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RAPID COMMUNICATION

Stochastic fluctuations in the rotation of the bacterial flagellar motor

Guanhua Yue({% &%), Rongjing Zhang(5k#550)", and Junhua Yuan(iE % 4E)*
Department of Physics, University of Science and Technology of China, Hefei 230026, China

(Received 1 February 2023; revised manuscript received 16 March 2023; accepted manuscript online 28 March 2023)

The bacterial flagellar motor is a nanometer-sized rotary motor that generates the torque to drive the rotation of the
flagellar filament. The output torque is an important property of the motor. The motor rotation was usually monitored
by attaching a pm-sized bead to a shortened flagellar filament, and the torque was extracted by calculating the torque
due to the viscous drag of the medium on the bead rotation. We sought for an independent extraction of the torque from
thermal fluctuation in the motor rotation using the fluctuation theorem (FT). However, we identified an overwhelming
fluctuation beyond the thermal noise that precluded the use of FT. We further characterized the timescale and the amplitude
of this fluctuation, finding that it was probably due to the stepping of the motor. The amplitude of torque fluctuation we
characterized here provided new information on the torque-generating interaction potential curve.

Keywords: motor torque, bacterial motility, fluctuation theorem, viscous drag

PACS: 87.85.gj, 87.15.Ya, 87.17.]j, 05.10.Gg

1. Introduction

Flagellated bacteria, such as Escherichia coli, swim by
rotating thin helical flagellar filaments, each driven at its base
by a reversal rotary motor.!!! The flagellar motor is embedded
in the cell envelope, and powered by a transmembrane proton
flux.[?! The motor consists of two parts, a rotary part (rotor)
and a set of torque-generating units (stators) around the rotor.
The rotor comprises four ring structures (the cytoplasmic C-
ring, the inner membrane-embedded MS-ring, the P-ring, and
the L-ring), and along the center axis of the ring structures, a
short rod across the peptidoglycan and the outer membrane,
which connects via the flexible hook (approximately 55 nm
long) to the long filament (up to 10 um in length).!3- Each
stator consists of five MotA and two MotB proteins that form
two proton-conducting transmembrane channels.®”) Driven
by a proton electrochemical potential difference across the in-
ner membrane (the proton motive force, PMF), the protons
flow through the channels and induce conformational changes
of the stator that exert force on the C-ring of the rotor via elec-
trostatic and steric interactions.!>>! Each motor can contain
up to 11 independently working stators, although normally in
a wildtype cell, the number of stators is about 7 or 8 for a mo-
tor under high load.!® The motor can rotate counterclockwise
(CCW) or clockwise (CW), depending upon the conformation
of the C-ring.[*!

The relationship between the motor torque and the motor
angular speed is one of the most important characteristics of
the motor, measuring how much torque the motor generates
at different speeds (under different loads). As the speed in-
creases (load decreases), the torque remains nearly constant up

TCorresponding author. E-mail: rjzhang @ustc.edu.cn
fCorresponding author. E-mail: jhyuan@ustc.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acc804

to an intermediate speed called the “knee speed”, after which

[10-12] The near-constant motor torque at

it falls rapidly to zero.
high loads was usually measured by attaching a pm-sized latex
bead to the shortened filament, and extracting from the speed
o and viscous drag coefficient of bead rotation y: N = y®. As
the bead rotates near the surfaces of a cell and the cover glass
of the sample chamber, the contribution of the surface effect
to 7 is usually significant but difficult to estimate:['3! first, the
main contribution of the surface effect is from the surface of
the cell body, which is a cylindrical surface instead of a flat
surface; second, the distance between the bead and the cell
body is small and difficult to precisely measure.

In recent years, nonequilibrium statistical mechanics have
been increasingly widely used in biological systems, such as
Jarzynski’s equality,!'*! Crooks fluctuation theorem!!3! and
the fluctuation theorem (FT).['®) We sought to measure the
motor torque at high loads independently with FT, which used
the thermal fluctuation in the rotation of the bead, under the
assumption that the motor torque is constant at high loads.[!”!
This was similar to that applied to measure the torque of the
F;-ATPase single molecule rotary motor.!'3! Using FT to ex-
tract the torque eliminated the need to calculate ¥, but the rota-
tion of the motor needed to be measured with high spatiotem-
poral resolution using the bead assay, and with other noises
besides the thermal noise well controlled and removed, which
we carried out below.

