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The torque—speed relationship of the Na*-driven flagellar motor of Vibrio
alginolyticus was investigated. The rotation rate of the motor was
measured by following the position of a bead, attached to a flagellar fila-
ment, using optical nanometry. In the presence of 50 mM NaCl, the gener-
ated torque was relatively constant (~3800 pN nm) at lower speeds
(speeds up to ~300Hz) and then decreased steeply, similar to the
H™-driven flagellar motor of Escherichia coli. When the external NaCl con-
centration was varied, the generated torque of the flagellar motor was
changed over a wide range of speeds. This result could be reproduced
using a simple kinetic model, which takes into consideration the associa-
tion and dissociation of Na* onto the motor. These results imply that
for a complete understanding of the mechanism of flagellar rotation it is
essential to consider both the electrochemical gradient and the absolute
concentration of the coupling ion.
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Introduction

The bacterial flagellar motor is a rotary molecu-
lar machine powered by the flow of ions across
the cytoplasmic membrane." Each motor rotates a
long (~5 pum) helical filament that extends from a
cell body. The rotation of this filament is used for
cell propulsion, which is the primary method of
locomotion. The influx of ions is driven by a trans-
membrane electrochemical gradient of a specific
ion, either H* (protonmotive force: pmf) or Na*
(sodium-motive force: smf).>* H*-driven type
flagellar motors are used in Bacillus subtilis,
Streptococcus or Escherichia coli, and Na*-driven
type flagellar motors are found in alkalophilic

Bacillus or Vibrio species.

In H*-driven flagellar motors, approximately 50
proteins are required for the assembly and rotation
of the flagella.” Especially, MotA, MotB and FliG
are essential for the conversion of energy to torque

and have been identified from genetic studies of
Salmonella typhimurium and E. coli.®” MotA and
MotB form a proton channel complex and function
as a component of a stator.” The rotor consists of a
series of rings spanning the cell envelope, which
is attached via the flexible hook to the helical
filament,® and is surrounded by eight or 16 inde-
pendent MotA /B complexes.”'” FliG forms part of
the rotor and interacts with MotA to generate
torque for rotation. Analyses of site-directed muta-
genesis have shown that the charged residues
crucial for torque generation are R90 and E98 in
MotA and R281, E288 and E289 in FliG."''? It is
thought that these charged residues of MotA and
FliG engage in electrostatic interactions with each
other. When either R90 or E98 of MotA was con-
verted to Glu or Lys, the motor was unable to
rotate."”

PomA and PomB in Na*-driven flagellar motors
have sequences similar to MotA and MotB in the
H*-driven motors, respectively, and function as

Abbreviations used: pmf, protonmotive force; smf,

sodium-motive force.
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sodium channels. PomA in V.alginolyticus con-
serves charged residues such as R88 and E96,
which correspond to R90 and E98 of MotA of
E. coli, respectively. In contrast to the H"-driven
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Figure 1. Schematic of a measurement system of
Na*-driven flagellar motor rotation in NMB136 cells. An
NMB cell was immobilized on the glass surface and a
bead was attached to its flagellar filament. The phase-
contrast image of the bead was projected onto the face
of a quadrant-type photodiode (see the text for details).

motor, reversal of the charge of either R88 or E96
had no effect on flagellar rotation of the Na®'-
driven motors.'* Torque generation of Na*-driven
motors requires the additional components MotX
and MotY.""'® The components of the H*-driven
flagellar motor had no similarities with MotX and
MotY, except for the fact that the C terminus of
MotY has a peptidoglycan-binding motif."” MotX
and MotY are located in the outer membrane'® and
interact with each other."” MotX and MotY appear
to be components unique to the Na*-driven
flagellar motors; however, their precise roles have
not been determined. Although there are differ-
ences between H*-driven and Na*-driven motors,
it is thought that both motors operate by the same
underlying mechanism because PomA defective
V. alginolyticus cells can regain flagellar rotation by
expressing MotA of Rhodobacter sphaeroides, which
has a H*-driven motor.*

