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F,-ATPase is a motor enzyme in which a central shaft y subunit
rotates 120° per ATP in the cylinder made of azf3 subunits. During
rotation, the chemical energy of ATP hydrolysis (AGa7p) is converted
almost entirely into mechanical work by an elusive mechanism. We
measured the force for rotation (torque) under various AGarp con-
ditions as a function of rotation angles of the y subunit with quasi-
static, single-molecule manipulation and estimated mechanical work
(torque x traveled angle) from the area of the function. The torque
functions show three sawtooth-like repeats of a steep jump and
linear descent in one catalytic turnover, indicating a simple physical
model in which the motor is driven by three springs aligned along a
120° rotation angle. Although the second spring is unaffected by
AGatp, activation of the first spring (timing of the torque jump)
delays at low [ATP] (or high [ADP]) and activation of the third spring
delays at high [P;]. These shifts decrease the size and area of the
sawtooth (magnitude of the work). Thus, F;-ATPase responds to the
change of AGa7p by shifting the torque jump timing and uses AGap
for the mechanical work with near-perfect efficiency.
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he F,F;-ATP synthase (F,F;) is a ubiquitous enzyme located

in bacterial plasma membranes, mitochondrial inner mem-
branes, and chloroplast thylakoid membranes. It plays a critical
role in energy metabolism by synthesizing ATP from ADP and
inorganic phosphate (P;). This enzyme consists of and is separable
into two major portions: membrane-embedded F, and water-sol-
uble F;. In the simplest version of bacterial F,F; such as F F;s
from thermophilic Bacillus PS3 and Escherichia coli, subunit
compositions of F; and F, are, respectively, azp3yde and ab,cqo.
Both portions are rotary motors that share a common rotor shaft
yec1o. Downward proton flow through F, along the gradient of the
electrochemical potential of the proton across the membrane
drives the rotation of the ¢y rotor ring in F,, that drags rotation of
the ye rotor shaft of F; in the surrounding osp; cylinder. This
rotation causes cyclic conformational changes in each of the three
catalytic § subunits that result in ATP synthesis (1-3).

The isolated Fj, often called F;-ATPase, catalyzes the ATP
hydrolysis reaction that drives the rotation of ye to the direction
opposite to that in the ATP synthesis. The minimum subunit
composition as an ATPase rotary motor is azfsy, and we refer to
this complex hereinafter as Fy. The y rotates 120° per net hydrolysis
of one ATP. Extensive studies, mainly on F; from thermophilic
Bacillus PS3, have established the nearly complete catalytic scheme
of the ATP-driven rotation: Starting from the ATP-waiting state
where the orientation angle of the vy is set as 0°, ATP binding to
the first f induces the 80°-step rotation of the y, ADP-release from
the second B occurs at some point during this step rotation, and the
previously bound ATP in the third p is hydrolyzed at 80°. Then P;
release from either the second or third (not settled) p induces the
40°-step rotation (4-6) to accomplish a single 120° rotation. A re-
cent report indicates that rotation of E. coli F is also governed by a
scheme similar to that of Bacillus F; (7).
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The torque of this motor has been estimated with various
methods (8-13). Among them, an early study that used counter
torque reported the torque was ~50 pN nm/rad (10), indicating
that efficiency in chemomechanical energy conversion by F; from
chemical energy of ATP hydrolysis (AG a1p) to mechanical work of
rotation reaches almost 100%. A recent study, also using counter
torque, revealed that this remarkable efficiency holds in a broad
range of AG atp (12). However, the underlying mechanism for this
highly efficient energy conversion remains unknown because of an
elusive relationship between the catalytic scheme and the ener-
getics. The key question is how the torque varies depending on the
y angle and on AGatp. F; is a “stepping motor” driven by discrete
chemical events and one might naturally expect that the torque
varies depending on the rotary angle by reflecting the catalytic
events in the reaction process. Actually, it has been noticed that the
torque is not merely constant during rotation. The torque profile
along the y angle in ATP-driven rotation of E. coli F,F; showed
fluctuation with weak threefold and sixfold symmetries during 360°
rotation (10). Also, regular variation of the torque during rotation
has been proposed based on the observation that the rotation
speed of E. coli Fy is accelerated at three angular regions during
120° rotation (14).