We performed the experiments for motor rotation under
high load and analyzed the fluctuations of the rotation. How-
ever, we found that there exists an extra ultrafast fluctuation
that overwhelms the thermal fluctuation. By eliminating var-
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[19.20] we characterized the

ious types of experimental noises,
timescale and amplitude of this unknown fluctuation, finding

that it was probably due to stepping in the motor rotation.?-??]

2. Experimental materials and methods
2.1. Strains and plasmids

The strain we used is JY21 (motA448 AfliC AcheY),
which was derived from E. coli K12 strain RP437.123] The
plasmid pKAF131 constitutively expresses the sticky fila-
ment FliC*, and the plasmid pTrc99aMotA expresses wildtype
MotA under control of an IPTG-inducible promoter.?*!

2.2. Cell culture

Bacteria were grown at 33 °C in 10 ml of T-broth (1%
tryptone and 0.5% NaCl) with appropriate antibiotics (ampi-
cillin (100 mg/ml) and chloramphenicol (25 mg/ml)) and the
inducer IPTG at the appropriate final concentrations: 0 uM,
10 uM, 20 uM, 50 pM, and 100 uM. Cells were grown to an
ODgno (optical density at 600 nm) of between 0.45 and 0.50,
and 1 ml of the grown culture was harvested by centrifugation
at 4000 x g for 2 min, washed twice with 1 ml motility medium
[10 mM potassium phosphate, 0.1 mM EDTA, 1 mM methio-
nine, and 10 mM lactic acid, at pH 7.0], and resuspended in
1 ml of this medium.

2.3. Bead assay

We truncated the flagella by passing 1 ml of the washed
cell suspension between two syringes equipped with 23-gauge
needles and connected by 7-cm-long polyethylene tubing
(0.58 mm inside diameter, No. 427411; Becton Dickinson) for
60 to 70 times. The sheared cell suspension was centrifuged
and resuspended in 0.7 ml of motility medium.

To measure the motor speed trace, we constructed a sam-
ple chamber with two pieces of double-sided tape spaced be-
tween the coverslip and a glass slide. The glass coverslip
was coated with poly-L-lysine by adding 40 pl poly-L-lysine
(0.01%, P4707; Sigma, St. Louis, MO), allowing to stand for
5 min, and then rinsing with 100 pl motility medium. 40 pl
of the sheared cell suspension was added to the coverslip, al-
lowed to stand for 10 min, and then rinsed with 40 pl of 40x
diluted 0.75-pm-diameter or 15x diluted 1.5-pm-diameter
polystyrene latex bead solutions (No. 07306; Polysciences)
to attach the beads to the sheared flagellar stubs. After in-
cubating for 3 min, the chamber was rinsed with 200 pl motil-
ity medium with various Ficoll concentrations (0 or 5% or
15% wi/v). The chamber was then sealed with vacuum grease.
This procedure allowed sticking the cell to the coverslip and
attaching a bead to the truncated flagellar filament so that the
bead rotation could be followed. We used a Nikon Ti-E phase-
contrast microscope (Nikon, Melville, NY) with an objective
magnification of 40x to observe the bead, and the images were

recorded by an sCMOS camera (OLCA-Flash4.0 V2, Hama-
mastu Photonics, Hamamatsu, Japan) at frame rates ranging
from 1500-2500 Hz with a reduced region of interest that cov-
ered selected trajectories of beads. Occasionally, some beads
were stuck to the coverslip instead of attaching to the filament
stubs. The images of some of those stuck beads were also
recorded to correct for the drift of the sample stage.

2.4. Data analysis

Data analysis was carried out using custom scripts in
MATLAB (MathWorks). For each frame, the positions of both
the stuck bead and the rotating bead were calculated as the av-
eraged pixel position weighted by the intensity of the pixels,
and then the position of the stuck bead was subtracted from the
position of the rotating bead to eliminate the long-term drift of
the sample stage. In the conventional bead assay, the effect
due to the drift of the sample stage was usually not corrected,
or crudely corrected by dividing the time traces of bead trajec-
tory into subsections and shifting the trajectory center of each
subsection to match each other. Here, we used the dual-bead
method to precisely correct the drift of the sample stage. The
bead positions were converted into angular positions relative
to the center of the bead rotating trajectory by using the atan2
function in MATLAB, and then the angular speeds were cal-
culated from changes in the angular positions.