Many models explaining the mechanism of the
bacterial flagellar rotation have been proposed.”**
To verify these models, the function of the rotary
motor must be investigated. The most common
method for investigating flagellar rotation has
been the tethered cell method.” This method
involves attaching a single flagellar filament to a
microscope coverslip using antibodies against the
filament and observing the rotation of the cell
body. This is a very convenient method from the
view-point that no specialized equipment is
necessary. However, the motor operates at approxi-
mately 10 Hz due to the unnatural high loads
imposed on the motor. Normal flagella rotate at
speeds greater than 100 Hz.** In an extension of
the tethered cell method, the method of electrorota-
tion has been applied to study flagellar motors.”
This method controlled the rotation rates of cells
by applying an external torque and clarified the
torque—speed relationship of E.coli** Another
effective method of measuring flagellar rotation

involves laser dark-field microscopy.” In this
method, a thin laser beam irradiates the flagellar
filament and the rotation rate under natural load
conditions can be measured from the intensity
change of the scattered light with high temporal
resolution. The average rotation rate using this
method is reasonably stable; however, there are
abrupt slowdowns, pauses and reversals of the
rotation.

A method used to measure the displacement of
biological molecules with high temporal and
spatial resolutions has been developed recently.
This method involves attaching a bead as a marker
to molecules and projecting the bead image onto
a photo-detector.”® This method has greatly
advanced the studies of motor proteins that per-
form sliding movements, such as kinesin and
myosin.”~>! This bead assay has also been applied
to studies of the flagellar motors. A spherical bead
was attached to the flagellum or hook and the
position of the bead was followed by photo-
detector.”* Careful experiments using a bead assay
confirmed the torque-speed relationship of the
H"-driven flagellar motor in E. coli.***

In this study, the flagellar rotation of the Na*-
driven motor in V.alginolyticus was measured
using a bead assay. The torque—speed relationship
of the Na*-driven flagellar motor is similar to that
of the H*-driven flagellar motor. This result
suggests that the mechanism of torque generation
in both Na* and H"-driven is similar. A kinetic
model applied to the data could reproduce the
effect of NaCl concentration in the medium on the
generated torque.

Results

Measurement of flagellar rotation using a
bead assay

The rotation rates of Na*-driven flagellar motors
in V. alginolyticus NMB136 have been measured by
attaching a poly-L-lysine modified bead to a
flagellar filament as a marker (Figure 1). NMB136
cells are useful for measurements of flagellar
rotation, because (1) these cells have a single polar
flagellar motor, no lateral flagella (Laf™), and (2) a
flagellum rotates unidirectionally, i.e. without the
clockwise direction (Che™).>* The polar flagellar
filament of V.alginolyticus is sheathed, and the
components of the sheath are thought to be similar
to that of the outer membrane.”” Because beads
have not been rarely observed attached to the cell
body under our experimental conditions and the
membrane enclosing the filament is supposed to
be too fragile to rotate with the beads, it is likely
that the poly-L-lysine modified beads attached to
exposed areas on the filaments. To follow the
position of the beads with sub-millisecond and
nanometer resolution, a phase-contrast image of
the bead was projected onto the face of a quad-
rant-type photodiode.” Currents from each of the
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Figure 2. Typical example of the data. (a) X and Y sig-
nals of the position of a bead attached to the flagellar fila-
ment are shown as a function of time. The size of the
bead was 1.08 pm in diameter. The external NaCl con-
centration was 50 mM. The signals were passed through
a low-pass filter of 1kHz. (b) The FFT spectrum of the
signal from 1.0 second using the same data as in (a).
(¢) A two-dimensional X-Y plot of the data shown in
(a). Broken lines are the major and minor axes of the
ellipsoid.

four quadrants were converted to voltages, and the
X signal and Y signal of the bead position were
calculated through a differential amplifier. Figure
2(a) shows the typical time-course of the X and Y
signals of the bead position when a bead 1.08 um
in diameter was attached to a flagellar filament.
Since the bead was rotating, the X and Y signals
appeared as sinusoidal curves with a 90° phase
shift. The FFT spectrum in the X signal (or Y signal)
had a single peak, and its frequency was 133 Hz,
so this has been taken as the rotation rate of the
flagellar motor (Figure 2(b)). The experimental
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Figure 3. (a) The effect of NaCl concentration on the
swimming speed of V. alginolyticus NMB136 cells. Each
point shows the average swimming speed for 50 cells
measured in several independent experiments in the
presence of varying NaCl concentrations. The Y-axis on
the right represents the flagellar rotation rate calculated
from the vif ratio.”” (b) The relationship between the con-
centration of NaCl in the external medium and the
rotation rate of beads attached to the flagellar filaments.
Crosses ( X ), filled diamonds (#) and open circles (O)
show the average values of rotation rate when beads of
1.08, 0.85 and 0.60 um diameter were attached to flagel-
lar filaments, respectively. For each data point, at least
eight cells were measured.

conditions in this measurement system, such as
light intensity, had little effect on the flagellar
rotation. Most cells rotated their flagellar filaments
at a constant speed for at least ten minutes.

