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A method is proposed for analyzing fast (10 pus) single-molecule
rotation trajectories in F; adenosinetriphosphatase (F;-ATPase).
This method is based on the distribution of jumps in the rota-
tion angle that occur in the transitions during the steps between
subsequent catalytic dwells. The method is complementary to
the “stalling” technique devised by H. Noji et al. [Biophys. Rev.
9, 103-118, 2017], and can reveal multiple states not directly
detectable as steps. A bimodal distribution of jumps is observed
at certain angles, due to the system being in either of 2 states
at the same rotation angle. In this method, a multistate the-
ory is used that takes into account a viscoelastic fluctuation of
the imaging probe. Using an established sequence of 3 specific
states, a theoretical profile of angular jumps is predicted, with-
out adjustable parameters, that agrees with experiment for most
of the angular range. Agreement can be achieved at all angles
by assuming a fourth state with an ~10 ps lifetime and a dwell
angle about 40° after the adenosine 5’-triphosphate (ATP) bind-
ing dwell. The latter result suggests that the ATP binding in one
3 subunit and the adenosine 5’-diphosphate (ADP) release from
another (3 subunit occur via a transient whose lifetime is ~10
us and is about 6 orders of magnitude smaller than the lifetime
for ADP release from a singly occupied Fi-ATPase. An internal
consistency test is given by comparing 2 independent ways of
obtaining the relaxation time of the probe. They agree and
are ~15 us.

F-ATPase | single-molecule imaging | concerted dynamics | 4-state
model | ADP release

denosine 5'-triphosphate (ATP) synthase is known to con-

vert the energy in the proton gradient across the mito-
chondrial membrane into chemical energy needed to synthe-
size¢ ATP (1). Proton transport in the membrane-bound Fo
adenosinetriphosphatase (Fo-ATPase ) ring produces a rotation
of an asymmetric + shaft in the F;-ATPase part. The rota-
tion, in turn, causes conformational changes in the asymmetric
catalytic subunits, ultimately leading to ATP synthesis (2). The
Fi-ATPase studied in single-molecule experiments functions as
a rotary motor. It produces a rotation of the v shaft relative to its
barrel-like a3 33 stator structure, and is powered by the hydroly-
sis of ATP (3). The chemistry and rotation in F;-ATPase are the
reverse of that in ATP synthase, and the study of rotation in the
former can reveal the rotary mechanism in the latter (4).

The rotation in the thermophylic bacillus Fi-ATPase shown
in Fig. 14 is produced in steps of 120° (5) that can be resolved
into substeps of 80° and 40° at low ATP concentration (6). Dur-
ing its rotation cycle, the F1-ATPase motor proceeds through a
series of transitions from one biochemical state to another. These
transitions lead to a time evolution of a mechanical rotation
coordinate monitored in single-molecule imaging experiments by
attaching a probe to the v shaft. As illustrated in Fig. 1B, the
rotation angle “hovers” around specific dwell angles, and then it
transitions from one dwell to the next one.

Beyond resolving the dwell angles between steps, high-speed
microsecond time resolution imaging techniques using nanoscale
probes, (9, 10) also capture data points during the transitions
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(Fig. 14). In this article, we treat these data, and address several
topics:

1) In the single-molecule stalling (11) and controlled rota-
tion experiments (12), angle-dependent rate constants have
been extracted for various substeps. It is assumed, in the
analysis of stalling data, that, at a given rotation angle 0,
obtained by magnetic tweezers, the system can jump between
2 states. We explore here whether a method can be devised
to detect these multiple states at the same angle in fast
(10 ps) free rotation trajectories, that is, without magnetic
tweezers.

2) The smallest probes currently used in single-molecule exper-
iments [40-nm gold bead (13)] still produce viscous friction
during rotation. The rotor complex is elastically compliant
and can twist under torque loads (14). Taking into account
the viscoelastic response time 7 involved in a convolution of
the underlying biochemical states, we explore a methodology
for extracting “hidden” states in the transitions.

3) The larger of the 2 rotation substeps, the 80° substep, is
associated with the binding of ATP to an empty 5 sub-
unit and the release of a product adenosine 5’-diphosphate
(ADP) from the counterclockwise 3, viewed from where the
Fo-ATPase would be in a complete ATP synthase (7). These
2 events appear to be concerted at a millisecond time resolu-
tion, and we investigate whether an intermediate state might
be revealed in the fast microsecond timescale experiments,
involving a possibly concerted ATP binding-ADP release
mechanism.

