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The bacterial flagellar motor is a rotary motor in the cell envelope of bacteria
that couples ion flow across the cytoplasmic membrane to torque generation
by independent stators anchored to the cell wall. The recent observation of
stepwise rotation of a Na+-driven chimeric motor in Escherichia coli promises
to reveal the mechanism of the motor in unprecedented detail. Wemeasured
torque–speed relationships of this chimeric motor using back focal plane
interferometry of polystyrene beads attached to flagellar filaments in the
presence of high sodium-motive force (85 mM Na+). With full expression of
stator proteins the torque–speed curve had the same shape as those of wild-
type E. coli and Vibrio alginolyticus motors: the torque is approximately
constant (at ∼2200 pN nm) from stall up to a “knee” speed of ∼420 Hz, and
then falls linearly with speed, extrapolating to zero torque at ∼910 Hz.
Motors containing one to five stators generated ∼200 pN nm per stator at
speeds up to∼100 Hz/stator; the knee speed in 4- and 5-stator motors is not
significantly slower than in the fully induced motor. This is consistent with
the hypothesis that the absolute torque depends on stator number, but the
speed dependence does not. In motors with point mutations in either of two
critical conserved charged residues in the cytoplasmic domain of PomA,
R88A and R232E, the zero-torque speed was reduced to ∼400 Hz. The
torque at low speed was unchanged by mutation R88A but was reduced to
∼1500 pN nm by R232E. These results, interpreted using a simple kinetic
model, indicate that the basic mechanism of torque generation is the same
regardless of stator type and coupling ion and that the electrostatic
interaction between stator and rotor proteins is related to the torque–speed
relationship.

© 2007 Elsevier Ltd. All rights reserved.
Keywords: rotary motor; flagellar motor; torque generation; torque–speed
relationship; chimeric motor
Edited by J. Karn
Introduction

The bacterial flagellar motor is a rotary molecular
machine that allows many species of bacteria to
swim.1,2 The motor is powered by the flow of ions,
H+ in Escherichia coli and Na+ in marine Vibrio
species, driven by an inward-directed electrochemi-
cal gradient across the cytoplasmic membrane.
ess:

otive force.

lsevier Ltd. All rights reserve
Rotation is driven by an ensemble of up to ∼11
torque-generating stators3 containing the proteins
MotA andMotB in theH+-drivenmotor of E. coli and
PomA and PomB in the Na+-driven motor of Vibrio
alginolyticus.1,2 The torque–speed relationship is an
important test of models of the motor mechanism as
it allows quantitative comparisons between predic-
tions of models and experimental data. It has been
measured using electrorotation4,5 or optical
tweezers6 to apply external torque to tethered cells
and by varying the viscous load either in swimming
cells,7 or with polystyrene beads attached to trun-
cated flagellar stubs.8,9 A common feature of the
d.
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torque–speed relationships of E. coli and V. alginoly-
ticus is a sharp knee between a “plateau” of nearly
constant torque at low speeds and a much steeper
linear decrease of torque with speed at higher speeds.
At room temperature the knee is at∼175 Hz in E. coli
and at∼450Hz inV. alginolyticus, and the zero-torque
speeds are∼350 and∼700 Hz, respectively. In E. coli,
the knee speed and zero-torque speed are tempera-
ture dependent, but the plateau torque is not.4,8
Plateau torques appear to vary widely between
species, from ∼3800 pN nm in V. alginolyticus,
through ∼1300 pN nm in E. coli (in the most recent
estimate3), down to ∼350 pN nm in Caulobacter
crescentus.7 Torque–speed curves have also been
measured for E. coli motors containing low numbers
of stators.10 Single-stator motors operated in the
plateau regime up to the highest speeds measured,
∼100 Hz, and the knee speed in motors with two to
five stators appeared to be the same as inmotors with
a full stator complement. In C. crescentus, motors
operated in the plateau regime up to the highest
speeds measured, ∼320 Hz.7 The knee typically
corresponds to the speed at which the output power
of the motor is maximum. Different values of knee
speed and plateau torque in different species may
reflect different modes of swimming or different ion-
motive forces, whereas the common shape of the
torque–speed curve probably indicates that the basic
mechanism of the motor is the same in all species.
A recent breakthrough in experimental investiga-

