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Supplementary Note

Selection of the molecules in the manipulation experiments

To distinguish IF; inhibition from ADP inhibition, we employed the following method in the
manipulation experiments. For the forcible 360° manipulation experiment (Figs. 3b, 5d, 5¢ and
Supplementary Figs. 5 and 12d), we waited for 480 s after confirming a pause because IF; inhibition
was irreversible, and bMF, did not recover rotation within the observation period (e.g., Supplementary
Fig. 2a). In contrast, ADP inhibition was reversible and bDMF, spontaneously recovered rotation. It is
noted that the difference between IF; inhibition and ADP inhibition is not only in the length of the
pause time but also in the activation probability by counterclockwise manipulation. Pauses by ADP
inhibition observed in IF;-free solution can be almost activated by the stall at +80° in the
counterclockwise direction for 2 or 5 s (Supplementary Fig. 7, triangles). In contrast, IF; inhibition,
defined as pauses longer than 480 s under saturating IF; conditions, was not activated by the same
manipulation (Supplementary Fig. 7, squares). Thus, IF-inhibited states were confirmed as follows;
after confirming re-inactivation by IF; in solution, we stalled the targeted molecules at +80° in the
clockwise direction before each trial. We analyzed the molecule that did not show reactivation by the
abovementioned manipulation.

In the “stall-and-release” experiment, we selectively analyzed the molecule that showed
activation by the forcible 360° clockwise rotation. Thus, the maximum probability shown in the figures
(e.g., Fig. 4c) was 100%, whereas approximately 60% of all molecules are subject to analysis in the
forcible 360° manipulation. Upon repeated manipulation with magnetic tweezers, molecules
sometimes showed unusual fluctuations, which may reflect the unstable states of the molecules or their
detachment from the coverslip (Supplementary Table 6). Such molecules could not be reactivated by
the forcible 360° clockwise rotation. Contamination of these molecules in the analysis reduces the
probability of reactivation. We concluded that reliable data could not be obtained if such disordered
molecules were subjected to further experiments. For molecules that did not resume active rotation
after the forcible 360° clockwise rotation, we completed manipulation of the molecules and searched

for a new molecule.

Probability of spontaneous reactivation during manipulation

In contrast to IFi(WT), IFi{(A1-7) and IF(A1-12), IFi(A1-19) and IF;(A1-22) did not
completely stop the rotation of bIMF;. Given the inherent pause time of these two mutants, 250 s and
60 s, respectively (Supplementary Fig. 10k and 10n), we selectively manipulated pauses that lasted
for longer than 100 s for IF{(A1-19) and 60 s for IF(A1-22).

Inhibitory states by IF1(A1-22) were reactivated by manipulation of 360° at the rate of 0.5

ps, i.e., 2 s per manipulation. To exclude the possibility that the rotations resumed independently of



the 2 s manipulation, we performed the following calculation. The average pause time by IF;(A1-22)
was 60 s, although short pauses of only 2 s on average were also observed. As mentioned above, we
waited for 60 s to selectively manipulate the long pauses after confirming the pauses. Thus, the impact
of short pauses on this analysis was negligible. The probability of these pauses ending in 2 s is
calculated using the following equation:

foz exp (— 6—t0) dt

(o8]

J, exp (— 6_t()) dt

Therefore, the probability of simultaneous reactivation was so low that we concluded that the

100 X =3%

reactivation of rotation was induced by the manipulation itself.

Molecular dynamics (MD) simulation

The MD simulation of the IF;-bound F; was performed based on the previous work ' with
some modifications. The initial structure was taken from the IF;-bound crystal structure of bMF;
(PDB: 2v7q) 2. Residues 23-510 were used for the o subunits, 9-478 were used for the B subunits,
and all residues were used for the y subunit and IF;. MODELER * was used to model the structure of
missing residues. The § and € subunits were not considered. The bound nucleotides and Mg*" ions
were retained as in the crystal structure. Crystal water molecules were also retained unless they clearly
overlapped with replaced ligands.