Here we report the torque profiles of Baccilus Fy along the y
angle measured under a quasi-static condition with a conservative
force using a single-molecule manipulation system with magnetic
tweezers. The obtained torque profiles show a repeat of the steep
jump and linear descent approximated by a simple model in which
three springs are aligned along a rotary angle of 120°. When
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AG aTp changes, the timing of the transition from one spring
to the next makes a shift and the area of torque function
(mechanical work) changes. The model explains how F; always
achieves near-perfect chemomechanical energy conversion under
various AG atp conditions.

Results

Torque Measured by Single-Molecule Manipulation. F; torque was
measured using a single-molecule manipulation system composed
of magnetic tweezers and magnetic beads (Fig. 14). Magnetic
beads under a certain magnetic field behave similarly to springs in
their rotational motion on a plane parallel to the magnetic field.
The torque on a magnetic bead generated by a magnetic trap (7))
can be estimated as shown below (15):

™ = gsin 2(9]3 — 9TC)~ [1]

In this equation, 0, O1c, and k, respectively, denote rotation angle
of the bead, the trap center angle of the magnetic field, and the
trap stiffness (for estimates of ¢ and k see Methods). To measure
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Fig. 1. Oscillation of F; torque probed using magnetic tweezers. (A) Experi-
mental design (not to scale). Rotation of magnetic beads attached to F; is
manipulated with magnetic tweezers. (B) (Upper) Angular displacement of
trapped beads in the presence of F; torque. 6rc indicates an angular position at
which magnetic beads are trapped under a certain magnetic field in the ab-
sence of F; torque (z¢4). In the presence of z¢, the bead angle shifts to 9z so
that 7¢; and magnetic torque (r)) are balanced. (Lower) Positional relationship
between vy, bead, and magnetic trap center at time t during manipulation. S5
represents external elastic component that cause the shift of g from 0, (for
the definition and estimation see Methods, Torque Profile As a Function of 9,).
Sgwm is the putative spring by magnetic trap. Its magnitude of torque is defined
with Eq. 1. (C) Example trace of F; torque as a function of d1¢. Raw data points
during controlled rotation (0.04 Hz, ATP hydrolysis direction) are shown in red.
Black shows a result of 200-point median filtering. The substrate concentra-
tions are 10 pM (ATP), 10 uM (ADP), and 100 uM (P (condition i in Fig. 2C).
(D) Magnified plot. Torque jumps are indicated by arrowheads.
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the F; torque [or (g — O1c)] at all rotation angles, a magnetic
bead attached to F; was forcibly rotated at 0.04 Hz in ATP hy-
drolysis (counterclockwise, defined as a positive angle in this pa-
per) or ATP synthesis (clockwise) direction for six revolutions in
the presence of various concentrations of ATP, ADP, and P; with
small k (Fig. S1 A and B). The relative angular positions of Orc,
0, and y during magnetic manipulation are schematically illus-
trated in Fig. 1B. During the manipulation in the ATP hydrolysis
direction, for example, y rotates ahead of the controlled magnetic
trap (61c). The manipulation was sufficiently slow to be assumed
as a quasi-static process. Therefore, as far as one fr¢ defines one
0, the F; torque (rg;) is balanced with 7; and the magnitudes of
the two torques are the same. Fig. 1C presents the observed (6 —
61c) values shown against O when F; was forced to rotate to the
ATP hydrolysis direction in 10 uM ATP, 10 pM ADP, and 100 pM
P;. At around 1,800-1,900°, the magnetic bead resisted forced
rotation; (6 — O1c) dropped sharply. This occurred because of
ADP inhibition, an inhibitory state common to F;s of many spe-
cies (16-19). As the forced rotation continued further, F; escaped
from the inhibited state by the mechanical reactivation as reported
(20). The region of ADP inhibition is omitted from analyses here-
after. Two features in Fig. 1C are noticeable. First, the magnitude
of torque calculated from (6 — O1c) is ~50 pN nm, on average,
throughout six revolutions, consistent with the reported F; torque
obtained using a conservative force, the same as in this study (10,
12). Second, torque oscillates three times during 120° rotation and
each oscillation seems to be composed of a jump, followed by a
gradual descent (Fig. 1D, black arrowheads). Closer examination
reveals that just after the jump, torque often dropped sharply down
to the level before the jump and it jumped again (Fig. 1D, blue
arrowheads). This rapid jump-and-drop behavior suggests that the
jump is a transition from one state with a low torque to another
state with a high torque, without an intermediate state of significant
lifetime, and that these two states are in equilibrium at angles near
the transition point. Thus, the F; motor is activated three times
during hydrolysis of one ATP. As expected from a quasi-static
manipulation, similar oscillation was observed when F; was forced
to rotate to the ATP synthesis direction (Fig. S1 C and D).