tions of the flagellar motor was the observation of 26
angular steps per revolution in the rotation of a Na+-
driven chimeric motor in E. coli with a stator com-
posed of PomA from V. alginolyticus and the PomB/
MotB fusion protein, PotB.11 The ability to control
the speed of the chimeric motor via the sodium-
motive force (smf), which is less tightly constrained
in E. coli than the proton-motive force, is likely to
make it an important tool in future investigations of
the mechanism of the flagellar motor. Therefore, it is
important to characterize its mechanical properties,
such as the torque–speed relationship.
Electrostatic interactions that are important for

motor rotation in E. coli have been demonstrated
between two conserved charged residues in the
cytoplasmic domain ofMotA (Arg90 andGlu98) and
conserved charged residues in the rotor protein
FliG.12 The corresponding residues in PomA (Arg88
and Glu96) are less important in V. alginolyticus,13,14
but regain their importancewhen PomA is part of the
chimeric PomA/PotB stator in E. coli.15 Furthermore,
PomA contains additional charged residues, such as
Arg215 and Arg232 in the cytoplasmic domain,
which appear to be important for rotation of Na+-
driven motors.15 Measuring the torque–speed rela-
tionships of a range ofmutants in these cri132#?>tical
residues will allow detailed inferences to be made
about their effect on the rotor–stator interactions that
underlie torque generation in the flagellar motor.
In this study we measured torque–speed relation-

ships of the Na+-driven chimeric PomA/PotB motor
in E. coli. The torque–speed relationship with a full
complement of stators was the same shape as those
of wild-type H+- and Na+-driven motors, with a
plateau torque close to that of the E. coli motor and
knee and zero-torque speeds close to those of the V.
alginolyticusmotor. Torque–speed relationships with
low numbers of stators were consistent with
previous measurements of the E. coli motor. We
also obtained the first torque–speed curves of
motors containing mutations in critical charged
residues, demonstrating that these mutations affect
the knee and zero-torque speeds and the plateau
torque in different ways.
Results

Torque–speed relationship with full induction of
stator proteins

We measured the speed of polystyrene beads
attached to truncated flagellar filament stubs using
back focal plane interferometry as described else-
where.10 The torque generated by the motor can
be estimated as M=( fb+ ff)ω, where fb and ff are
rotational frictional drag coefficients of the bead and
the filament stub, respectively, and ω is angular ve-
locity. fb can be estimated as fb=8πηrb

3+6πηrbrr
2 =

gbη,10 where rb and rr are the radius and the
rotational eccentricity of the bead, η is the viscosity
of the medium and gb collects all parameters other
than η that affect fb. Assuming no change of
orientation of bead and filament with motor
speed,3 gb is a constant for each bead on a particular
motor. Because the length and orientation of the
filament stub is unknown, we need to estimate ff to
obtain an accurate estimate of M. Figure 1a shows
the speed versus time of a 0.36-μm bead attached to a
chimeric motor with full induction of stator proteins,
in motility buffer with concentrations 0–13% (w/v)
of the viscous agent Ficoll.8 As the Ficoll concentra-
tion increased, the speed decreased from ∼600 to
∼120 Hz. The speed recovered when the medium
was exchanged back to motility buffer without
Ficoll, indicating that the motor was not perma-
nently altered by the medium exchanges. Figure 1b
shows preliminary estimates of the torque versus
speed using the equation M= fbω, which under-
estimatesM due to the neglect of ff. The filled square
shows the preliminary estimate from fifteen 1-μm
polystyrene beads and no Ficoll; the other points are
from five different 0.36-μm beads and various Ficoll
concentrations as in Fig. 1a. All estimates for a given
bead underestimate the true torque by the same
factor, R= fb/( fb+ ff)=gb/(gb+gf), where ff=gfη and
the geometric factor for filament drag, gf, is assumed
to be constant. A value of gf can be obtained by
equating the plateau torques measured at low speed
by 1-μm beads without Ficoll and by 0.36-μm beads
with 13% Ficoll:

ðgb1 þ gfÞD1N1 ¼ ðgb2 þ gfÞD2N2; ð1Þ
where gb1 and gb2 are the geometric factors of 1- and
0.36-μm beads, η1 (= 9.86×10− 4 Pa s) and η2



Fig. 1. Torque–speed relationships with fully induced stators. (a) Speed versus time of a single chimeric motor
measured using a 0.36-μm (diameter) bead in media containing 0–13% (w/v) of the viscous agent Ficoll. (b) Preliminary
torque estimates versus speed, neglecting the contribution of filament drag, using fifteen 1-μm beads without Ficoll
(squares, mean±SD) and 5 individual 0.36-μm beads in 0%, 2%, 3%, 4%, 5%, 6%, 7%, 9% and 13% Ficoll (one symbol for
each bead). (c) Corrected torque versus speed, using the method described in the text. The average filament drag
coefficient without Ficoll was estimated as 0.80±0.20 pN nm s/rad (mean±SD). The torque–speed curve was fitted by two
straight lines with an intersection at 421 Hz. (d) Comparison of the torque–speed relationships of different flagellar
motors, estimated using four different bead sizes without Ficoll. Measured speeds and estimated torques of chimeric
motors (circles) and the H+-driven E. colimotor (squares), using the average filament drag coefficient from (c) (mean±SD).
Continuous line: the fitted line for the chimeric motor in (c). Dotted line: published torque–speed relationship,8 assuming
the zero-speed torque is similar to the torque with 1-μm beads. Dashed line: published torque–speed relationship for
V. alginolyticus motors.9 Beads (10–18) of each size were measured for each motor.
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(=8.18×10−3 Pa s) are viscosities at 0% and 13%
Ficoll, and ω1 and ω2 are speeds measured with 1-
μm beads without Ficoll and 0.36-μm beads with
13% Ficoll, respectively. Rearranging Eq. (1) gives

gf ¼ gb2D2N2 � gb1D1N1

D1N1 � D2N2
: ð2Þ

We used the data shown in Fig. 1a and b to estimate
gf separately for each of the five 0.36-μm beads
measured with Ficoll [ω1=84.0±6.5 Hz, gb1=(4.09±
0.49)×109 nm3, five separate pairs of values of ω2
and gb2). The average value was gf= (1.29±0.32)×10

8

nm3, comparable to gb2 values, and the correspond-
ing R values for the 0.36-μm beads ranged from 0.59
to 0.74 with average 0.64±0.06 (mean±SD). For
1-μm beads we found R=0.97±0.01; the filament
drag is very small compared to the drag of 1-μm
beads. Figure 1c shows corrected torques equal to
the preliminary torques divided by R, using the
same symbols as in Fig. 1b. The corrected torque–
speed relationship was fitted by two straight lines,
following previous reports of the flagellar motor
torque–speed relationship,8,9 with a maximum
torque of ∼2200 pN nm, a zero-torque speed of
∼910 Hz and a knee speed of ∼420 Hz.
Rotational speed of the chimeric motor was also

measured with four different sizes of beads with-
out Ficoll. In Fig. 1d, torque was calculated by M=
( fb+ ff)ω, using the average value of gf (above) to
estimate ff=0.80±0.20 (pN nm s/rad) for all bead
sizes. The torque–speed relationship measured in
this way (circles) was consistent with the fitted line
of Fig. 1c (continuous line), validating this simpler
method. Further validation was obtained by com-
paring the torque–speed curve of the wild-type
E. coli motor measured using the same method
(Fig. 1d, squares) to published results (dotted line).8

Torque–speed relationships with low numbers
of stators

Figure 2 shows the speed versus time of motors
attached to beads of diameter 1, 0.55 and 0.36 μm