We took care to control the number of stators in the mo-
tor to eliminate the possible effect of torque change due to
changes in the number of stators. The stators of the motor
bind to and unbind from the rotor stochastically on a timescale
of 1 min. At high load, the motor torque is proportional to the
stator number.!'341 Thus, the steady-state speed trace of the
motor showed step-like fluctuations corresponding to changes
in the number of bound stators.[>*! For each rotating motor,
we recorded for 20 min to ensure that binding and unbinding
of the stators occurred enough times so that we could analyze
the speed time series with a step-finding algorithm.

= —20 . . . .
£ 3
T —40
2 =50
& —60
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< —805 50 100 150 200

Time (s)
Fig. 1. Typical trace of motor angular speeds at steady state. The black
line is the speed time trace. The red lines are the average speeds found
by the step-finding algorithm.

We first used the Chug—Kennedy filtering algorithm (C-K
filter) to filter the angular speed trace.>>! The analytical win-
dow used in the filter was [0.1 s, 0.5 s, 1.0 s] for experiments
with 0.75-um-diameter beads and [0.5 s, 2.5 s, 5.0 s] for ex-
periments with 1.5-um-diameter beads. We then used a step-
finding algorithm as described previously to identify the speed
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steps,>#2%1 and the number of stators in each segment was
calculated as the average speed of this segment divided by the
mean step size. A typical trace of motor angular speeds with
identified steps is shown in Fig. 1. After identifying the seg-
ments, each with stable numbers of stators, we divided each
segment into small 5 s-long sections, and selected the sections
during which the motor rotated stably. The averaged vari-
ance in angular displacement A¢ during a time interval of At,
G%(At), of these sections was calculated.

3. Results
3.1. Measuring the motor rotation

To study the fluctuation in motor rotation more precisely,
we chose the E. coli strain JY21, which rotates only in the
CCW direction. JY21 also carries a null mutation of the stator
gene motA and a null mutation of the filament gene fliC. JY21
was transformed with the plasmid pKAF131 that expressed
the sticky fliC allele to allow attaching a latex bead to the fila-
ment, and the plasmid pTrc99aMotA that expressed the wild-
type MotA under control of an IPTG-inducible promoter to

allow controlling the number of stators in a motor. [*]

=

0

Fig. 2. Schematic diagram of attached bead rotation. The blue line denotes
the shortened filament stub, the yellow circle denotes the latex bead, the xy
plane is parallel to the plane of rotation, 0 is the inclination angle, and r and
¢ are the radius and angle of rotation, respectively. The cell body, which lies
at the end of the filament stub, is omitted from the diagram.

For the rotation of a bead shown schematically in Fig. 2
with constant torque N and frictional drag coefficient 7y, the
time evolution of the rotation angle ¢(¢) is described by the
Langevin equation

do (1)
dt

14 =N+¢, ey
where & (1) = \/2ykgTT (¢) is a random torque that rep-
resents the effects of thermal fluctuation, kg is the Boltz-
mann constant, 7 is the room temperature (7' = 296 K),
and I"(¢) is Gaussian white noise whose autocorrelation func-
tion is the delta-function: (['(¢£)[(¢') = &(¢t —¢'). Assum-
ing that N is constant, FT has the following form for torque

measurement: 18

P(AG) \ . Ad
. <P<A¢>) Ve @

where P(A¢) is the probability distribution of the angular dis-
placement A¢ during a time interval of Az, A¢ = ¢ (¢ + Ar) —
(1)

We chose 0.75-pum-diameter latex beads and performed
the bead assay. Since the stator can bind to and unbind from
the rotor stochastically (on a timescale of 1 min), we used
JY21 with pTrc99aMotA to control the number of stators by
using different concentrations of the inducer IPTG.?* To ac-
curately eliminate the low-frequency drift of the sample stage,
we captured the rotating bead and a stable bead stuck to the
cover glass of the sample chamber simultaneously (Fig. 3(a)),
and computed the corrected coordinates (x, y) of the center of
the rotating bead by subtracting the coordinates of the stable
bead. An example of the corrected trajectory of the bead ro-
tation is shown in Fig. 3(b). We chose rotation trace sections
during which the motor rotated stably for at least 5 s for fur-
ther analysis (Fig. 3(c)), and the angular speed was calculated
from changes in the bead angular positions.
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Fig. 3. (a) An example image of a rotating bead (right) and a stable bead
stuck to the cover glass (left) captured by the camera. (b) The rotation tra-
jectory of the rotating bead for 5 s, which was corrected for the drift of the
sample stage and with the trajectory center moved to (0, 0). (c) The calcu-
lated angular speed of this rotation trace section, which has been filtered by
running average with a window size of 0.02 s. (d) 62(Ar) as a function of Ar.
The blue solid line is the experimental data, the red dashed line is the linear
fitting of the experimental data in the time range of 0.1 s to 0.5 s, the black
dashed line is G‘%(Al‘) = 2DyAt, which is induced by the thermal noise with