Efficiency of Chemomechanical Energy Conversion. To analyze the
jump-and-descent pattern, data were replotted against g because
the torque measured at the angle of Or¢ represents the torque
produced by F; at the angle of 8. Then, whole torque plots except
the region of ADP inhibition were superimposed into a 360° unit
and filtered by density of data points (for analysis details, see SI
Text and Fig. S2; excluding ADP inhibition, see Fig. S3). Because
the timing of jumps statistically fluctuated, simple averaging of
superimposed data of the jump areas would produce a torque
profile with continuous increase of torque and make the jump
ambiguous. Density filtering, on the contrary, differentiates the
regions of clusters of data points, where the torque changed
gradually (Fig. 24, colored regions), and the regions of relatively
scarce data points between clusters, where the torque changed
steeply. Each cluster was running-averaged (Fig. 24, bold black
lines) and the adjacent average lines were connected at the angular
position where the point density of the preceding cluster became
equal to that of the next cluster (Fig. 24, broken black lines). The
shape of the connecting line was not obtained from experiments
and we simply assumed a straight line. The resultant sawtooth-like
torque profile well reproduces the regular jump-and-descent
pattern of the torque (Fig. S4). The mechanical work (torque X
traveled angle) is defined by the area of the torque-angle plot
and the area from 0° to 360° (shaded area) in Fig. 2B represents
the mechanical work done by F; against the magnetic trap
during 360° revolution. We measured torque profiles under seven
conditions (denoted as i to vii hereafter), in which concentrations of
ATP, ADP, and P; differed 100 times (Fig. 2C, Upper), and esti-
mated the amounts of mechanical work of F; during 360° revolution.
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Fig. 2. Three states of F; and the efficiency of chemomechanical energy
conversion. (A) Clustering into three states. Raw data points of angular
deviation during six revolutions are superimposed using a 360° unit (gray
points). Data points are selected by their density with a threshold value and
are clustered into states of three kinds, for a total of nine states (red, green,
and blue clusters; S/ Text). Bold black lines show running averages of re-
spective clusters. (B) Torque profile and mechanical work. The lines in A are
reported in torque versus 0g. Shaded areas give mechanical work done by F;.
(C) Efficiency of chemomechanical energy conversion. (Upper) A list of sub-
strate conditions and calculated free energy change of ATP hydrolysis (AGatp)
(21). (Lower) Comparison of observed mechanical works per 120° rotation
obtained from B with AGarp (gray squares). Error bars represent SDs. Average
mechanical work in ATP hydrolysis and ATP synthesis are shown respectively in
blue filled circles and red open circles. The dotted line represents 100% che-
momechanical energy conversion.