Significance

In single-molecule imaging of the Fi-ATPase rotation by
nanoprobes, there are jumps in the angular position. Their dis-
tribution is used in a method for detecting hidden states in
the transitions during rotation steps. Complementing stalling
experiments, this method reveals, now in free rotation with-
out magnetic tweezers, that the motor can be in either of 2
states at a rotation angle. A comparison between the experi-
mental trajectories and a multistate theory reveals that an 80°
substep of the coupled ATP binding and ADP release involves
an intermediate state reminiscent of a 3-occupancy structure.
Its lifetime (~10 us) is comparable with the frame time of the
imaging, so, by detecting this short-lived state, the method
provides an increased effective time resolution.
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Fig. 1. (A) F1-ATPase single-molecule imaging trajectory showing stepping
behavior: Longer dwells are separated by faster transitions. The latter, which
are the focus of the present analysis, may show both upward and downward
jumps (Lower Right Inset). The assay uses a gold nanocrystal as optical probe
(Upper Left Inset). (B) The rotation coupling scheme resolved in previous
experiments (3, 6-9) containing 3 chemical states and their lifetimes (includ-
ing the ATP waiting state at 4 mM ATP concentration). Reactions occurring
during transitions are boxed.

Mirroring these 3 topics, the structure of this article is orga-
nized around 3 main findings. First, a method for studying fast
transitions is described in Multistate Model for Rotation Jumps in
the F;-ATPase Model, based on angular jump distribution and
using a theory of multiple states. Using this method in Applica-
tion of the Theory to Free Rotation, the presence of 2 states at the
same 6 angle in the trajectories is demonstrated, thus supporting
the current interpretation of stalling experiments (11).

Second, agreement of a 3-state model with experiment is
demonstrated in Application of the Theory to Free Rotation,
for most of the angle range with no adjustable parameters.
One of the states in the 3-state model involves a hidden ATP
binding step.

Third, evidence for a ~10-ps metastable state containing
both ADP and ATP is postulated in Application of the Theory
to Free Rotation to explain the data. The predictions are dis-
cussed in Discussion, and the mechanistic insights suggested by
the present method are summarized in Summary of Predictions
and Insights.

Multistate Model for Rotation Jumps in the F,-ATPase Motor

We assume a series of steps described by a discrete occupancy
state (or chemical state) variable i. As depicted in Fig. 1B, an
experimentally detectable dwell angle 6; corresponds to each
state i, in particular the P; release dwell (i = 1), the ATP bind-
ing dwell (¢ =2), and the catalytic dwell (i = 3). The transitions
are rare but fast, so 6 is quasi-static during any particular tran-
sition (15), and one can speak of rate constants k(#). Our main
assumption is that, at any 6, regardless of whether that 6 is at
a dwell or is an angle in between dwells, a reaction can occur
with rate constant k(6). We note the distinction between states ¢
and the processes taking the systems from one state to another,
for example, the empty (ATP waiting) state 2 and ATP binding
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step 2 —3. In the quasi-static approximation, then (15), kg (6)
and ki, (0) are the angle-dependent rate constants for the transi-
tions between the states 4 and ¢ + 1, as described in a subsequent
section.

The rotation angle 6 in single-molecule imaging experiments is
subject to Brownian fluctuations. The probe experiences viscous
drag from the water molecules. It diffuses with a rotational diffu-
sion constant D. Any contributions from the viscous load on the
~ shaft and “internal friction” in the protein are included in D.
The probe is also subject to an elastic (14) torque, —x,(6 — 6;),
that pulls it toward the dwell angle 6; in state i of the system.
K, is the effective rotational (torsional) elastic constant for the
bead-rotor-ring system (y is presumably coupled to multiple
and S subunits). In state ¢, the viscoelastic relaxation time of the
system (e.g., ref. 16) is

= (DBk,)"". 1]

The angular probability density p; (0, t) of being in state 3 follows
a diffusion—reaction equation, an approach pioneered by Oster
and Wang (17), who considered a scheme of 64 possible states.
Instead, in the present method, we use a specific sequence of sev-
eral states with specific transfer rates between them, given later
in Egs. 4 and 5. The latter k5(0) and k; () act as “source” or
“sink” terms for a given state,