Fig. 2. Resurrection experiments. Speed versus time
(left) and speed histograms (right) for individual 1- (a),
0.55- (b) and 0.36-μm (c) beads attached to chimeric
motors after induced expression of stator proteins.
Continuous lines are multiple Gaussian fits. Fig. 3. Torque–speed relationships with low numbers

of stators. (a) Speed versus level number from resurrection
traces (filled symbols). Speeds (mean±SD) were from
multiple-Gaussian fitting of speed histograms (Fig. 2,
right) of 6–15 resurrections with each bead size 1 μm
(circles), 0.55 μm (triangles), and 0.36 μm (squares).
Speeds of fully induced motors with the same bead
sizes (open symbols) are shown at level 11, which
assumes that the number of torque-generating units at
full induction is ∼11. Dashed lines are linear fits except
for 0.36-μm beads, where the Michaelis–Menten equation
is used. (b) Torque–speed relationships of motors with
1–5 stators (filled squares, open squares, filled triangles,
open triangles and diamonds, respectively) calculated
using the data of (a) and the filament drag coefficient in
Fig. 1c. The torque–speed relation for fully induced
motors is reproduced from Fig. 1d for comparison (filled
circles). Dashed lines are drawn at intervals of 200 pN nm
to guide the eye.
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(Fig. 2a, b and c, respectively), following the
induction of stator proteins. Speed increments
correspond to successive incorporation of torque-
generating stators, a process known as “resurrec-
tion.”3,10,16 Speed levels during resurrection were
obtained by fitting a multiple Gaussian distribution
to speed histograms (Fig. 2a–c, right) and plotting
against level number in Fig. 3a. With 0.55- and 1-μm
beads, the speed increased linearly with speed level
(Fig. 3a, filled triangles and circles), extrapolating to
the fully induced speed at approximately level 11
(open triangle and circle). This confirms that the
chimeric motor, like the H+-driven wild-type motor,
can contain up to ∼11 torque-generating units3 and
that each generates the same torque at speeds below
the knee. With 0.36-μm beads, the speed increase
was almost linear for 1–5 levels (filled squares), but a
saturating fit was required to include the measured
fully induced speed at level 11 (open square).
Assuming that the number of stators in a fully
induced motor does not depend on bead size, this
result is consistent with the measured reduction in
motor torque at speeds above the knee at ∼420 Hz.
Figure 3b shows torque–speed relationships of



Fig. 4. Chimeric motors with point mutations in PomA.
(a)A sketch of the topologyof PomAandPotB, showing the
locations of conserved charged residues R88 and R232 in
PomAandputative interactionswith the rotor protein FliG.
(b) Swimming of cells with PomA point mutations.
Chimeric stators with no mutation, R88A, or R232E in
PomA were expressed in RP6894, a strain with normal
flagellar filament and rotor. Fractions of cells swimming
(mean±SD, left axis) are shown as bars, speeds of
swimming cells (mean±SD, right axis) as circles. (c)
Torque–speed relationships. The same PomA variants as
in b were expressed in JHC36, a strain with sticky flagellar
filaments expressed from the chromosome. Torque-speed
curves weremeasured using themethod and filament drag
coefficients of Fig. 1d. Circles, chimeric motor; triangles,
chimeric motor with R88A; squares, chimeric motor with
R232E. Speeds were measured in 10–20 cells from two to
three separate cultures. Fitted lines are torque–speed curves
predicted by a simple kineticmodel (Fig. 5 and Table 1). For
PomA-R88A the three parameter sets of Table 1 gave
indistinguishable fits, so only the fit for the parameters in
the rightmost column is shown (dashed line). For PomA-
R232E, fits with reduced numbers of ions (N, dotted line) or
reduced membrane potential (ΔΨ, dashed line) are shown.
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motors with one to five stators (filled squares, open
squares, filled triangles, open triangles and dia-
monds, respectively) calculated using the data of
Fig. 3a and the method of Fig. 1d. The torque–
speed relation for fully induced motors is repro-
duced from Fig. 1d for comparison (filled circles).
Torque increased in proportion to the number of
stators, and for each stator number torque was
approximately constant over the range of measured
speeds, up to ∼100 Hz per stator. Note in particular
that the knee speed in four- and five-stator motors
is not significantly slower than in the fully induced
motor.