One-third of the estimated work, which corresponds to the work
during hydrolysis of a single ATP molecule, is shown against the
calculated free energy change accompanied with hydrolysis of a
single ATP molecule (21) (AG atp). Results show that ii, vi, and vii
gave almost equal work, as expected from their same magnitude of
AG a1p; such was also the case for iii, iv, and v (Fig. S5). The
average work for i, vi, and vii and that for iii, iv, and v, as well as
the work for i, is close to the values of AGatp under the corre-
sponding substrate concentrations (Fig. 2C, Lower). The works
during ATP synthesis were also estimated from the forced rotation
of the same F; molecules to the ATP synthesis direction. As seen,
in the same substrate concentrations, the work during ATP syn-
thesis was very similar to the work during ATP hydrolysis. These
results are expected from the quasi-static manipulation during ro-
tations, either to the ATP hydrolysis or to the synthesis direction,
and confirm the high efficiency close to 100% in chemomechanical
energy conversion by F; not only for ATP hydrolysis but also for
ATP synthesis in a broad range of AGatp. This result also implies
that the ATP synthesis reaction is coupled tightly to the mechanical
rotation forced by magnetic tweezers at low speed, which is con-
sistent with previously reported results (22).

Torque Profiles in Different AG,rp Conditions. To understand how
F, achieves near-perfect chemomechanical energy conversion
under various AGa1p conditions, the torque profiles in conditions
ii-vii were compared with the profile in condition i. All torque
profiles of rotation to the ATP hydrolysis direction in condition
i (and ii-vii) obtained from three independent experiments using
different F; molecules were sectioned into 120° rotation, super-
imposed, and averaged to obtain the most probable profiles of the
torque (Fig. S6, for detailed procedures see SI Text, Torque Profiles
of Each Condition). Fig. 3 A-C show responses of the torque
profiles to 100-fold or 1/100-fold increase/decrease of [ATP],
[ADP], or [P;] from condition i. We note that each torque profile
shown here is an average of both profiles of ATP hydrolysis and
ATP synthesis reactions, because these two profiles of both
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reactions are almost identical in each condition (Fig. S74). Fig. 3
A-C directly capture the mechanism whereby this motor adapts its
work according to an environmental change of AGarp. First, the
location and slope of the descending portions after the transitions
in torque profiles were changed little or not changed at all. In-
deed, when the torque profiles of all 14 conditions (7 substrate
conditions x 2 directions of reaction) are superimposed, the
descending portions overlap well and make three bundles of lines
irrespective of direction of rotation and transition timings (Fig.
S7B). Thus, properties of each of the three states, depicted as I, IT
and III, are unaffected by AGa1p. Second, timings of transitions
shift when AGarp changed. When [ATP] was changed, only the
transition III-I among three transitions made a significant shift to
early (100-fold ATP) or late (1/100-fold ATP) timing (Fig. 34).
This shift causes the change of the mechanical work (AW) defined
by the change of the area as illustrated (Fig. 3D). Even though
resolution of the measurements limits the fine quantitative anal-
ysis, the AW produced by the timing shift of transition III-I can
explain most (~75%, 1/100-fold ATP) or a significant part (~40%,
100-fold ATP) of the changed amount of AGatp (AAG aTp = ~%19
pN nm). Also, when [ADP] was changed (Fig. 3B), the transition
III-T occurred early (1/100-fold ADP) or late (100-fold ADP),
although a small timing shift was also observed in the transition II-IIL
The AW at transition III-I is ~45% (1/100-fold ADP) or 35%
(100-fold ADP) of the AAGatp. In the case of P; (Fig. 3C), a 100-
fold increase in [P;] results in the delay of transition II-III that
accompanies AW corresponding to ~45% of AAG otp. No major
shift was observed when [P;] was diluted to 1/100-fold, probably
because the concentration of P; (1 pM) in this experiment was too
low for quantitative analysis, that is, two to three orders lower than
the Michaelis-Menten constant of P; (0.55 mM) (23), and other
anion could compete for the same site with P;. Contrary to other
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Fig. 3. Torque profiles in the presence of different concentrations of (A) ATP,
(B) ADP, and (C) P;. Black lines are the torque profile of condition i (ATP =
10 uM, ADP = 10 uM, and P; = 100 pM). Blue and red lines represent the torque
profiles in 100-fold and 1/100-fold concentration of the indicated substrate,
respectively. The areas sandwiched between torque profile of condition i and
those of conditions ii-vii during the transition are obtained as illustrated in D.
The areas are converted to the variations of the mechanical work (AW) gen-
erated from the shift of the transition timing and shown below each panel.
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transitions, the transition timings between state I and state II are
affected only slightly by the concentration changes of the substrates.
It has been shown that the angular position of ATP binding, ADP
release, and P; release are around (°, 0° (or somewhere between
0° and 80°), and 80°, respectively (4, 6, 24). Taking into account this
rotation scheme, it seems that the transition between state III and
state I is caused by binding/release of ATP/ADP and the transition
between state II to state III is governed by P; release/binding.