Cells that tilted up from the surface of a cover-
slip (as illustrated in Figure 1) were selected,
because this orientation allowed us to ignore the
friction between the beads and the coverslips. This
resulted in the two-dimensional X—Y plots of most
of the acquired data being ellipsoid in shape.
Then, the rotational radii of the beads were
measured as the major radius of the ellipsoid.
Figure 2(c) shows the X-Y plot of the bead
positions of a bead 1.08 pm in diameter. The
rotational radius of the bead was measured as
0.43 pm. This value is reasonable, because the
rotational radius is expected to be r, £ r, where 1,
is the radius of a bead and r is the helical radius
of the flagellar filament, 0.14 pm.”” However, the
rotational radii of beads were often larger than
expected. This was especially so for beads with
diameters of 1.65 pm and 1.08 pm, and is most
likely due to the eccentric rotation of the flagellar
filaments.
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The effect of external NaCl concentrations on
flagellar rotation

Figure 3(a) shows the effect of external NaCl
concentration on the swimming speed of NMB136
cells. NMB136 cells have a single polar flagellar
motor, so the swimming speed should reflect the
rate at which the flagellum rotates. Studies using
laser dark-field microscopy reported that external
concentration of NaCl affected the swimming
speed and the flagellar rotation rate.® The swim-
ming speed and the flagellar rotation rate were
measured simultaneously in V. alginolyticus.”” The
relation between swimming speed (v) and flagellar
rotation (f) can be defined by the equation:

v (pm/s) = 0.113 (pm) X f (1/s)

The flagellar rotation rate expected using the v:f
ratio is described in the Y-axis on the right of
Figure 3(a).

The flagellar rotation rates were measured using
a bead assay in the presence of different concen-
trations of NaCl (Figure 3(b)). As the swimming
speed, the rotation rate of the bead attached to the
flagellar filament increased with the external NaCl
concentrations and reached a maximum speed at a
NaCl concentration of approximately 100 mM. The
profile was basically the same for all beads used.
The rotation rates at any NaCl concentration
decreased with an increase in the bead size. For
example, at high NaCl concentrations, the satu-
rated or maximal rotation rates of beads 0.60 pum,
0.85 pm and 1.08 pm in diameter attached to the
flagellar filament were 500 Hz, 250 Hz and 130 Hz,
respectively. This indicates that beads exerted the
load on the motor. These results suggest that in
our measurement system, the rotation of the bead
reflects flagellar rotation under various load con-
ditions and that attaching a bead does not cause
any effects except loads to flagellar rotation.

The torque-—speed relationship of Na*-driven
flagellar motors

In this study it was possible to estimate the
generated torque of the Na*-driven flagellar
motor. The generated torque of the motor (M) was
calculated from the rotational frictional drag coef-
ficient (f,) multiplied by the angular velocity (w),
M = f, Xw.*” The rotational frictional drag coef-
ficient was estimated from the sum of that result-
ing from the rotation of a bead (f,) and a flagellar
filament (fy) (for more details see Materials and
Methods). To study the generated torque over a
wide range of speeds, the f, value was changed
from 0.5 pN nm s to 20 pN nm s by using beads of
different sizes (0.46—1.65 um in diameter).

Figure 4(a) shows the torque—speed relationship
of Na*-driven flagellar motors at a NaCl concen-
tration of 50 mM. Each point, except the open
diamond, represents a value of the generated
torque measured from one cell. The symbols
represent torque values from beads attached to the

5000
T 4000rg X ‘}% a
c K & o
Z 3000 AR o °§’D
' I ° po
2 2000
g
© 1000 | o
O 1 1 1 1 1 1 1
0 200 400 600 800
Speed (Hz)
(b)
5000
‘= 40001 .
e
Z 3000 &-%..& S
© 1000f - “ "o
L 1-« L R L \"r
0 200 400 600 800
Speed (Hz)
()
5000
S 4000
c
i 3000 -
8 2000
g
2 1000 F
0 1 1 1 1 1
3 5 10 30 50
NaCl (mM)