The modeled F; was solvated with TIP3P water * in a rectangular box such that the minimum
distance to the edge of the box was 11 A. Then, 150 mM KCI was then added to neutralize the system.
The total number of atoms is ~320,000. The Amber ff14SB force field was used for the protein °, with
the previously developed parameters for ATP and ADP ¢, and for P; !. The system was energy
minimized and equilibrated under isothermal—isobaric (NPT) conditions with Ewald electrostatics and
restraints on all heavy atoms in the protein for 500 ps, and subsequently, with restraints on only Co
atoms for 1 ns. After the equilibration, production runs were performed with restraints on the Ca atoms
of the 10 N-terminal residues of each of the three § subunits, mimicking the role of His-tag anchoring
in single-molecule experiments. NAMD 2.12 was used for the MD simulation with periodic boundary
condition’. Langevin dynamics with 1 ps”' damping coefficient was used for temperature control at
310 K, and the Nose-Hoover Langevin piston was used for pressure control at 1 atm ®. The torque-
applying simulations to the y subunit in the clockwise direction were performed at the rate of 1°/ns of

y rotation as in the previous studies .
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Supplementary Figure 1. Kinetic analysis of ADP-inhibited form in A MF; in the absence of IF;

at indicated conditions.

(Left) Distribution of pause time before the onset of rotations (N = 196-238 pauses, 7-11 molecules).

Pauses over 1 s were collected. 7, and 7;, were estimated from the fitting of the histogram by a

double exponential decay function, y = Ng, exp(— t/ ‘L'Sp) + Ny, exp(— t/ Tlp) , as previously

described '°. (Right) Distribution of rotation time before lapsing into pauses (N = 186-232 traces, 7-

11 molecules). t,,; was estimated from the fitting of the histogram by a single exponential decay

function. When ADP was included in the mixture, the ATP-regeneration system was omitted. Source

data are provided in the Source Data file.
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Supplementary Figure 2. Rotations and pauses of hMF; with 3 pM IF; at 1 mM ATP.

(a) The histogram of pause time (N = 27 pauses). Durations of all pauses over 1 s were plotted. 24 of
27 pauses showed extremely long pauses over 480 s, corresponding to IFi-inhibited pauses, whereas
the other 3 pauses showed relatively short pauses, less than 20 s, which were attributable to ADP-
inhibited form (=17 s in the absence of IF;, shown in Supplementary Fig. 1). All of the ADP-inhibited
pauses spontaneously resumed active rotations and finally fell into IF;-inhibited states. (b) Distribution
of rotation time required to reach IF;-inhibited states after IF; addition. The solid line represents the
fitting curve of an exponential decay function (N = 24 traces), which estimates the mean rotation time.

Source data are provided in the Source Data file.
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Supplementary Figure 3. Rotation time of bMF to reach IF;-inhibited states at 100 nM ATP and
5 pM IF;.

o

Plots were fitted with a single-exponential decay function (N = 26 pauses). Values represent fitting

parameters. Source data are provided in the Source Data file.
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Supplementary Figure 4. Stall positions by NaNs.

(a) Experimental procedure. After observing the ATP-binding waiting dwell at 100 nM ATP, 50 mM
NaN; with 100 nM ATP was introduced into the reaction chamber. Blue data points represent the
positions blocked with NaNs. (b) The angular distance (A8) of NaN3 inhibition from the left-side ATP-
binding waiting dwell (pink) (N =18 pauses). Values represent mean + SD estimated from Gaussian

fitting of the plots. Source data are provided in the Source Data file.
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Supplementary Figure 5. Reactivation probability of IF;-inhibited AMF; after clockwise
manipulation.

Experiments were conducted under 100 uM ADP and/or 1 mM P; with 100 uM ATP. Values represent
reactivation probability (Pyy) = SD. Pyy was defined as the probability of an ON event against total

molecules. The SD of P,y is given as \/ Py (100 — Pyy)/N, where N is the number of total
molecules (N = 19-25 molecules). Source data and the exact number of molecules in each data point

are provided in the Source Data file.
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Supplementary Figure 6. Rotation time analysis.

(Upper) Rotation time before inhibition after solution exchange (N = 33 traces). Molecules in the
active state under IF;-free conditions were analyzed. Rotation time was defined as the time from
completion of solution exchange until the molecules fell into IF; inhibition. (Lower) Rotation time
until re-inactivation of activated Fi molecules (N = 104 traces). The IF-inhibited bIMF; was activated
by magnetic tweezers. Experiments were conducted under 100 pM ATP, 100 uM ADP, 1 mM P; and 3
uM IF;. Plots were fitted with a single-exponential decay function. Values represent fitting parameters.

Source data are provided in the Source Data file.
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Supplementary Figure 7. The stall-and-release experiment of IF; inhibition and ADP inhibition
at 80° to the counterclockwise direction from the initial pause angle.

