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Direct observation of steps in rotation of the

bacterial flagellar motor
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The bacterial flagellar motor is a rotary molecular machine that
rotates the helical filaments that propel many species of swimming
bacteria’. The rotor is a set of rings up to 45 nm in diameter in the
cytoplasmic membrane’; the stator contains about ten torque-
generating units anchored to the cell wall at the perimeter of the
rotor*®. The free-energy source for the motor is an inward-
directed electrochemical gradient of ions across the cytoplasmic
membrane, the protonmotive force or sodium-motive force for
H™-driven and Na*-driven motors, respectively. Here we demon-
strate a stepping motion of a Na*-driven chimaeric flagellar
motor in Escherichia coli® at low sodium-motive force and with
controlled expression of a small number of torque-generating
units. We observe 26 steps per revolution, which is consistent with
the periodicity of the ring of FliG protein, the proposed site of
torque generation on the rotor”®. Backwards steps despite the
absence of the flagellar switching protein CheY indicate a small
change in free energy per step, similar to that of a single ion
transit.

Direct observation of steps in ATP-driven molecular motors has
revealed much about the fundamental mechanisms of these protein
machines’™". Steps characteristic of the ATP-driven F; part of ATP
synthase have been observed when the whole enzyme is driven by ion
flow in the Fg part'?, but steps have never been seen in a purely ion-
driven molecular machine. Steps have not previously been resolved
in the flagellar motor'® because of its high speed'*'>, the presence of
multiple stator units in a single motor* and the small step size
predicted—either from structural data on rotor periodicity or from
mechanical data obtained by dividing the free energy of one ion
crossing the membrane by the torque that the motor generates. We
took several measures to overcome these factors. We detected
rotation by back-focal-plane (BFP) interferometry of 500-nm diam-
eter polystyrene beads attached to spontaneously sticky flagellar
filaments of E. coli, as described previously', or by high-speed
video recording of 200-nm fluorescent beads attached in the same
way (Fig. 1b, ¢, inset). The structure and function of H" and Na™
motors are similar, and functional chimaeras have been made
containing different mixtures of H* and Na™ motor components'”.
We slowed motor rotation to the point at which steps could be
resolved by decreasing the sodium-motive force (SMF) in E. coli cells
containing Na™-driven chimaeric motors (in which the H*-driven
stator proteins MotA and MotB are replaced by the Na*-driven
PomA and the chimaeric fusion protein PotB, respectively®; Fig. 1a).
We decreased the SMF by a low external Na* concentration in
experiments with BFP detection and by cumulative photodamage
in fluorescence experiments. We controlled the number of stator
units by inducible expression of stator proteins in a strain with

wild-type stator proteins deleted. We also deleted cheY and pilA to
avoid possible complications due to motor switching or sticking of
beads to cell bodies, respectively. We obtained rotation speed by
means of power spectra of the combined x and y signals'®, and bead
angles by modelling the raw data as the projection of an oblique
circular orbit'®.

Fast Na'-dependent rotation and reduced speed when Li*
replaced Na™ (data not shown) indicate that the chimaera behaves
as a typical Na® motor'>'. For step experiments, we grew cells with
low inducer levels to produce fully energized motors with a small
initial number of stator units (typically three or four; Supplementary
Information). Reduction of the SMF, either by lowering the Na™
concentration in BFP experiments (Supplementary Information) or
by photodamage in fluorescence experiments, led to a decrease in
both the number of stator units and the speed per unit. Figure 1b
shows the speed of a 500-nm bead in a typical BFP experiment. The
Na" concentration was reduced from 5mM to 0.1mM for the
interval between the black arrows, during which the motor rotated
at about 1 Hz. This cell rotated with four stator units when first
observed in 5mM Na™, but this number was decreased to one by a
previous reduction of [Na™] (data not shown). Discrete speed
increments identical to those occurring after the induced expression
of stator proteins'® were typical during recovery after the transient
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Figure 1| Rotation measurements of chimaeric Na *-driven flagellar motors
in E. coli. a, Diagram of the Na™-driven chimaeric flagellar motor.
Components derived from V. alginolyticus (stators; PomA, PotB) and E. coli
(PotB, rotor) are indicated in white and grey, respectively. b, Reducing SMF
and motor speed by lowering the external Na* concentration (from 5 mM to
0.1 mM and back; black arrows), with BFP detection (inset). ¢, Reducing
SMF and motor speed by photodamage, with fluorescent detection (inset,
lower).The speed doublings in b and ¢ (red arrows; shown with expanded
scales in ¢, inset, top) indicate a change from one to two stators. Data
window lengths are 1s (main figures) and 4 s (inset).
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removal of Na*(Fig. 1b), indicating reversible inactivation of
stator units on disruption of the SME Similar phenomena have
been reported for H*-driven motors of E. coli* and Rhodobacter
sphaeroides®. Figure 1c shows the speed of a 200-nm fluorescent bead
in a typical fluorescence experiment. We attribute periods of smooth
speed reduction to photodamage-induced reduction of the mem-
brane voltage, and discrete speed changes (inset) to the consequent
reversible inactivation of stator units. Speed doublings such as those
in Fig. 1b, ¢ were interpreted as a change from one to two stators.
However, faster speed fluctuations were common and we were not
always able to assign a definite stator number.