Figure 4. (a) Torque—speed relationship at a NaCl
concentration of 50 mM. Symbols represent the bead
sizes as follows: V, 1.65 um; X, 1.08 um; ¢, 0.85 pm; A,
0.75 pm; O, 0.60 pm; [, 046 pm; and <, no bead
attached. (b) The effect of NaCl concentration on the
torque—speed relationship. Symbols and error bars indi-
cate the average values and standard deviation for each
size of a bead, respectively. Circles (®), triangles (A) and
squares (M) are derived from experiments at NaCl
concentrations of 50, 10 and 3 mM, respectively. At the
concentrations of 10 and 3 mM NaCl, a bead 0.46 pm in
diameter was not used. (c) The relationship between the
generated torque and NaCl concentration when a bead
1.65 pm in diameter was attached to the flagellar fila-
ment. The horizontal scale is logarithmic.

flagellar filament having diameters of 1.65, 1.08,
0.85, 0.75, 0.60 and 0.46 pm. The open diamond
plotted in Figure 4(a) was the generated torque
without a bead attached to the filament and was
calculated by using data of the rotation rates of
flagellar filaments (Figure 3(a)). The torque gener-
ated between 0Hz and 300 Hz was relatively
constant at 3800 pN nm. In the high-speed region,
the generated torque declined steeply. The torque—
speed relationship of Na*-driven flagellar motors
in V.alginolyticus is similar to that of H*-driven
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motors in E.coli, although the flagellar rotation
in V.alginolyticus is considerably faster than in
E. coli.® Next, the torque—speed relationship was
measured at NaCl concentrations of 3, 10 and
50 mM (Figure 4(b)). These curves show similar
trends in the presence of any concentrations of
NaCl; that is, the generated torque was constant at
low speeds and decreased in the high-speed
region. However, both torque and speed decreased
with decreasing external NaCl concentrations. The
maximum torque, stall torque, is approximately
3800, 3000 and 2100 pN nm at NaCl concentrations
of 50, 10 and 3 mM, respectively. The zero-torque
speed estimated by extrapolating the values in the
high-speed region was 710, 450 and 250 Hz in the
presence of 50, 10 and 3 mM NaCl, respectively.
The effect of the concentration of NaCl on the
flagellar motor seems to be greater in the high-
speed region. Figure 4(c) shows the relationship
between the generated torque and the external
NaCl concentrations when a bead 1.65pm in
diameter was attached to a flagellar filament. In
this condition, the load exerted on the motor is
very high, like that of the tethered cell. The torque
generated by Na'-driven flagellar motors under
high load conditions is a linear function of the
logarithm of NaCl concentrations between 3 and
50 mM.

Discussion

Many models of the rotational mechanism of
the bacterial flagellar motor have been proposed
to explain the relationship between the input and
output of the motor.*~** The input of the flagellar
motor is considered to be the ion-motive force and
the ion fluxes, and the output of the motor is
characterized by its torque and rotation rate. In
order to understand the mechanism of the motor,
it is essential to know the relationship between
the input and output in detail. Here, the rotation
rate and the generated torque as outputs of the
Na*-driven flagellar motor of V. alginolyticus were
measured using a bead assay and the results
obtained were compared to a simple kinetic
model. Na*-driven motors are useful for modu-
lating inputs of the motor as the rotation rate can
be altered by changing the external NaCl concen-
tration. A bead assay is a very effective method
for detecting the rotation rates of flagellar motors
using a conventional optical microscope equipped
with a quadrant-type photodiode. The spherical
bead is attached to a flagellar filament as a marker.
In our system, beads larger than 0.46 pm in
diameter produced sufficient signal intensity to
follow the position of the bead. This assay will
also allow the switching mechanism of the
flagellar motor to be investigated, since it measures
not only the rotation rate but also the rotational
direction.