Torque Profile of F; Without ATP Hydrolysis. To understand the
torque profile of F; without ATP hydrolysis, the buffer in the ob-
servation chamber containing ATP, ADP, and P; in which F,;
showed a typical jump-and-descent pattern (Fig. 44) was exchanged
to the buffers lacking ATP, and the torque profile was obtained for
the same F; molecule from the forced rotation of the bead to the
ATP hydrolysis direction (Fig. 4B). In ADP and P;, the torque is
negative at the y angle 0°, but it jumps to ~30 pN nm at about 40°,
which is followed by a gradual decrease to ~—40 pN nm in a 120°
rotation. It is noteworthy that the jump occurs at the same position
(about 40°) as the transition jumps from state I to state II in the
presence of ATP. Without ATP hydrolysis, the net amount of the
work done by F; during 120° rotation is expected to be zero; indeed,
the work calculated from the torque profiles is —2.7 pN nm, which is
virtually zero. The energy supplied from the magnetic trap in the
negative torque region is stored as the energy of elastic strain in the
protein conformation and it is released during positive torque re-
gions. A similar torque profile was observed in the buffer containing
ADP (Fig. 4C). In the buffer containing only P; and in the buffer
containing no ATP, ADP, and P;, a jump at about 40° was also
observed, although its magnitude was small (Fig. 4 D and E).
Consequently, without net catalysis, F; has an intrinsic rotary
potential such that it exerts a torque jump at around 40°. It is
tempting to infer that the transition from state I to state II observed
in the presence of ATP is attributable to this intrinsic property of F;
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Fig. 4. Intrinsic torque jump of F;. Data points of angular displacement (05 —
O1c) obtained from controlled rotation to the ATP hydrolysis direction (0.04 Hz,
six revolutions) are shown in 120° unit (gray points), and filtered by its density
(yellow points) these are almost same procedures as steps 1-3 in Fig. S2. The
extracted dense points are median-filtered with 500 points without clus-
tering process (black line): (A) ATP, ADP, and P; = 10, 10, and 100 uM
(condition i); (B) 0, 10, and 100 uM; (C) 0, 10, and 0 uM; (D) 0, 0, and 100 pM;
and (E) no substrate. The change of substrate was achieved by exchange of
the solution in the observation chamber. These data were obtained from
one of three F; molecules used in the torque quantification of this research.
(F) Intrinsic torque jump and transition between states | and II. Torque traces in
A-E were overlaid.
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Torque
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Fig. 5. Tandem spring model of F; rotation. (A) Rotation with three state
transitions. Torque traces as a function of angular position of y subunit (6,)
obtained from all conditions tested in this study are superimposed (S/ Text).
(B) Approximation of a certain state of F; as a spring. (C) Tandem spring model
of F; rotation. States |, Il, and Ill are approximated as springs. F; generates
torque continuously by the transitions of these three springs. Transition be-
tween states | and Il is triggered by intrinsic property of F;. When [ATP] in-
creases, the transition position from state Ill to | shifts to the left, which results
in the increase of mechanical work of F, (red area). T and D represent ATP and
ADP, respectively.

(Fig. 4F), although a possibility remains that this property changes
during catalysis.