Do =kgT /v, and the yellow dashed line near the x-axis is the G; (At) induced
by the bending flexibility of the hook and the camera detection noise.

When the motor rotates under high load, the torque is usu-
ally thought to be constant, and the fluctuation in the bead
speeds is due to thermal noise,!!”! so that the motor rotation
satisfies Eq. (1) and the motor torque can be extracted using
FT (Eq. (2)). However, when we tried using Eq. (2) to com-
pute the torque N, the resulting N was significantly smaller
than the torque extracted directly from N = y® as normally
done previously with

y=1 (87a’ +67ar?),
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where a and r are the bead radius and the trajectory radius,
respectively, and 7 is the viscosity of the medium.!'?! The ex-
tracted N using FT is about 40 pN-nm per stator, whereas that
from N = y® is about 175 pN-nm (see Fig. S1 and details in
the supplemental material). This suggested that there existed
other types of noise in the motor rotation, which were much
larger than the thermal noise. Note that in the above formula
for y where the surface effect was not included, the first term
corresponded to the drag coefficient of a sphere rotating about
an axis through its center, and the second term came from the
fact that the rotational axis was off the center by a distance
of r.

To study noises beyond the thermal noise, we focused on
the variance of A¢, o (Ar) = Var(A¢(Ar)) = ((9(r + Ar) —
O (1)?) —{((¢(t+Ar) —(1)))?, with different values of the time
interval Ar.

The measured distribution P(A¢) can be well fit with a
Gaussian function (Fig. S2)

P(A¢) =

2
(A9 —p) ) | 3

1
V2no? P < 202

where the parameters 6> and u are the variance and the
mean of A@, respectively. For thermal noise, Gq%(At) =02 =
2kgTAt /7y, and = NAz/y. We could see that if we substituted
Eq. (3) with the expressions of 62 and u for thermal noise
into Eq. (2), Eq. (2) was automatically satisfied. Therefore,
the magnitude of O';(At) determines the value of N extracted
using FT, with larger G(%(At) leading to smaller N. Comparing
the experimentally measured G‘%(At) with that induced by the
thermal noise 2kg T At /¥ could characterize the extra noise be-
yond the thermal noise. 0'5 (At) computed from the experimen-
tal data (blue solid line in Fig. 3(d)) was significantly larger
than 2kg T Ar /7y (black dashed line in Fig. 3(d)), suggesting a
large amplitude of extra noise.

3.2. Other sources of noise

Two possible sources of fluctuations included the preci-
sion in detecting the bead position and the tangential flexing
of the hook due to the hook bending compliance (the filament
is rigid). Assuming isotropic bending of the hook, the tan-
gential flexing is the same as the radial flexing of the hook.
The noise due to detection precision and hook flexing could
be extracted from the radial fluctuation of the bead trajectory.
According to a recent work, ") from the radial fluctuation of
the bead positions shown in Fig. 3(d), and the characteristic
time of hook bending, we could extract the average angle of
inclination 0 as shown in Fig. 2, and then both noises due to
detection precision and hook flexing (see supplemental mate-
rial). The amplitude of the noise due to hook flexing is at a
similar level to that of the detection noise, and G; (At) due to
both noises is shown in Fig. 3(d) as the yellow dashed line,

which is a very minor contribution to the experimentally mea-
sured G4 (Ar).

We also considered the noise from the relative angular
displacement between the bead and rotor due to torsional com-
pliance of the hook (see supplemental material).!'®! This type
of noise is extremely small and can be neglected, similar to the
condition in F;-ATPase. 18]

The amplitude of all three types of noises mentioned
above is small when At is relatively large. Thus, they cannot be
the major source of the difference between the experimentally
measured G(% (At) and 2kgT At /y due to the thermal noise for
relatively large At in Fig. 3(d). Furthermore, we can see that
the experimentally measured O'%(At) scales approximately lin-
early with Ar:

04 (Ar) ~ 2Dt

where Dy is the total diffusion coefficient.