8p7;
ot

d 9’ pi
=D 55 [Bro (6 - 0.)p) + D 2]

— [ky,i(0) + kv,i—1(0)] pi + kr,i—1(0)pi—1 + kp,i (0) pit1-

The ¢ dependence of D and «, has been suppressed. We will
assume that these quantities (and so 7) are identical for all
states. In a more general case, different 7;s may apply to states .
Assuming some initial and boundary conditions, and a particular
number of states ¢, the system of Eq. 2 can be solved numerically.

Angular Dependence of the Jumps. To calculate the 6 dependence
of the jumps, besides the p;(0), the distribution of angular jumps
pii(0+ A6, t+ At|0,¢) is also introduced: It is a conditional
probability distribution that the system survives in state i (there
is no reaction) at time ¢+ A¢ and is found at angle 6 + A6,
if, at time ¢ it was at 6. In this analysis, A¢ is the time step
(frame time) of the imaging apparatus. A solution for the p;; (6 +
A0, t+ At|0,1t) is found by inserting it into Eq. 2 with rate con-
stant terms removed and using a delta function initial condition
(cf. ref. 16 and SI Appendix). When At is small compared to
the viscoelastic relaxation time 7, the approximate solution is
a Gaussian with a 6-dependent peak that is independent of ¢.
In a simplified notation, this solution is (see equations 4.55 and
5.32 in ref. 16)

pii (A0 0) =

1 exp {_ [AO/At—(1/7)(0; —0)]? }
2V/r DAt 4D /At :

[3]

The peak of the angular jump distribution occurs at (A0/At) =
(6; — 0)/7, and so the expectation value (Af/At) is linear in 6
with a slope of —1/7.

A key quantity used in the current analysis is the experimen-
tally observed angular jump distribution of the system, defined
as the probability of a jump at a set angle, p(A0/A¢|0). It is
plotted, from experiments and calculations, in Fig. 2 4 and B,
respectively. Another important quantity is the average of the
angular jumps at a certain rotor angle, (Af) /At, and it is plot-
ted versus 6 later in Application of the Theory to Free Rotation.
They are calculated by solving Eq. 2 for probability p; (6, ¢), then
summing over all components in Eq. 3, as described in detail in
Materials and Methods.

Volkan-Kacso et al.
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Fig. 2. (A) Experimental angular jump distribution and (B) its theoretical
counterpart in an angular range of 40° to 80° where bimodal behavior
can be detected. (C-E) Experimental (bars) and theoretical (red curves) jump
distributions at 3 angles in the region of overlap of states 2 and 3. Two
peaks of similar height are resolved in D at rotor angles indicated by the red
dashed lines in A and B. p.d.f., probability distribution function.

Angle-Dependent Rate Constants. When the system is at the reac-
tant’s free energy minimum, 6 fluctuates around the dwell 6, ; =
0;; after a fast transition, during which 6 is quasi-static, the sys-
tem is in the product state, and it relaxes toward, and fluctuates
about, the product dwell 6, ; =6;1. We note that the 6,s and
0ys correspond to the initial and final angles for a transfer reac-
tion (6; and 6y) in equation 4 of ref. 18. The fluctuations of 6 in
the dwells are significant, with an SD of ~20° (Fig. 14 and S/
Appendix, Fig. S1). In the elastic transfer model, the forward and
back rate constants kg (6) and ky;(6) are predicted to be exponen-
tial functions (18) over a limited 6 range probed in the stalling
experiments (7, 11),

kq(0) = ka(0:) explan (9 — 0:)], [4]
kpi (0) = ki (6:) expl—api (0 — 6:)], [5]

where k;; is the rate constant for reactions from state 7+ 1
back to state ¢. The angular coefficients are ag = Ba;kcisi and
api = B(1 — o) Keisi (18), where s; = (0,41 — 0;) is the step size,
B=1/ks T, and the spring constant . describes the coupling
between the mechanical rotation and a reaction progress coordi-
nate. «; is the Brgnsted slope used in previous work (18). In this
work, coefficients ag and ap; from stalling experiments are used
for the ATP binding (see Materials and Methods).