Discussion

This study yielded torque profiles of F; during rotation from
displacement angles of the attached magnetic bead from the
angles of external magnetic field. The observed bead angle might
deviate from the true angle of the y subunit because of external
elastic components such as histidine tags, linkers between y and
streptavidin, and so on (Fig. 1B). We estimated the stiffness of
external elastic components in each F; molecule (see Methods,
Torque Profile As a Function of 6,) and deduced the torque profile
as a function of the y angle (Fig. 54 and Fig. S8). However, the
correction did not alter three jump-and-descent features of the
profiles. Interestingly, in the corrected plot, there is no overlap
along 60, between three states. This means that the y angle is the
only determinant of the states, at least under the conditions we
tested in this study. This would be advantageous for avoiding
uncoupled rotation because the y angle corresponds one-to-one
with the F; state.

The presence of three jump-and-descent patterns of torque in
a 120° rotation indicates that the F; motor is activated three
times by a net hydrolysis of one ATP. In other words, F; un-
dergoes transitions between three different states during catal-
ysis. Setting the y angular position where F; binds ATP as 0°, the
transitions occur at around 0°, 40°, and 80°. According to the
established catalytic scheme of bacterial F;, binding of ATP to F,
induces the stepping rotation of the y from 0° to 80° and release of
P; from F; does so from 80° to 120° (4-6). Similar stepwise rota-
tion of the y subunit was simulated for bovine F; (25, 26).
Therefore, state III defined in this study corresponds to F; in the
state waiting for ATP binding (pre-ATP-binding state) and state II
corresponds to F; in the state waiting for P; release (pre-P;-release
state). ATP binding to the former and P; release from the latter
induce the transition III-I and the transition II-III, respectively.

The transition between state I and state II at around 40° is af-
fected little by concentrations of substrates and therefore does not
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accompany binding/release of substrates. Because a similar
transition was observed even in the absence of all substrates,
the transition I-II can be some conformational rearrangement
induced automatically at around 40°. Then, it seems that, when
the y in F; in state I reaches the point beyond 40° during a step
rotation from 0° to 80°, a conformational rearrangement takes
place in F; generating state II that is capable of exerting a high
torque. Energetically, a fraction of energy gained by ATP
binding at 0° is stored in F; as conformational strain and is
used for driving a conformational rearrangement at 40°. In-
terestingly, molecular dynamics simulation of F; predicts that a
80°-step rotation after ATP binding is driven by a relaying pattern
of torques, that is, the torque generated primarily on the N-ter-
minal helix region of the vy is reduced as the y rotates and is taken
over at around 40° by the torque generated primarily on C-terminal
helix region of the y (27). We have observed pauses of rotation at
0° at low [ATP] and at 80° at high [P;] but not at 40° under any
conditions tested. The 40° pause would become apparent when
the transition I-II is delayed. However, the transition I-II takes
place automatically when the y reaches 40° and there is no means,
so far, to make the transition slow. Recently, it was found that
human F; makes three pauses in a 120° rotation (28). However, a
start of step rotation from each pause is induced by a distinct
chemical event in catalysis and may not directly correspond to the
transition I-II that is intrinsic.

In each of the three states, torque decreases almost linearly with
the angle (Fig. 54), enabling approximation of each state as a
simple spring (Fig. 5B), even though many interactions of y with
the a3p; cylinder might be involved in torque generation. In Fig.
5C we present a simple model of F, rotation by treating these
springs as the minimum constituents for torque generation. In this
model, F; generates torque continuously by transitions between
these three springs with similar spring constants (~80 pN nm/rad?).
This value is far from the center value but within a possible range
of the previously reported value (223 + 141 pN nm/rad?) (29). The
first spring (transition III-I) is energized by ATP binding, the
second (transition I-II) by the intrinsic rotary property of F,
and the third (transition II-III) by P; release. This model pro-
vides a simple physical view of how the chemical cycle is coupled
with torque generation.