The torque generated by the motor with a bead
attached can be determined by the angular velocity

of the motor times the viscous drag which can be
calculated as the sum of the flagellar filament and
the bead. The torque—speed relationship of the
Na*-driven flagellar motor was estimated by
changing the viscous drag on the motor, i.e. using
beads of different sizes. At a NaCl concentration
of 50 mM, the torque was relatively constant at
3800 pN nm at low speed (speeds up to ~300 Hz).
This value corresponds to the maximum
torque values obtained for E. coli, (6300 pN nm*
or 4500 pNnm?¥), and for Streptococcus
(3000 pN nm*). In the high-speed region, the
generated torque decreased steeply. This pattern
observed in the torque-speed curve of
V. alginolyticus was similar to that shown in
E. coli*** These results suggest that the mecha-
nism of torque generation in Na*-driven flagellar
motors is similar to that in H*-driven motors,
although the charged residues essential for the
interaction between the stator and rotor seem to
be different.">"

It is thought that the bacterial flagellar motor is
rotated by the sum of the torque generated by
independently functioning force-generating units
in both H* and Na*-driven motors.”'** The
number of force-generating units of Na*-driven
flagellar motors was estimated to be five to nine
units in alkalophilic Bacillus using a photoreactive
inhibitor of a sodium channel* and five to eight
units in V.alginolyticus using the same reagent
(our unpublished results). From the experimental
results (3000 pN nm at 500 Hz in the presence of
50 mM NaCl; Figure 4(b)), the maximum power
of each unit can be estimated to be at least
1.0x10°pNnms™' even when eight units are
involved in torque generation, where the output
of the power is defined as torque multiplied by
the angular velocity. This value is larger than that
obtained in E. coli, 1.75 X 10° pN nm s~ '.*?

When external NaCl concentrations were
changed, the torque-speed relationships in the
presence of any NaCl concentration showed simi-
lar trends (the torque was constant in the low
speed region and declined steeply in the high
speed region). The NaCl concentration had a great
influence on the values of the torque and rotation
rate obtained in the torque—speed curve (Figure
4(b)). The effect of the concentrations of the coup-
ling ion on torque—speed curves of V. alginolyticus
was different from those of E. coli. The curves for
E.coli did not change even when the external
environment had a pH value in the range pH 4.7-
8.8.* The difference in the effect of the coupling
ion on the torque—speed relationship between
V. alginolyticus and E. coli is possibly derived from
the difference not in the mechanism of flagellar
motors but in the cell homeostasis when the con-
centration of the external coupling ion is varied.
In E. coli when the external pH is varied the cells
can maintain the cytoplasmic pH value, but the
pmfs do not change considerably by adjusting
their membrane potential.®*® In the cells that have
Na*-driven motors, the membrane potential of the
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cells, AV is almost independent of the external Na*
concentration.””> However, there are conflicting
reports on whether the cytoplasmic Na* concen-
tration of cells increases linearly with the external
Na* concentration™ or remains constant at
30 mM.”" The exact effect that the external concen-
trations of NaCl have on the cytoplasmic Na* con-
centration is unknown. However, the effect of the
external NaCl concentration on the cytoplasmic
Na* concentration could be predicted. Using
tethered cells of Streptococcus under high load
conditions, the generated torque of the flagellar
motor was a linear function of the pmf.> We
applied this result to the Na*-driven motors in
our system; that is, the generated torque was
applied as a linear function of:

smf = AW — 59 log[Na* ], /[Na*t ],

where [Na'],, and [Na'],, are the external and
cytoplasmic Na* concentrations, respectively. At
high loads the generated torque was a linear func-
tion of the logarithm of the NaCl concentration
(Figure 4(c)). Therefore, it is likely that the cyto-
plasmic Na* concentrations remain stable even
when the external NaCl concentrations vary.

These experimental results were then simulated
using a simple kinetic model in an attempt to
demonstrate the effect of Na* concentration on the
torque—speed curve.**** The Na*-driven flagellar
motor was reported to have both external and cyto-
plasmic Na* binding sites.** Figure 4(b) shows that
the effect of the concentration of NaCl on the fla-
gellar motor is greater in the high-speed region.
These results suggest that the association and dis-
sociation of Na* on the binding sites limit the
kinetic cycle. Thus, the four-state model proposed
by Iwazawa et al.* was adopted with some modifi-
cations. This model takes into consideration the
external and cytoplasmic concentrations of Na*
(Figure 5(a)). As in the study by Iwazawa et al.,*
we have also assumed the four-state model as
follows. (1) Each force-generating unit of the
motor has binding sites for Na* on both sides of
the membrane. (2) Binding sites are non-charged
carriers and move both in backward and forward
directions with a transmembrane rate constant, k.
(3) Charged carriers move with a rate constant, k,
or ks, and participate in torque generation. When
M,Na" is transformed to M;Na' with a rate
constant k,, an external sodium ion is transported
into the cytoplasm. Consequently the rotor rotates
with a given angle, ¢, and generates torque. (4) As
for all reactions a reverse reaction can occur.