Application of the Theory to Free Rotation

Bimodal Distribution of Angular Jumps. We consider the transi-
tions (average duration ~ 120 ps corresponding to 12 time steps)
between subsequent catalytic dwells (average duration ~ 1 ms
per dwell) in the trajectories whose step size falls within 120° +
10° (SI Appendix). Individual angular jumps are defined as angu-
lar displacements Af = ¢’ — 6 from one time frame to the next in
the rotation trajectories. The distributions of jumps divided with
At and renormalized now with respect to AG/At, p(A0/At|0),
are plotted in Fig. 24. They were extracted from the transitions
using a method prompted by the work of Frasch and coworkers,
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(10, 19), who use the “angular velocity” term for this normalized
jump, Af/At.

In this work, 6 is defined relative to the catalytic dwells clearly
resolved in the trajectories (Fig. 14). These dwells occur at 0°,
120°, 240°, etc. (In another reference frame (3, 18), these dwells
are at —40°, 80°, 200°, etc.) The experimental probability densi-
ties of jumps showed a single-peaked Gaussian distribution in a
range of roughly 0° to 40°, termed hereafter as “region I,” and in
another range from 80° to 120° (“region III”). However, in the
angular “region II” between 40° and 80°, a markedly different
distribution of 2 distinctive peaks emerges and is seen as “moun-
tain ranges” in Fig. 24, with a “valley” in between. At around 60°,
the 2 peaks have similar heights and yield the resolved bimodal
distribution seen in Fig. 2D, as compared with Figs. 2.4 and C.

Multiple States at the Same Rotation Angle. The distribution of
jumps was qualitatively reproduced by a 3-state model in Fig. 1B
based on the established sequence of 3 consecutive events (3,
6-9, 20). In accord with earlier reports (6), we found that the
distribution of waiting times in the catalytic dwells can be best
fit with 2 exponentials (SI Appendix, Fig. S8), suggesting that
both hydrolysis and Pi release occur during this dwell (6). Their
lifetimes, according to the distribution of waiting times in the
dwell (SI Appendix, Fig. S8), are ~1 ms and ~0.5 ms, respec-
tively, which is consistent with previous reports (6). Then, the
events occurring during transitions are the binding of ATP and
the release of ADP, followed by the transition to the next cat-
alytic dwell (Fig. 1B). At 4 mM concentration, the ATP binding
dwell at 40° is too brief to be resolved by a simple inspec-
tion of the trajectories, but the empty (ATP waiting) state 2 is
resolved here.

The 2 peaks in the distributions in Fig. 2.4 and B correspond to
states ¢ = 2 and 3 in the transitions (in Fig. 1B, the “empty” and
“prehydrolysis” states, respectively). In the multistate model, it is
predicted that, around a certain angle (8 =57°), the system may
be in either state 2 or 3 with similar probability, effectively giving
rise to the bimodal distribution of angular jumps in Fig. 24.

Average Angular Jump in the 3-State Model. For a more detailed
quantitative analysis, the mean angular jump A6 serves as a basis
to compare theory and experiment. We found that the mean
jump profile predicted by a 3-state model (Fig. 34) agrees with
the experimental data roughly in regions I and III on that figure,
with no adjustable parameters. For this purpose, as described
in Materials and Methods, independent data were taken from
the dwells in the current trajectories and other experiments.
As described in Discussion, there is an agreement between the
previously defined 7 extracted from the trajectories in 2 inde-
pendent ways, namely, 1) from the average jump vs. 8 slope in
region IIT of the data found in the transition between dwells
and 2) from the fluctuations in the dwell, at § =0 (SI Appendix,
Fig. S7).

The signature of the ATP binding dwell is seen in the dip of the
jump around 40° in Fig. 34, as expected according to the active
kinetic scheme (11). The prediction of the 3-state model deviates
from the experimental jump profile roughly in the range of 50° <
0 < 80°: The dashed line in Fig. 34 shows a high predicted peak
at 70° which arises from a large angular step of 80° from the
ATP waiting state to the precatalysis state. Using the observed
turnover in the exponential rate constants (i.e., k(@) increases
with 6¢; then, beyond a turnover angle it decreases; cf. figure 2 in
ref. 21) in Eqgs. 4 and 5, instead of the exponential form for ks,
in the turnover region, did not affect the theoretical results in
Fig. 34 (SI Appendix, Fig. S11) significantly, for reasons given
later in Discussion.