Torque–speed relationships of motors with
PomA mutations

Conserved arginines at positions 88 and 232 in
the cytoplasmic domain of PomA have been shown
to be important for torque generation in the chi-
meric motor.15 Their approximate locations are
illustrated in Fig. 4a, which also indicates putative
interactions with charged residues on FliG. R88
corresponds to the conserved residue R90 in E. coli
MotA; R232 is a charged residue near the C-termi-
nus of PomA with no corresponding residue in
E. coli. Chimeric motors with the point mutations
R88A or R232E in PomA were reported as totally
deficient in swarming on soft agar and weakly
swimming in liquid media.15 We repeated these
experiments using the host strain RP6894 in which
motAmotB is deleted and flagellar filament and
rotor proteins are wild type.17 Our results were the
same as those reported previously except we found
that R88A showed normal rather than weak
swimming (Fig. 4b), perhaps as a consequence of
expressing FliG from the chromosome rather than
from a plasmid as in the previous work.15 Figure 4c
shows torque–speed curves for chimeric motors
with fully expressed PomA, either wild type
(circles) or with mutations R88A (triangles) or
R232E (squares). The method and filament drag
coefficients are the same as for Fig. 1d, but the host
strain is different. Sticky flagellar filaments were
expressed from plasmid pYS11 in host strain YS34
in the experiments of Figs. 1–3, but from the
chromosome in host strain JHC36 in the experi-
ments of Fig. 4c. The torque–speed relationship of
the wild-type PomA motor reconstituted in JHC36
(Fig. 4c, circles) was indistinguishable from that of
the same motor in YS34 (Fig. 1d), demonstrating
that this change of host strain does not alter the
motor. At low speeds the mutation R232E reduces
the torque to ∼65%, whereas R88A causes little
change. At high speeds both mutations reduce the
torque substantially and the zero-torque speed is
reduced from ∼910 to ∼400 Hz. These results
indicate that both mutations slow the mechanism of
the motor and that R232 has an additional effect in
reducing the torque at low speeds. The lines in
Fig. 4c are torque–speed curves predicted by a
simple kinetic model for the wild-type and mutant
motors (see Discussion).
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Discussion

The torque–speed relationship of the chimeric
motor has the same shape as those of the wild-type
motors of E. coli and V. alginolyticus (Fig. 1d),
suggesting that all three motors share the same
basic mechanism for torque generation. In particu-
lar, our Ficoll experiments demonstrate that the
Na+-driven chimera shows the same sharp knee
(Fig. 1c) between the plateau and high-speed
domains as the H+-driven E. coli motor, a feature
that is not easily predicted by models of the motor
mechanism.5,18 The Na+-driven motors are faster,
with knee and zero-torque speeds approximately
double those of the H+-driven motor, which is
further slowed when H+ is replaced by deuterium.19

These observations suggest that the rate-limiting
step in the mechanochemical cycle of torque gen-
eration at low load is related to ion transfer.
The plateau torque of the chimera was ∼2200 pN

nm, compared to ∼3800 and ∼1500 pN nm for
V. alginolyticus and E. coli motors, respectively (Fig.
1d). The values for the chimera and E. colimotors are
consistent with previous results using 1-μm beads.3

Considering the balance between input energy
(number of ions× ion-motive force) and output
work (2π×torque), the minimum number of ions
required per revolution of the E. coli motor was
previously estimated as 38±11 per stator.3 A similar
calculation using the measured smf in E. coli
(−187 mV20) yields a similar result for the chimeric
motor (42±4 per stator). The plateau torque re-
ported for V. alginolyticus is 1.7 times larger than that
of the chimeric motor, which is difficult to explain.
Excluding the possibility of experimental error, we
might speculate that the diameter of the motor is
larger, which would increase both the number of
stators and the number of ions used per stator per
revolution (presumably proportional to the periodi-
city of the rotor). Increasing both of these numbers,
and also the smf, by a factor of 1.2 would account for
the larger torque compared to E. coli. The chimeric
motor has been observed to take 26 steps per
revolution when driven by a presumed single stator
at low smf.11 Thus, it is just possible within the limits
of experimental error that a single ion might drive a
single step of this size in the chimera and E. coli
motors, but the V. alginolyticus motor would need
either to take smaller steps or to use more ions per
step. If all three types of motors do indeed use two
or more ions per step, then the increased torque of
the V. alginolyticus motor could be explained by
greater efficiency, although it seems unlikely that the
E. coli motor would be less than half as efficient as
that of V. alginolyticus. The additional motor
proteins, MotX and MotY, in V. alginolyticus might
have some role to play, but these questions will only
be resolved with further experimental investigation.
Our measurements of torque and speed in res-