Gray and blue symbols represent the stall time of 2 s and 5 s, respectively. Triangles represent the
manipulation of ADP-inhibited states in the IF-free (100 uM ATP, 100 uM ADP, and 1 mM P;)
condition. Squares represent the manipulation of IF-inhibited states with 3 uM IF; under 100 pM ATP,
100 uM ADP, and 1 mM P;. Notably, trials of 2 and 5 s stalls showed no activation (0%), and the gray
and blue squares overlap in this figure. Manipulation of IFi-inhibited states was conducted after
confirming a pause longer than 480 s in the solution containing IF;. IF; inhibition can be successfully
discriminated from ADP inhibition because IFi-inhibited states were not reactivated by this
manipulation. Each data point was obtained from 15 to 18 trials using 3 to 7 molecules. Values

represent reactivation probability (Pyy) £ SD. Pyy was defined as the probability of an ON event

against total molecules. The SD of P,y is given as \/ Pyn (100 — Pyy)/N, where N is the number
of total trials. Source data and the exact number of molecules in each data point are provided in the

Source Data file.
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Supplementary Figure 8. Biochemical analysis of N-terminal truncated mutants of IF;.

(a, ¢, e, g) Time courses for IF -inhibited bDMF,; at 1 mM ATP and the indicated concentrations of (a)
IF1(A1-7) (red), (c) IFi(A1-12) (blue), (e) IFi(A1-19) (green) and (g) IF1(A1-22) (purple). The final
concentration of bPIMF; was 10 nM. (b, d, f, h) Residual ATPase activity versus [IF;] at the end of the

measurement (350 s after IF; injection). Circles and error bars represent the mean value and SD,

respectively (N = 3 for each measurement). Source data are provided in the Source Data file.
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Supplementary Figure 9. k?f,fibition plotted against [IF].
kPP was determined from the fitting of the time course by Eq. (1), as described in the main text.

inhibition
Solid lines represent the fitting curve of Eq. (2). Fitting in IFi(A1-19) was not performed because
IF1(A1-19) is a reversible association/dissociation inhibition, and Eq. (2) is not appropriate for fitting.
The determined fitted parameters are summarized in Supplementary Table 1. Data fitting was
conducted from 2 s after IF; injection. Circles and error bars represent the mean value and SD,
respectively (N = 3 for each measurement). Data from IF;(WT) were taken from our previous paper '!

for comparison. Source data are provided in the Source Data file.
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Supplementary Figure 10. Single-molecule analysis of HMF in rotations and inhibitions by (a-
¢) IFi(WT), (d-f) IF1(A1-7), (g-i) IF1(A1-12), (j-1) IF1(A1-19), and (m-o0) IF(A1-22).

(a, d, g, j, m) Typical time courses of bMF, rotations with 3 pM IF;. Experiments were conducted
under 100 uM ATP, 100 uM ADP, and 1 mM P;. (b, e, h, k, n) The histogram of pause time (N = 31,
34, 20, 35, 167 pauses, respectively). Durations of all pauses over 1 s were plotted. The solid line in k

represents the fitting curve of an exponential decay function that estimates the mean duration of the

pause time, T;,I;;luse. The solid line in n represents the fitting curve of a double exponential decay

. _ IR IR IF, IR IF, IF,
function, y = N, exp(—t/ Tsp )+ Ny, exp( /Ty ), where Ng,' and N,,,* are constants and
IF, IF, IF, _ _IF

sp and Tp, o < Tpp

plot of rotation time required to reach IF-inhibited states after IF; addition (N = 33, 42, 29, 46, 176

T are the time constants (T ), respectively. (c, f, 1, 1, 0) The survival probability

traces, respectively). The solid line represents the fitting curve of an exponential decay function to

estimate the mean rotation time, ..+, Source data are provided in the Source Data file.
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Supplementary Figure 11. Biochemical analysis of IF;(C5 Mutant).