The other possible contribution to the difference between
the experimentally measured G‘% (At) and 2k T At /¥ is the fluc-
tuation of the motor torque, which we sought to characterize
further below.

3.3. Fluctuation of the motor torque

Fluctuation of the motor torque around the average torque
Ny can be described using the Langevin equation

dN 1
dt(t) +—(N (1) =No) = V2Awquel (1), (4)

™

do(r) 1
@ Y ”

where Ty is the relaxation time in the torque fluctuation, and
the constant Ayrque Characterizes the amplitude of the Gaus-
sian white noise, with 62 (N) = Atorque  TN-

Equations (4) and (5) have the same mathematical form
as the free diffusion of a massive particle (see supplemental
material), so Gq%(At) due to fluctuation of the motor torque is

_ A
03 (Af) = 2Dy At — 2Dy Ty (1 e )

where Dy is the contribution to the diffusion coefficient from
fluctuation of the motor torque, with Dy, - 7/2 = Atorque * Tz%/ such
that o2 (N) =Dy - YZ/TN.

For large At, and combined with the variance due to ther-
mal noise, we have

ksT
G} (At) ~ 2Dy (At —1y) +2B7At
- ZDtotAt - 2DN TN7 (6)

where Dot = Dy + Dy with Dy = kgT' /Y.

We subtracted the three types of noises mentioned above
(the noises due to detection precision, hook flexing, and rel-
ative angular displacement between the bead and rotor) from
the experimental data, and the remaining G(% (At) should only
contain the thermal noise and the fluctuation of the motor
torque. We select the At range of 0.1 s to 0.5 s to fit the linear
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function Eq. (6). We choose 0.1 s as the lower limit because
the characteristic time of the fluctuation due to the hook flex-
ing can be up to ~ 0.01 s when the stator number is 1.1°%) From
the linear fitting with Eq. (6), Dy and thus Dy could be ex-
tracted from the slope, and then Ty could be extracted from
the intercept at At = 0 s. For example, for the data shown in
Fig. 3(d), we fit it in the Ar range of 0.1 s to 0.5 s with Eq. (6),
resulting in a slope (2Dyo) of 25.07 rad®-s~! and an intercept
(—2Dn1Ty) at At = 0 s of —0.580 rad?. The value of Dy can be
obtained from the value of 7y, leading to 2Dy = 4.77 rad” - s,
Thus, the value of Dy can be obtained from the difference be-
tween Dy and Dy, leading to a value of 10.15 rad?-s!, and
the value of 7y can be obtained from the fitted intercept and
the value of Dy, leading to a value of 0.0304 s.

For different stator numbers, we extracted the values of
Dy and 7y, as shown in Fig. 4.

14

12}

Dy (rad?/s)
- =

0

0 1 2 3 4 5 6 7 8 9
Stator numbers

0.06 .
(b)
0.041

0.021

T~ (s)

o

—0.02f

0TI 3 1 5 6 7 8 9
Stator numbers

Fig. 4. The extracted Dy and 7Ty at different stator numbers. Error bar
shows the standard error of the mean (SEM). For stator numbers of 1 to
8, the numbers of trace segments we collected were 4, 13, 20, 24, 13, 5,
3, and 1, respectively. Thus, there is no error bar for stator number of 8.

The numbers of trace segments we collected for stator
numbers from 1 to 8 were 4, 13, 20, 24, 13, 5, 3, and 1,
respectively, with an average stator number of 3.73+0.16.
Dy for different stator numbers are relatively constant, with
Dy =8.294+0.39 rad® /s for all the data. The timescale Ty in
the torque fluctuation is extremely small, with very large un-
certainty in the extracted value of 7y. Ty = 0.0055+0.0027 s
for all the data. Due to the large uncertainty in measuring Ty,
we could quote an upper limit of it: Ty < 0.0082 s. This sug-
gested an extremely fast fluctuation of the motor torque, con-
sistent with the timescale of motor stepping, which was around

1/(nx o), where n = 26 or 34 is the number of steps per revo-
lution. The amplitude of the torque fluctuation was calculated
to be 0 (N) = /Dy -y*/ty = 68.99 +24.04 pN-nm, with a
relative fluctuation of o (N)/N = (13.0 £4.6) %. Note that in
Fig. 4, some of the extracted values of Ty were unphysically
negative: for some of the data of ()';(Al) versus At (Fig. 3(d)),
the fitted value of the intercept (—2DyTy) could be positive
due to experimental noises, and this would lead to an unphys-
ical negative Ty as the value of the extracted Dy was always
positive due to the large amplitude of torque fluctuation. The
fact that some of the extracted Ty values were negative was
because of the extremely small value of 7y and the large ex-
perimental uncertainty in extracting Ty.