urrection experiments are consistent with previous
results using the E. coli motor:10 the shape of the
torque–speed curve appears to be independent of
stator number. Thus, it appears that in the chimera,
as previously inferred for the wild-type motor, the
stators work with a high duty ratio and there
exists a rate-limiting step in the mechanochemical
cycle of each stator that cannot be speeded up by
the torque transmitted from other stators via the
rotor.
Our measurements of torque–speed curves of

single flagellar motors with mutations in critical
charged residues of PomA represent an improve-
ment over the swarming and swimming assays that
are used to discover and classify these mutations.15

Swarm assays are dependent upon growth and
chemotaxis21 and the relationship between swim-
ming and motor rotation is complicated by the
formation of flagellar bundles in E. coli.22 The
mutations R88A and R232E leave the shape of
the torque–speed curve essentially unchanged,
although the slope in the plateau region may be
steeper, and the ratio of knee- to zero-torque speeds
larger, than with wild-type PomA. Both mutations
reduce the zero-torque speed to ∼400 Hz, indicating
that they slow the rates of transitions in the
mechanochemical cycle. R232E also reduces the
plateau torque to about ∼65%. Several explanations
for this are possible. Perhaps the simplest is that the
number of stators in a fully induced motor is
reduced by this mutation, indicating a role for
R232 in stator assembly. Independent evidence for a
connection between torque generation and stator
assembly already exists: stators detach from the
motor when it is stopped by de-energization.11,23,24

However, our preliminary experiments with expres-
sing low levels of stators suggest that the motor can
be equipped with 11 R232E chimeric stators and the
speed per stator is reduced by R232E mutation (data
not shown). Thus, alternatives other than stator
number may be required for the explanations. It is
possible that the coupling ratio (fewer ions per
revolution) or efficiency (ion flow without torque
generation) could be altered, for example, by
slippage between the rotor and stator, or the smf
could be reduced because ion leakage through the
mutant: expression of chimeric stators has been
shown to increase the internal Na+ concentration in
E. coli,25 indicating that the ion flux through a
chimeric motor is sufficient to alter the smf in E. coli.
Further experiments will be needed to distinguish
between these alternatives.
We used a simple kinetic model of the motor

mechanism to calculate torque–speed curves for
comparison to the data. The kinetic scheme of the
model, which was originally proposed by Iwazawa
et al.26 andwas used to fit theV. alginolyticus data,9 is
reproduced in Fig. 5. Rate constants k1–k4 describe
Na+ exchange with the external and cytoplasmic
media, k0 a conformational change that changes
which side of the membrane accesses the Na+-
binding site, and kA, kB the equivalent conforma-
tional change with Na+ bound. The model assumes
that the conformational change with Na+ bound is
entirely responsible for tight coupling between
charge translocation across the membrane and
rotation, so that only the rate constants kA and kB