(a) A snapshot from the MD simulation at 200 ns. The IF,; residues (E40, K46, E50, K58, and E59),
which interact with the charged residues of y subunit, are represented by stick form. In this figure, a,
B, v and IF; are colored by blue, orange, red, and green, respectively. (b) Alignment of amino acid
sequences of mammal IF;s with reference to the previous paper '2. The IF;(C5 Mutant) includes five
alanine substitutions: E40A, K46A, E50A, K58A, and E59A. (¢) Time courses for IF-inhibited bpMF;
at 1 mM ATP and the indicated concentrations of IF{(C5 Mutant) in solution experiment (N = 3 for
each measurement). (d) k%ﬁbiti on Dlotted against [IF;]. kﬂ’hpibiti on Was determined from the fitting
of the time course by Eq. (1). Solid line represents the fitting curve of Eq. (2). The determined fitted
parameters are summarized in Supplementary Table 1. Data fitting was conducted from 2 s after IF,
injection. (e) Residual ATPase activity versus [IF;] at the end of the measurement (350 s after IF;
injection). Notably, the residual ATPase activity was less than 5% in all plots, and they mostly overlap
in this figure. In (d) and (e), circles and error bars represent the mean value and SD, respectively (N =

3 for each measurement). Source data are provided in the Source Data file.
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Supplementary Figure 12. Single-molecule analysis of HMF; in rotations and inhibitions by
IF1(C5 Mutant).

(a) Typical time courses of bMF; rotations with 30 uM IF;(C5 Mutant). Experiments were conducted
under 100 uM ATP, 100 pM ADP, and 1 mM P;. (b) The histogram of pause time (N = 34 pauses).
Durations of all pauses over 1 s were plotted. 29 of 34 pauses showed extremely long pauses over 480
s, corresponding to IFi-inhibited pauses, whereas the other 5 pauses showed relatively short pauses.
(c) Distribution of rotation time required to reach IF;-inhibited states after IF; addition. The solid line
represents the fitting curve of an exponential decay function (N = 28 traces) that estimates the mean
rotation time. (d) Reactivation probability of IF;-inhibited pMF; after manipulation. Values represent

reactivation probability (Pyy) = SD. Pyy was defined as the probability of an ON event against total

molecules. The SD of P,y is given as \/ Pyn (100 — Pyy)/N, where N is the number of total
molecules (N = 22 molecules). (¢) Angle dependence of reactivation probability with the stall time of
2 s. Each data point was obtained from 10 to 79 trials using 4 to 26 molecules. Values represent

reactivation probability (Pyy) = SD. P,y was defined as the probability of an ON event against total

trials. The SD of P,y is given as \/ Pyn (100 — Pyp) /N, where N is the number of total trials.

Source data and the exact number of trials in each data point are provided in the Source Data file.
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Supplementary Figure 13. Biochemical analysis under 37°C.

(a, ¢, e) Time courses for IFi-inhibited pMF; at 1 mM ATP and the indicated concentrations of (a)
IF{(WT) (black), (c) [F1(A1-19) (green), (e) IF1(A1-22) (purple). The final concentration of bIMF; was
10 nM in (a) and (c), 5 nM in (e). (b, d, f) Residual ATPase activity versus [IF;] at the end of the
measurement (350 s after IF; injection). Colored squares (black, green, purple) represent results at
37°C and gray circles represent results at 25°C (Supplementary Fig. 8), respectively. Symbols and
error bars represent the mean value and SD, respectively (V= 3 for each measurement). Source data

are provided in the Source Data file.
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Supplementary Figure 14. kFP plotted against [IF] at 37°C.

inhibition
koot ion @nd Klffl at 37°C were determined to be 0.076 + 0.002 s and 656 + 38 nM (fitting
parameter + fitting error), respectively. Solid lines represent the fitting curve of Eq. (2). Data fitting

0

was conducted from 2 s after IF; injection. Circles and error bars represent the mean value and SD,

respectively (N = 3 for each measurement). Data at 25°C were also plotted for comparison. Source

data are provided in the Source Data file.

17



Supplementary Figure 15. SDS-PAGE analysis of (left) the N-terminal truncation IF;s and
(right) the C-terminal Alanine-substitution mutant.

Numbers indicate the bands for IF;(WT) (lane 1, 6), IFi(A1-7) (lane 2), IF1(A1-12) (lane 3), IFi(Al-
19) (lane 4), IFi(A1-22) (lane 5), and IF{(C5 Mutant) (lane 7). A 10-20% gradient polyacrylamide gel
was used for this assay. The bands around 35 kDa are the corresponding IF; proteins. The two lower
fragmented bands (~20 kDa and ~15 kDa) should be generated by heat treatment prior to gel
electrophoresis. This may be due to cleavage of red fluorescent proteins near the chromophore upon
heating, as previously reported '*. This experiment was done twice. The unprocessed gel images are

provided in the Source Data file.
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Supplementary Table 1. Molecular mass of IF; mutants.