A Short-Lived State after ATP Binding and before ADP Release.
Agreement between theory and experiment can be achieved in
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Fig. 3. (A) The mean of the angular jumps “normalized” by dividing
with A6. Experimental data (black circles) were compared with theoreti-
cal predictions from a 3-state model (black dashed line) using no adjustable
parameters (Table 1) and a 4-state model (solid red line). The ranges for
the 3 regions are designated at the bottom of the plot. (Inset) The 6 auto-
correlation function in the dwells, fitted to (6(t + to)0(to)) = 0.08e /"4 +
0.02e /10 ¢ in microseconds. (B) Reaction scheme in F1-ATPase according
to a 4-state model.

all regions on Fig. 34, and, in particular, in the region of the
high peak, if an intermediate state is postulated in the transition
between the empty (ATP waiting) state 2 and the prehydrolysis
state 3. It would be a short-lived fourth state, denoted by 2*, with
a lifetime of 10 us and a dwell angle 02« =76° +5° (Table 1).
A 4-state model (Fig. 3B), now with 2 adjustable parameters
(kf2= (62+ ) and B2+, yields the solid red line in Fig. 34. For state
2*, a Brgnsted slope of a2+ =1/2 was assumed in Fig. 34, but
we explored the limits of its possible values, 0 to 1 (SI Appendix,
Fig. S13), and found that the specific time 1/ks2+(02+) for the
state varies roughly between 10 ps and 13 us. The values used
for k. and D were the same as the values in the other 3 states.
In Fig. 34, the 6-dependent mean jump shows distinct “sensi-
tivity” to the presence or absence of the postulated Oz« =76°
state, even as its lifetime is comparable with the time resolu-
tion of At =10 ps of the apparatus. Using a kinetic model then,

for the statistical treatment of experimental trajectories, in effect
increases the temporal resolution (22, 23), which is analogous
to previous methods used to extract fast protein folding rates
from single-molecule fluorescence resonance energy transfer
data (22, 24).

Discussion

Concerted Conformation and Kinetic Intermediate. In the
Fi-ATPase motor, the spontaneous release of ADP would be
very slow on its own (~1 min), as seen in single-site occupancy
experiments (3, 12). ADP release is accelerated by some 6
orders of magnitude when it is coupled with an ATP binding
event in another S subunit, that is, under physiological ATP
concentrations (millimolar range). The strong interaction
between the subunits gives rise ultimately to unidirectional
rotation (8, 20). At millisecond time resolution, the ATP
binding and the ADP release appear to be a single concerted
process. At higher time resolution, a short-lived kinetic inter-
mediate is resolved (i =2%) with a dwell at 36° after the ATP
binding dwell.

For the intermediate, we postulated a state containing both
the incoming ATP and outgoing ADP, similar to the state postu-
lated by Walker et al. (25) in which all 3 3 subunits are occupied
by nucleotides. Alternatively, sequential kinetics for the ATP
binding/ADP release was suggested (3, 26, 27), but a kinetic
intermediate was previously undetected. Its ~10-us lifetime sug-
gests a microsecond timescale for the lifetime of the proposed
intermediate state. Its dwell at § =76° causes the average angu-
lar jumps in Fig. 34 to be smaller, thus explaining why the solid
red line is below the dashed line.

These results may be compared to those of Chung et al. (28)
in protein folding, where transitions between only 2 observed

states were studied. In the 120° transitions in the F;-ATPase ,
there are more states. An alternative view for the 10-us state
is that there is a barrier instead of a well as shown in Fig. 4,
analogous to a theory for 2-state folding by Cossio et al. (29).
However, we assume that the diffusion times to traverse an
angle of, say, 5° at the top of the barrier, as distinct from the
times to reach the top of the barrier, are much shorter than
10 ps. For example, a 10* degrees squared per microsecond
angular diffusion constant yields a diffusion time of ~1 ns (S
Appendix).

In experiments with magnetic tweezers by Saita et al. (30), a
linear torque versus angle dependence was found to be inter-
rupted by sawtooth-like transitions. We plan to investigate these
features using the present theory, in particular, whether a torque
transition 20° to 40° after ATP binding is related to fourth state
postulated.