Fig. 5. A simple kinetic model of the mechanochemical
cycle of torque generation9,26 was used to understand the
effect of mutation on the torque–speed relationship of the
chimeric motor. Parameters used to fit the data of Fig. 4c
are shown in Table 1. See the text for details.
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depend upon membrane voltage (ΔΨ) and torque
(M). For simplicity, these rate constants are defined
as kA=k0 exp[−(2πM/N+ eΔΨ)/2kT] and kB=k0 exp
[(2πM/N+ eΔΨ)/2kT], where k is Boltzmann's con-
stant, e is the elementary charge, T is the absolute
temperature and N is the number of ions coupled to
each revolution of the motor. These expressions
automatically satisfy detailed balance, which further
requires (k1k4)/(k2k3)=1. Thus, the model has five
free parameters (N, k0, and any three out of k1–k4) in
addition toM,ΔΨ and the internal and external Na+

concentrations (Table 1).
Using the parameter values listed in Table 1, the

model predicts torque–speed curves that capture the
concave-down shape of the experimental results and
the differences between the different PomAvariants
(Fig. 4c). Tight-coupled models of this type have not
been able to predict the sharp knee in the torque–
speed curve,5 but by virtue of their simplicity com-
pared to more detailed models18 they are a useful
tool to understand the broad features of the torque–
speed relationship. The reduced speed of motors
with mutations can be fitted in three different ways:
Table 1

Parameter PomA PomA-

[Na+]out (mM) 85a 8
[Na+]in (mM) 14b 1
ΔΨ (mV) −140c −14
N 520d 52
k0 (s

−1) 1.2×105 5.2×104 4.8×
k1=k3 (M

−1 s−1) 6.0×107e 2.6×107 6.0×
k2=k4 (s

−1) 6.0×105e 2.6×105 6.0×
(k0–k4)÷2.3 k0÷

Parameters for data fitting with the four-state model (see the text; Figs.
mutation gave very similar torque–speed curves (see the text; Fig. 4c)
torque–speed curve for the R232E mutation.

a Sodium concentration of motility buffer.
b From Lo et al.25
c From Lo et al.20
d The number of ions is determined by the stall torque in a tight-co
e As used for V. alginolyticus.9
by reducing rates of Na+ binding and dissociation
(k1–k4) 15-fold (right column for PomA-R88A in
Table 1, dashed line in Fig. 4c), by reducing the rate of
conformational changes (k0) 2.5-fold (middle col-
umn), or by reducing all rates (k0–k4) 2.3-fold (left
column). Thus, the electrostatic interaction between
PomA and FliG affects the rate-limiting step in
torque generation at low load, but we cannot
distinguish between changes in ion binding and the
rates of conformational changes without further
measurements of torque–speed curves with different
sodium concentrations and membrane voltages. The
reduced plateau torque of the R232E mutation was
fitted by decreasing either N by ∼37% (dotted line)
or ΔΨ by ∼36% (dashed line): the model cannot
distinguish between the possible mechanisms for
this reduction, although our preliminary expe-
riments favour the reduction of ΔΨ, as discussed
above. Further torque–speed measurements of mu-
tant chimeric motors will allow a detailed investiga-
tion of the electrostatic interactions between stator
and rotor proteins that are essential for torque
generation in the flagellar motor.
Materials and Methods

Chemicals

Ficoll 400 (dialyzed and lyophilized) was from Sigma
Chemical Co. (St. Louis, MO). Polystyrene latex beads
(diameter 1.053±0.010, 0.771±0.025, 0.548±0.016 and
0.356±0.014 μm; 2.6% solids) were from Polysciences
(Warrington, PA). All other chemicals were reagent grade.
Motility buffer was 10 mM potassium phosphate, 85 mM
NaCl and 0.1 mM ethylenediaminetetraacetic acid, pH 7.0.

Bacterial strains

Chimeric motors with no mutations on PomA were
expressed in E. coli strain YS34 (ΔcheY, fliC∷Tn10, ΔpilA,
ΔmotAmotB) with plasmids pYS11 ( fliCsticky, ampicillin
resistance) and pYS13 (pomApotB, IPTG inducible,
chrolamphenicol resistance) as described.11 H+-driven
R88A PomA-R232E