3.4. The relative contributions of torque fluctuation and
thermal noise

We noticed that for different loads ¥, the relative contribu-
tions of the two types of noise are different. As the amplitude
of torque fluctuation is relatively constant with y under high
loads, y2 - Dy is constant with ¥, which means Dy o< yfz. The
contribution from the thermal noise Dy scales with 1/7. Thus
the ratio of Do /Dy is

where C is a constant. Thus, if we plot the values of Dy /Dy
at different values of 1/7, it should be a linear function, with a
y intersect of 1. To verify this, we performed experiments by
using 1.5-um-diameter beads and changing the medium vis-
cosity with Ficoll concentrations of 0%, 5% and 15%. The
fluctuation of torque at large ¥ was smaller, so we could select
longer trace segments, each of 30 s, and used a Az range of 2—
3 s to fit a linear function to extract Dyy. As shown in Fig. 5,
the data can be fit with a linear function, resulting in a y inter-
sect of 1.17£0.77. This was consistent with our prediction.
Thus, the contribution from the thermal noise will dominate at
sufficiently high loads, suggesting that we may be able to use
FT to estimate the motor torque at extremely high loads.
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Dtot/DO
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1/y (pPN~tnm~!.s71)

Fig. 5. The Dy /Dy as a function of 1/7. Blue circles denote the values of
Dot/ Dy for motors under loads of 1.5-pm-diameter bead and in medium
with Ficoll concentrations of 15% (n = 21), 5% (n = 24) and 0% (n = 25)
from left to right, respectively. Error bar is SEM. The red line is the linear
fitting.
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4. Discussion

The fluctuation theorem could provide an independent ex-
traction of the motor torque at high loads. Here, we sought to
perform this extraction, but discovered a large extra fluctua-
tion in the motor torque that precluded it. We characterized
the timescale and amplitude of this fluctuation. The timescale
was extremely small, such that the uncertainty in measuring
the timescale was large. We found an average timescale of
0.0055 £0.0027 s. Considering the large uncertainty in mea-
suring the timescale, we could quote an upper limit of it:
Ty < 0.0082 s. This was consistent with the timescale of mo-
tor stepping, which was around 1/(n x @), where n = 26 or 34
is the number of steps per revolution. Therefore, the fluctua-
tion of motor torque was probably due to motor stepping. The
relative fluctuation of the motor torque was (13.0£4.6)%. To
measure the timescale of torque fluctuation more precisely, we
could probably use a hook mutation that makes a more rigid
hook %81 in the future.

The bacterial flagellar motor is a stepping rotary motor,
with each stator stepping on the ring of FliG subunits to ro-
tate the rotor. As the stepping timescale of the motor is ex-
tremely small, the motor stepping behavior is difficult to ob-
serve experimentally,1->?] not to mention the characteristics
of the motor stepping behavior. Due to technical difficulties,
no experiments have attempted to measure the detailed prop-
erties of the stator—rotor interaction. Our measured ampli-
tude of the fluctuation in the motor torque provided new in-
formation on the shape of the stator—rotor interaction potential
curve.!17:29]

We also found that thermal noise would be dominant over
the torque fluctuation at extremely high loads. This suggested
that it may be feasible to estimate the motor torque using FT
at extremely high loads.

The F1-ATPase rotary motor is also a stepping motor;
thus, similar torque fluctuations caused by stepping are un-
avoidable. Nevertheless, it is interesting that FT could be used
to extract its torque.['®! At high ATP concentrations, the ro-
tation of F1-ATPase appears smooth with a small dwell time
for each step (about 1 ms), much smaller than the response
time of the probe (a pm-sized bead, corresponding to an ex-
tremely high load for the F1-ATPase motor). Thus, this is sim-
ilar to the case we discussed above: the thermal noise would be
dominant over the torque fluctuation at extremely high loads,

thereby making it feasible to estimate the torque using FT.
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