Table 1. Physical quantities in the 4-state model

State / Substep 0; (deg) k;(6;) (ms™") a; (1/deg) «; xr (PNnm) D(deg/us) References, equations'

0,3 Hydrolysis 0, 116 1 0.019 ~1 72 12 Ref. 32 and the S/ Appendix; ref. 11; refs. 11 and 18
and Eq. 4; ref. 18; S/ Appendix, Eq. S8; Eq. 1 and
SI Appendix, Eq. S8

1 Pi release ~0 3 0.117 ~0.7 72 12 Ref. 32 and the S/ Appendix; refs. 7 and 18, Eq. 4;
refs. 7 and 18; ref. 18; S/ Appendix, Eq. S8; Eq. 1
and S/ Appendix, Eq. S8

2 ATP binding 36 40 0.045 0.5 72 12 Ref. 32; refs. 11 and 18, Eq. 4; refs. 11 and 18;

(4 mM) ref. 18; SI Appendix, Eq. S8; Eq. 1 and S/ Appendix,

Eq. S8

2% (ADP release) 76 80 0.045 0.5 72 12 Fig. 3; Fig. 3; ref. 12 and Eq. 4; refs. 12 and 18;
SI Appendix, Eq. S8; Eq. 1 and S/ Appendiix,
Eq. S8

fReferences and equations used to estimate the quantities in columns 3-8 are grouped in 6 groups in order according to the columns to which they refer.
Groups are separated by semicolons, e.g., items before the first semicolon refer to column 3.
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ATP
binding

ADP
release

Pi release

B

Waiting for ATP

Waiting for hydrolysis

Fig. 4. (A) Series of substeps in the 120° transitions with the 10-us tran-
sient postulated in this work. (B) Alternative view for the 10-us transition
following ref. 29.

Relaxation Time T in the Dwell and in the Transition. In region III of
the transition, between 100° and 120°, the system is found pre-
dominantly in the prehydrolysis state 3 and so the rotary probe
would tend to relax toward the next catalytic dwell. According to
Eq. 3, there should be a linear dependence of the average angular
jump on 0 in Fig. 34. For small At, the slope of the (A@) /At vs.
0 function approximates the inverse of the viscoelastic relaxation
time 1/7 in this state 3. The slope of the linear part of (Af) /At
in region III in the experimental data is seen to yield about 20 ps
for 7 (Fig. 34). Using instead the more general Eq. 6, at finite
At =10 us, this slope corresponds instead to 7 =15 us. Mean-
while, in the current work, 7 was also estimated independently in
the catalytic dwell, using the correlation function, (0(¢1)0(¢2)).
Its short-time exponential decay seen in Fig. 34, Inset yielded a
7 =14 ps, in good agreement with the 15 us found in region III.
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Effect of the Turnover in the Exponential Rate Constants. A
“turnover” occurs at a certain @ when ky2(0) reaches a maxi-
mum, presumably due to the closing of a cleft in the 5 subunit
(15). Using a turnover, the theory produced identical jump dis-
tributions to those without a turnover (SI Appendix, Fig. S11),
since the system has reacted before reaching the turnover region
(SI Appendix).

Mean Jump Profile at Different ATP Concentrations. At increased
ATP concentration, a single large peak dominates on Fig. 54.
The resulting difference between a 3-state and a 4-state model
is more dramatic than at lower ATP concentrations, and so can
be used to further test the consequences of the prediction of the
fourth state. The jump profile is sensitive to the lifetime of this
state, as seen on the plots for 3, 10, and 30 ps on Fig. 5B.

Langevin Simulations. Langevin-type equations have been used
to simulate F1-ATPase rotation (13) and protein folding (29).
We plan to implement this approach for the present method
to study the transitions in Fig. 4. Simulated trajectories can
be subjected to the same method of analysis that is applied to
experimental data.

Summary of Predictions and Insights
We conclude by listing the key predictions by the model.

1) Multiple states were detected at the same rotation angle in
fast rotation experiments. The jump distribution from the free
rotation trajectories was used in conjunction with theory to
detect states in the transitions between dwells. A direct obser-
vation of dual peaks in the distributions at an angle supports
an assumption made in the interpretation (7) of the stalling
experiments. It is a key assumption needed to extract angle-
dependent rate constants for the ATP binding, P; release, and
catalysis steps in these experiments (8, 11).