The chemomechanical energy conversion efficiency of F; is
close to 100% under various AG atp conditions (12). The torque
profile found here explains how F; achieves this remarkable task.
Fig. 5C illustrates how F; responds to the increase of [ATP] and
adjusts its mechanical work accordingly. The equilibrium con-
stants for nucleotide bindings/dissociations are functions of the y
angle (30-33). Therefore, as [ATP] is increased, the angular
position of binding/dissociation of ATP shifts to the left (Fig. 5C,
red arrow) at the point where the spring is shorter. The shorter
the spring becomes, the greater the force to extend becomes
because of the nature of a spring (Fig. 5B). This shift invariably
increases the area of the sawtooth, that is, the mechanical work.
This study shows that the following two properties of the torque
profile of the F; motor ensure ~100% energy conversion under
various AGarp conditions: (i) shift of the angular positions of
binding/dissociation of substrates according to their concentra-
tions and (ii ) changing its force (torque) according to the angular
position of substrate binding/dissociation, which is readily ac-
complished by a simple spring.

Besides the main conclusion described above, this study gives
implications for two issues. This study unveils the torque function
of F; in the absence of ATP for the first time, to our knowledge
(Fig. 4 B-E). Without ATP, regardless of the presence or absence
of ADP and P;, the torque is zero at y angles of around 30° and
around 80°. However, the y cannot stay at 30° because it moves
away in either direction when the torque fluctuates thermally. In
contrast, the y can stay at 80° because the fluctuating y is always
pulled back to the 80° position. Then, note that 80° is the only
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stable position in 120° for the y to stay in the resting F; molecule
that is not carrying out catalysis. This explains why the majority of
crystal structures reflect a state of the enzyme with the angular
position of the y ~80° which is around the position where
hydrolysis of ATP occurs in one of the catalytic sites (34-36). This
study also reveals that torque of F; jumps at every ~40°, but not at
80°—40° intervals as thought previously. It is supposed that when
F,F rotates by proton flow through the ¢, rotor ring in F,, torque
should be produced 10 times in one revolution, that is, at every
36°. Then, the elastic components in the rotor shaft and peripheral
stalk could buffer this small angle difference more easily than
thought before, and ensure smooth, tight coupling between F;
and F, (10, 37-39). Comparable stiffness of the rotation-driving
springs of F; (~80 pN nm/rad?) to the reported stiffness of the
rotor shaft (~68 pN nm/rad®) (38) might further contribute to the
smooth, tight coupling.

Methods

Microscopy. Rotation of magnetic beads was imaged on an inverted micro-
scope (IX70; Olympus Corp.) with a stable mechanical stage. The bright-field
image of magnetic beads, illuminated by a mercury lamp (HBO 103W/2;
Osram GmbH), was captured alternately with two CCD cameras. First, for the
selection of molecules to be observed, stepping rotation of F; at 100 nM ATP
was captured with a CCD camera (CCD-300-RC; Dage-MTI) at the video rate
of 30 frames per second. The centroid motion of beads was analyzed using
software (Celery; library) on a computer in real time, enabling us to check
the degree of centrosymmetry, stability of the orbit, and the three ATP
waiting positions of beads before, during, and after the several forcible
rotations applied by magnetic tweezers. Next, for torque measurements, the
bead image was captured with another CCD camera (ICL-B0620M-KC;
Imperx) at the video rate of 1,000 frames per second and recorded on an-
other computer using acquisition software (XCAP; Epix).

Magnetic tweezers consisted of two opposing pairs of electromagnets.
They were positioned ~10 mm above the microscope stage (15) (Fig. 1A). The
magnetic field direction and strength were controlled by changing the
electric voltage applied to the pairs of electromagnets, which was done with
software (Celery; library). Magnetic beads were rotated in both directions at
0.04 Hz with the 45-57 Gauss magnetic field at the sample position.

To ascertain the moment of the start and the finish of the magnetic
manipulations, a shutter (Uniblitz VS14; Vincent Associates) was placed be-
tween the mercury lamp and condenser lens, which closed only at the mo-
ment of the start and the finish of each magnetic manipulation. The shutter
operations were confirmed by the intensity changes of the bright-field im-
age. The typical duration of the closed state of each shutter operation was
~10 ms.