In this simulation, the step angle, ¢, was
assumed to be fixed under any condition. When
the rotor rotates one revolution, the influx of Na*
through the multiple force generating units
(n, = 8 units) can be defined as 2mn,/¢. In this
study, the net flux was taken to be 1000 ions per
revolution, the value measured for Streptococcus.”
Figure 5(b) shows the result of the simulation using
the values described above, when [Na*];, and AW
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Figure 5. (a) A kinetic model for the cyclic reaction in
the bacterial flagellar motor. When a Na* in the external
medium flows into the cytoplasmic medium, the pro-
cedure is as follows. (i) A Na™' in the external medium
binds to site M,, which faces the external medium, with
the rate constant, k;, and forms M,Na*; (ii) the charged
carrier, M,Na*, moves across the membrane with the
rate constant, k,, and transforms into M;-Na*; (iii) M;-Na™
releases Na" with the rate constant, k,, and to form M;;
(iv) M; returns to the initial state M,, with the rate con-
stant, k. As for all reactions, a reverse reaction may also
occur. The transition across the cytoplasmic membrane
of a non-charged carrier is determined by the absolute
rate constant, k. The transition rate constants of charged
carriers, k5 and kg, are given by ka = ko exp{ — (M /n, +
eAW)/2kT} and kg = ko exp{(Md/ny + eAW)/2kT},
respectively, where k is the Boltzmann constant, e is the
charge of an ion, T is the absolute temperature, M is the
generated torque, 1, is the number of torque generators,
AV is the membrane potential and ¢ is the angle moved
in one cycle. In this simulation, it has been assumed
that the kinetic cycle is in a steady-state. Steady-state
occupancy probabilities ([M,], [Mi], [MyNa*], [M;-Na'])
were calculated from four equations assuming that the
time change to each state is zero. The net rate of
the mechano-chemical cycle (ko) is given by kc =
ka[My-Nat] — kg[M;-Na™], and the rotation rate of the
flagellar motor is calculated from kcd/2m. See the text,
Iwazawa et al.** and Berry & Berg* for details. (b) Simu-
lation of the dependence of the external NaCl concen-
tration on the torque—speed relationship. Symbols are
the same as used for Figure 4(b). Parameters used to
reproduce the experimental results are as follows;
ko=5.0x10°s7", ki=k;=60%x10"M's! and
kz = k4 =6.0X 105 Sil-

are 30 mM and — 150 mV, respectively. This model
can explain the essential features of the effect of
NaCl concentration on the torque—speed relation-
ship using the appropriate parameters of the rate
constants. Since the values of all rate constants
in this simulation, translation, association and
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dissociation of Na*, are in a similar range, it is
likely that all kinetic steps could be rate limiting
in this cycle. In other words, the steps of the asso-
ciation and dissociation of the coupling ions are
essential processes. The simplified model that con-
sidered smf as an input could not reproduce the
effect of the external Na*' concentration on the
torque—speed relationship in our results, because
this model predicts that the external Na* concen-
tration seldom had an affect in the high-speed
region. Thus, it is necessary not only to consider
the simple gradients but also the absolute concen-
tration of the coupling ion when the models of
the flagellar rotation are proposed, as predicted by
Yoshida et al.>* and Minamino et al.>® However, in
the high-speed region, although the generated
torque decreased steeply in our experimental
results, a vertical slope in the torque—speed curve
was observed in the four-state model. Results
from electrorotation studies show that the larger
rotation rates were observed when the larger
torque was applied to the flagellar motor in a
counter-clockwise direction.?® In our simulations,
even when an external force is applied to the
flagellar motor, forcing it to rotate in a counter-
clockwise direction, the rotation rate does not
increase more than the zero-torque speed. Two
possibilities can explain this problem. One is that
all steps in the four-state model depend on the
term of the generated torque, as shown by Berry
& Berg.** The slope of torque-speed curve in the
high-speed region is more sensitive to the weak
torque-dependent transitions. In the four-state
model, if all transitions contribute to torque gener-
ation, the change in slope of the generated torque
will be shallower in the high-speed region. The
second possibility is that the angle moved in one
cycle, ¢, should be changeable according to the
generated torque. If the step angle, ¢, generated in
the high-speed region is larger than in the low-
speed one, as observed in muscle contraction,”
then the torque—speed curve obtained here and in
the study of electrorotation could also be explained
by the four-state kinetic model. Thus, it is very
important when considering the mechanism of the
flagellar motor rotation to determine the rotational
angle of the single processes and the effect of the
load being exerted on the motor. From now on,
we will need to develop a measurement system
with high enough sensitivity to detect such fine
movements.