2) A metastable state is postulated, previously not detectable at
slower time resolution. The average jump vs. rotation angle
predicted for the 3-state model agrees with experiment over
most of the angle range. It deviates from experiment in a
range 50° < 6 < 80° (Fig. 34), and, assuming harmonic rota-
tion potentials in all states, agreement between theory and
experiment is achieved by postulating a fourth state with a
dwell angle at ~ 36° after the binding dwell. Increasing ATP
concentration is predicted to result in an increased difference
between the 3- and 4-state models. In the present method,
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Fig. 5. (A) Theoretical predictions for the angular jump profile at 10 mM ATP concentration for 3- and 4-state model. (B) Theoretical angular jump profiles
of 4-state model with different lifetimes of the metastable state (3, 10, and 30 us).
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which is complementary to the stalling method, free rotation
experiments are used that are 10? to 10 faster than stalling
experiments.

3) ADP release is accelerated by 6 orders of magnitude by
ATP binding. It has been suggested (31) that a 3-occupancy
structure resolved by X-ray crystallography (25) may be sim-
ilar to the metastable state during the ATP binding-assisted
ADP release. The current analysis provides an estimate for
the lifetime of 10 us for this state. In contrast, the spon-
taneous ADP release takes tens of seconds (3). The life-
time of the triply occupied state then is some 6 orders
of magnitude faster than that for ADP release from a
singly occupied F1-ATPase, so, in a concerted mechanism,
the bottleneck due to a slow nucleotide release is elimi-
nated, which is a necessary condition for a fast and efficient
rotation cycle.

Materials and Methods

Theoretical Angular Jump Distribution and Average Jump. The 6-dependent
angular jump distribution function p(A616) is calculated by solving Eq. 2
for the probability distribution p;(9, t), then averaging over the transition
time T. We note that time averaging is also performed as part of extracting
the distributions from the trajectories (S/ Appendix), that is, by averaging
over jumps that occur at various times during the many transitions in a
trajectory that contains many 120° cycles. It yields the contributions p;(0)
from state i, p;(0) = fOT dtpi(6, 1)/ >; foT dtp;(6, t). Then, a summation over
all states yields p(A6/At|0)/ At =37, pii(A0]|0)p;(0), where the probability
distribution function p(A6/At|6) is normalized to unity with respect to
variable Af/At; that is, f p(AO/At|0)dAO/At=1. We note that contri-
butions to this sum from jumps during which there is a change in state (e.g.,
i— i+ 1) have been neglected. The #-dependent average angular jump
(AG/At) can be evaluated by expressing the expectation value of A9/At
using Eq. 3 one component i at a time. It yields the 0-dependent mean,
(A0) =30 — Opi(O)At/T.
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Average Jump and the Relaxation Time. If the system is in a particular state i,
for arbitrary time step At, the distribution in Eq. 3 is a Gaussian (as in equa-
tion 5.28 in ref. 16) that has a peak and a mean at (Af) = —(0 — 6;)(1 —
e~ A7) In the At < 7 limit, the mean (A#/At) will yield the relaxation
time as the inverse of the angular slope, 1/7 =Dk, ~ —8 (A6/At)/06.
For a constant time step At, (A0/At) = (A6) /At, and so, in the most
general case,

r=—At/log [1 +(0(A0) /ae)*']. 6]

Quantities Used in the 3-State Model. No adjustable parameters were used
in the above 3-state model. The quantities used in the theoretical calcula-
tions and their sources are listed in Table 1. Using data in the catalytic dwell,
T was estimated from the angle autocorrelation function (Fig. 34, Inset),
while the angle histograms yielded . (S/ Appendix, Fig. S9). D was then cal-
culated using Eq. 1. Previously, x, was found to be the same in the binding
and catalytic dwells (11), and so we used the same «, for both i =2 and 3. I
D is mainly due to the viscous load on the probe, its value is also expected to
be the same for the different is. Stalling experiments (11) yielded the k(6)
values. The reverse rate constants in the transition were assumed to be neg-
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1 mM concentration (11), and the spontaneous release of ATP takes seconds
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experiments (3) yielded the dwell angles.
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