5 85
4 14
0 −140 −90
0 330 520
104 1.2×105 1.2×105

107 4.0×106 4.0×106

105 4.0×104 4.0×104

2.5 (k1–k4)÷15 Reduce N Reduce ΔΨ

4c and 5). The three sets of rate constants (k0–k4) used for the R88A
. Further reducing either N or ΔΨ gave similar quality fits to the

upled model such as this, which has 100% efficiency at stall.
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motors were expressed in E. coli strain HCB1271
(fliC∷Tn10, ΔpilA′-KnR, motA448) with plasmids
pDFB36 (motA, IPTG inducible, ampicillin resistance)
and pDF313Cm (fliCsticky, chrolamphenicol resistance) as
described.10 Chimeric motors with PomA mutations15

were expressed in E. coli strain JHC36 (this work). The
fliCsticky region of strain PS2589 (a gift from Jeffrey Stock,
Princeton University) chromosome was amplified using
primers that annealed approximately 500 bp upstream and
downstream of fliCsticky. This PCR fragment was digested
with SphI/SacI, ligated into the suicide vector pDS132,27

sequenced and transformed into electrocompetent strain
YS34. Genomic replacement of fliC with fliCsticky was carried
out as described27 and gene replacement confirmed by
Southern blot analysis and PCR. The resultant strain was
designated JHC36.Chimeric statorswere expressed in JHC36
from plasmids pTH200, pTH201 and pTH202, which are
pMMB206 derivatives carrying PomA/PotB, PomA-R88A/
PotB,and PomA-R232E/PotB, respectively, inducible by
IPTG. For swimming assays, chimeric statorswere expressed
in strain RP6894 (ΔmotAmotB, normal flagellar filaments,17

from plasmids pTH200, pTH201 and pTH202.

Cell culture and stator expression

Cells were grown from frozen stocks with shaking in T
broth (1% Bacto tryptone, 0.5%NaCl) containing 25 μg/ml
chrolamphenicol and 50 μg/ml ampicillin at 31 °C for 5 h.
For full induction of chimeric stator proteins, cells were
grown in the presence of 0.05 mM IPTG. For full induction
of wild-type H+ stator proteins, cells were treated with
5mM IPTG at 25 °C for 3 h after growth at 25 °C toOD590 of
∼0.4. IPTG concentrations and growth times were selected
to give themaximum rotation rate within the ranges tested
(0.005–5 mM, 2–8 h). For resurrection experiments cells
were grown with 0–0.005 mM IPTG, and resurrections
were observed typically within 1 h after application of
0.05–0.9 mM IPTG in motility buffer containing 10% T
broth.

Swimming cells

After application of 20 mM serine, which was used to
suppress clockwise rotation, cells in T broth were
observed for 1 min under a phase-contrast microscope
and recorded on a videotape for later analysis. Cells that
moved more than 5 μm in 1 s were counted as swimming
cells. Cells which moved less than 5 μm in 1 s (due to
Brownian motion) were counted as nonswimming cells.
Some nonswimming cells showed behavior distinct from
Brownian motion, such as very slow swimming due to
frequent changes in swimming direction (N1 s−1), rotation
of the cell bodywith the filament stuck to the glass surface,
or complete immobilization stuck to the glass surface.
Such cells were ∼10% of the population for all three motor
types and were excluded in this analysis. Swimming
fraction was calculated as number of swimming cells
divided by the total number of cells that were not excluded
from the analysis. Swimming fractions, mean±SD, were
estimated from three different cultures. Swimming speeds,
mean±SD, were calculated from 60 cells.

Torque–speed measurements

Polystyrene beads were attached to truncated flagella
and their position was measured with back focal plane
interferometry as described,10 except using a laser of
wavelength 632.8 nm (He–Ne laser, 05LHP-111, Melles
Griot, USA) or 1064 nm (diode-pumped solid-state laser,
L04-1000S-1064, Elforlight, Northants, UK). Rotational
speed was obtained from power spectra of the bead
position as described.3 All experiments were performed at
23 °C.
Torque was calculated as described in the text, using the

reported viscosity of a Ficoll solution.8 The rotational
eccentricity of a bead was estimated from the quadrant
photodiode signal, calibrated using beads stuck to the
surface and moved with a piezoelectric stage (P-517P3CL,
Physik Instrumente, Germany).

Tight-coupled model

The speed of the motor at given torque, Na+ concentra-
tions and ΔΨ was predicted using the four-state model of
Fig. 5 as described.9,26
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