Materials and Methods

Bacterial strains and the experimental media

A smooth-swimming mutant of V. alginolyticus, strain
NMB136, was used in this study.* Cells were cultured
to the late logarithmic phase at 30 °C in VPG medium
(1% (w/v) polypeptone, 0.4% (w/v) K;HPOy, 3% (w/v)
NaCl, 0.5% (w/v) glycerol). The swimming speed and
the flagellar rotation rates of the cells were measured in
TMN medium (50 mM Tris—HCl (pH 7.5), 5 mM MgCl,,

5mM glucose, 300 mM NaCl + KCI). Measurements
were performed after the cells were suspended in the
TMN medium with the appropriate experimental NaCl
concentration for at least 30 minutes.

Preparation of poly-L-lysine modified beads and
immobilization of cells

Carboxylated beads were incubated in 5 mg/ml poly-
L-lysine (P-7890; Sigma Chemical Co.) in 0.4 M KOH
solution on ice for three hours. The beads were centri-
fuged and washed repeatedly in TMN medium (0 mM
NaCl) and stored on ice. The rotational frictional drag
coefficient of the motor was changed by using beads
of different sizes. Beads with diameters of, 1.65, 1.08,
0.75 (Polysciences), 0.85, 0.60 (Bangs Laboratories) and
0.46 pm (Molecular Probes) were used. The cell suspen-
sion was mixed with diluted poly-L-lysine modified
beads and introduced into the flow cell. To detect flagel-
lar rotation, cells, which had a single bead attached to
the filament and were immobilized to the surface of a
cleaned coverslip, were selected.

Measurement of flagellar rotation

An inverted microscope (IX70; Olympus, Japan) with
a phase-contrast objective (UplanApo X 60, NA 1.4;
Olympus, Japan) was used for following flagellar
rotation. The microscope was placed on an air-damping
table (TDIS-189LA; Herz, Japan). The microscope speci-
men could be moved by between ~1nm and 10 mm
using a hydraulic micromanipulator (MHW-103;
Narishige, Japan) with a handmade piezo-electric stage
moved by piezo stacks (AE0203D08; TOKIN, Japan).
The phase-contrast image of the bead, which was
attached to a flagellar filament, was projected onto the
face of a quadrant-type photodiode (S-6242; Hamamatsu
Photonics, Japan), which was placed in the image plane
of the camera port of the microscope, coupled to a dif-
ferential amplifier (OP711; Sentec, Japan). The bead
positions were recorded at a sampling rate of 48 kHz by
a DAT recorder (RD-125T; TEAC, Japan), and analysed
offline by using DADIiSP software (DSP Development
Corp.). The acquired data were passed through a digital
recursive Chebyshev type 1 low-pass filter of adequate
bandwidth according to the rotation rate of a bead. The
rotation rate of a motor was computed from a peak in
the FFT spectrum of a bead position (X or Y channel),
and the rotational radius of a bead was measured from
a major radius of the ellipsoid in the X-Y plot. Con-
version voltage to displacement was calibrated by using
a piezo-electric stage. All experiments were performed
at 25 °C.

Calculation of the generated torque

The generated torque of the motor (M) was calculated
from its rotational frictional drag coefficient (f,) multi-
plied by the angular velocity (w), M = f; X w. f; was esti-
mated from the sum of the rotational frictional drag
coefficient resulting from the rotation of the bead (f,)

and the flagellar filament (f;). f, and f; were calculated
as:38,39

fo = 87 + 6mrpr?

fi = 2wl 2p* + 47 /{(p* + 4n*r*)(In(2p/d) — 0.5)}

Here, r, is the radius of a bead, r, is the rotational
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radius of a bead, L = 5.02 um is the length of a filament,
d =0.016 um is the radius of a filament, r = 0.14 pm is
the helical radius, p = 1.58 pm is the helical pitch. L, d, r
and p of V.alginolyticus are values measured with
TEM.” 1 =9.6 X 10~* Pa s is the viscosity of the motility
medium.
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