Masses were measured by MALDI-TOF/TOF mass spectrometry and calculated from protein

sequences.
IF; Mass (kDa) Difference
MALDI-TOF/TOF Sequence

IF1 (A1-7) 329 329 0.0

IFi (A1-12) 323 323 0.0

IF; (A1-19) 31.6 31.7 +0.1

IF; (A1-22) 31.4 314 0.0

IF; (C5 Mutant) 33.0 332 +0.2
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Supplementary Table 2. Kinetic parameters of IF; mutants determined by this research.

Kiocr and Kj,* were determined from fitting of the plots of kPP .. versus [IFi]. Values
represent fitting parameters =+ fitting errors, respectively. Experiments were performed at 1 mM ATP.
Data fitting of time courses in 340 nm NADH absorbance was conducted from 2 s after IF; injection.

N.D. means Not Determined.

IF, Kiock (s Ky ' (nM)
IF1(WT) 0.034 +£0.002 173 £ 47
IF1(A1-7) 0.033 +0.001 111+12

IF1(A1-12) 0.031 £0.001 116 £22

IF1(A1-19) N.D. N.D.

IF1(A1-22) N.D. N.D.
IF1(C5 Mutant) 0.032 £ 0.001 384 + 37

20



Supplementary Table 3. Comparison of pause positions by inhibitors.

Experiments were performed with magnetic beads at 100 nM ATP and indicated concentrations of

inhibitors. The angular distance (A8) was defined from the left-side ATP binding waiting dwell (Fig.

2¢ and Supplementary Fig. 4). Values represent mean = SD estimated from Gaussian fitting of the

plots.
Inhibitor Concentration AB (°) Ref
AMP-PNP 500 nM 76 +13 Ref '
IF, 5uM 89+ 14 Fig. 2¢
Supplementa
NaNj; 50 mM 808 PP Y
Fig. 4
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Supplementary Table 4. Comparison of active and inactive states in the ADP inhibition observed
in single-molecule rotation assay.
Ty and T, were determined in Supplementary Fig. 1. Although histograms for pause time give two

different time constants, 75, and 7;,, Tj, isadominant for ADP inhibition as shown in the previous

paper '°.
Experimental Tip Trot Trot/ (Tip + Trot)
condition Pause time (s) Rotation time (s) Active ratio (%)
ATP 1 mM 17.2 54.0 75.8
ATP 100 pM
ADP 100 uM 31.2 70.1 69.2
Pi 1 mM
ATP 100 uM
28.4 26.2 48.0
ADP 100 uM
ATP 100 uM
26.4 72.9 73.4
Pi 1 mM

22



Supplementary Table 5. Comparison of active and inactive states in the IF; inhibition observed

in single-molecule rotation assay.

Parameters were determined in Supplementary Figs. 10 and 12. For IF{(WT), IF1(A1-7), IF1(A1-12)

and IF(C5 Mutant), precise pause duration times and relative active ratios were not determined

because inhibited pMF; did not resume rotations after it lapsed into IF, inhibition. In this table, pause

time for these mutants were defined as > 480 s, and approximated values for relative active ratios were

given. Experiments were conducted under 100 uM ATP, 100 uM ADP and 1 mM P; with 3 uM IF,

except for IF{(C5 Mutant), 30 uM.

. Tpouse OF Ty ok 7ot/ (Thause + Tros
Pause time (s) Rotation time (s) Active ratio (%)

IF1(WT) > 480 15.2 <3
IF1(A1-7) > 480 34 <1
IF1(A1-12) > 480 4.1 <1
IF1(A1-19) 254 1.5 0.6
IF1(A1-22) 56 2.1 3.6
IF1(C5 Mutant) > 480 10.3 <2
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Supplementary Table 6. Statistics of single-molecule experiments

In rotation assay, we define rotating particles as consecutive revolutions in two minutes without
obvious backward step (over 120°). In manipulation experiments, data on molecules were omitted
when molecules showed following behaviors after manipulation; significantly greater rotational

diffusion (over 120°), attachment onto a coverslip, or dissociation from a coverslip.

Rotation assay
Bound beads per one view (35x50 pm?) 15~20
Ratio of rotating beads to all beads

0.5~1%
bound on the glass surface °
Manipulation experiment
Total number of molecules 19
which were subject to manipulation
Number of molecules 2 (11%)

which were rejected from analysis
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