
triguing question is whether the above mechanism is
common to biological systems or is a characteristic of F.

The development of a theoretical aspect may help
elucidate the design principle of the rectification mecha-
nism. Current is a fundamental quantity in nonequilibrium
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physics. General frameworks such as the fluctuation
theorem [37] and thermodynamic uncertainty relation
[38,39] have been developed to characterize current.
However, to the best of our knowledge, the general
framework of current rectification has not yet been inves-
tigated. The development of a theoretical framework would
provide a unified viewpoint for these processes.

The refinement of the model is also an essential task for
better quantitative evaluation. For example, Egs. (1) and (2)
with fixing the angular distance 8* — L = 120° cannot fit
T;nn 10 the range of N, < 0 (Fig. S7 in [10]), whereas
0* — L is expected to be equal to the maximum magnitude
of the transient rewinding, 120° [Fig. 4(a)]. In addition,
such a large transient rewinding may not be expected to be
driven by rotational Brownian motion on the recovered free
energy landscape [Fig. 5(a)]. These may imply that there
are multiple chemical states in the inhibited state. In such a
case, it would be necessary to analyze the chemical state-
specific landscapes as done in [40] and reexamine the
values of the angular distances, 6* —L and S —6*.
Therefore, we expect our results to be the first step toward
a detailed analysis of the inhibited state.
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