Estimation of Trap Stiffness and the Trap Center Angle. Thermal fluctuation of
beads in the absence of magnetic field was recorded for ~30 s (~30,000
frames) for the F; molecule in an MgADP inhibited state (Fig. S9A4, black).
Next, we applied a magnetic field with the same magnitude for the torque
measurement experiments at a certain angle at which the bead angle did
not make a shift from the inhibited position, and fluctuation of the beads
was recorded again for ~30 s (Fig. S9A, red). The histogram of the angular
distribution of beads in the presence of the magnetic trap was divided by
that in the absence of the magnetic trap for each bin (Fig. S9B). Average
square roots of variances of the distributions are 12.0° (in the absence of
magnetic field) and 6.6° (in the presence of magnetic field). The obtained
histogram was normalized by area. The resultant histogram was assumed
to reflect only the potential formed by the magnetic trap. It was fitted
with a Gaussian probability density function based on the linear approx-
imation of magnetic torque (Eq. 1), tm ~k(0 — 61c), which holds at small
(6 - 6r):

P(O) = (220%) *-exp (— %) : 2]

Here, 0 stands for the bead angle in radians, 0rc denotes the trap center angle,
and o2 represents the variance. The trap stiffness (k) is given as k = kgTo™2
~4.1672 (pN nm/rad?), where kg is Boltzmann's constant and T is the absolute
temperature. These measurements were performed in 0.1 pM ATP + 10 pM
ADP + 100 pM P; (condition ii) or in 10 uM ATP + 1,000 uM ADP + 10 pM P;
(condition vi) to allow F; to lapse easily into MgADP inhibition, which
can occur at three angular positions in 360°. The same measurement was
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performed at all three positions for each molecule. Values of the trap stiffness
of three F; molecules used for experiments were 175.6 + 9.3 pN nm/rad?, 241.0 +
13.9 pN nm/rad?, and 245.6 + 24.5 pN nm/rad® (mean + SD).

The external magnetic field was rotated at 0.04 Hz to the direction of
either ATP hydrolysis or ATP synthesis and 6r¢ at time t was given as 0c(t) =
01c(0) + 27-0.04-t (ATP hydrolysis direction) or as 6rc(t) = 61c(0) — 27-0.04-t
(ATP synthesis direction).

Torque Profile As a Function of 6,. Bead angle is the only observable object in
this system. However, the bead angle deviated from the actual angle of y
relative to asps at the stator orifice owing to the external elastic components
such as histidine tags, asps ring, globular portion of y, linkers between y and
streptavidin, and streptavidin itself (Fig. 1B). External stiffness (k) defined
by these components, that is, spring constant of S, was assumed as below
for each molecule. Okuno et al. (29) have reported that the spring constant
of y motion at the stator orifice in the ATP waiting state (internal stiffness,
kin) was 223 pN nm/rad®. Observable angular fluctuation of bead in ATP
waiting state is determined by total stiffness (kiota=1/(k;;) +k3,)) com-
posed of internal and external stiffness. To determine kiota, We observed
bead motion in the ATP waiting state under 100 nM ATP for each molecule.
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According to the variance (6 of Gaussian probability density functions (Eq. 2)
fitted to the obtained angular distributions of bead, we determined kiqta for
each molecule as 56.4, 111.8, and 165.2 pN nm/rad? (kiotal = kgTo™? ~4.1672).

Finally, based on these values, we could assume Key(Kex=1/(Kkphs — ki) for

each molecule as 75.4, 224.0, and 637.8 pN nm/rad?. Then, we estimate av-
erage lines of torque as a function of ¢, from that of 65 by a correction
equation for each molecules: 0, = 05 + 7(0g)/kex. The torque profiles as the
function of ¢, were derived from the obtained average lines as a function of 6,
with same procedures described in S/ Text, Torque Profiles of Each Condition.
In Fig. S8 we overlay the corrected torque profiles of all seven conditions
(black lines).
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