Figure 2a shows a sequence of images of a rotating 200-nm
fluorescent bead with calculated bead centres superimposed
(Methods). Figure 2b shows stepping rotation of 500-nm plain and
200-nm fluorescent beads attached to chimaeric flagellar motors.
The diameter of bead orbits (insets) is consistent with attachment to
a short flagellar filament stub. Steps were detected at speeds below 7
and 40 Hz in BFP and fluorescence experiments, respectively, and
were not restricted to episodes with an estimated single stator unit.
Figure 3a shows expanded sections of the traces in Fig. 2b (more
examples are given in Supplementary Information), with the output
of a step-finding algorithm (Methods) superimposed. Backwards
steps were observed in both BFP and fluorescence experiments, with
higher probability at lower speeds. As the strain lacks the switch-
inducing protein CheY and never rotated backwards at high Na*
concentration, backwards steps represent microscopic reversibility
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Figure 2 | Stepping rotation. a, Selected frames at 21-ms intervals during
one rotation of a 200-nm fluorescent bead. Red and yellow dots mark the
calculated bead centre in the current and previous images respectively. Each
pixel is 80 nm square. b, Stepping rotation of flagellar motors with a range of
average speeds. Bead positions are shown in the insets (scales in
nanometres); bead angles are plotted against time in the main figure. Grey
lines indicate (360/26)° in both main and inset figures. Blue and black traces
are from BFP and fluorescence experiments, respectively. Backwards and
forwards steps were observed at all speeds.
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rather than motor switching. Similar steps have been seen, although
less frequently, in ATP-driven molecular motors'®"". Figure 3b shows
several revolutions of a 200-nm bead, the histogram of all dwell
angles during those revolutions and the power spectrum of that
histogram. The peak at 26 per revolution in the spectrum corre-
sponds to steps of 13.8° and indicates that successive revolutions
show the same stopping angles.

We combined and analysed step data from different cells and both
experimental techniques. Figure 4a shows the step-size histogram for
all steps found. Assuming that larger steps are in fact unresolved
multiple steps, we fit the distribution as a sum of gaussian distri-
butions with means equal to integer multiples of step size, allowing
different sizes and variances for forward and backward fits. The fitted
step sizes are 13.7° (26 per revolution) and —10.3° (35 per revolu-
tion) for forward and backward steps, respectively. The difference
between step sizes may be due to reorientation of the rotation axis on
reversal, or it may be an artefact of measurement and analysis.
Figure 4b shows the sum of histogram power spectra, similar to
those of Fig. 3b, for all step data. Histograms of the levels between
steps found by the step algorithm were also made; the sum of their
power spectra is shown in the inset to Fig. 4b. The most striking peak
is at 26 per revolution, with others at 11, 16 and 23 per revolution.
After subdivision of the data, neither step size nor periodicity
depended on the individual cell, experimental method, angle,
estimated number of stator units or average speed of rotation.

Stepping motion in ATP-driven molecular motors reflects both the
discrete molecular nature of the fuel and the periodicity of the ‘track’
along which the motor runs®'?. Our observation of 26 steps per
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Figure 3 | Analysis of step size and periodicity. a, Selected sections of the
traces in Fig. 2b, with the output of a step-finding algorithm superimposed
(red). Blue and black traces are from BFP and fluorescence experiments,
respectively, as in Fig. 2b. The dominant step size is about 14°. b, Plot of
angle against time during three revolutions of a 200-nm bead, a histogram of
dwell angles for the same revolutions and the power spectrum of that
histogram. The peak at 26 per revolution corresponds to a step size of 13.8°,
and shows that the motor stops at the same angles on successive revolutions.
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revolution is consistent with the periodicity of the ring of FliG
protein, the track on the rotor where torque is generated”®. The
10-fold or 11-fold periodicity matches the filament and hook*; other
periodicities observed may be due to interactions between other
components of the flagellum with as-yet undetermined symmetry.
Some cells in BFP experiments rotated at about 1 Hz even in 5 mM
Na*. Steps were seen in these unusually slow episodes (data not
shown), similar to or possibly slightly smaller than 1/26 of a
revolution. Locking of one stator in one state of its mechanochemical
cycle while other stators continued normally could produce
steps with the periodicity of the locked state. Unusually slow episodes
are excluded from our data analysis, but we cannot entirely rule out a
possible contribution of a locking effect. Interval length distributions
for data with a narrow range of average speed were sometimes, but
not always, single-exponential. The apparent independence of step
size on stator number, non-exponential interval length distributions
and the observation of occasional steps smaller than 1/26 of a
revolution may require the revision of existing models of the flagellar
motor as a set of independent poisson-stepping stators'®*.

Our experiments cannot determine whether single steps corre-
spond to single ion transits. Regardless of the nature of the stepping
process, the ratio of forwards to backwards step probabilities is
exp(—AG/kT), where AG is the free energy available to drive one
step and kT is the average thermal energy. In our experiments AG
ranged from 0 to 3kT, depending on rotation speed. This is equivalent
to the free energy of one ion transit through a SMF of up to —75mV.
Measuring the SMF in E. coli under these conditions would reveal
whether the observed steps could be driven by single-ion transits.
However, previous data indicate that single ions in fully energized
wild-type motors cannot drive steps as large as 14°. If about ten
torque-generating units pass 1,200 H' ions per revolution®’,
then one ion in one unit should step about 3°, assuming tightly
coupled independent units'®. Energy conservation sets an upper
bound to the angle coupled to one ion transit, equal to (free energy
per ion)/(maximum torque per unit). A wild-type E. coli cell with a
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Figure 4 | Summary of step analysis. a, A histogram of step sizes found in
all episodes of approximately constant speed (1,400 revolutions, 9 different
cells, 28,611 steps). A multiple-gaussian fit (red line) gives step sizes of 13.7°
(0 =5.16°) and —10.9° (0 = 3.9°) for forward and backward steps,
respectively. b, The sum of histogram power spectra (see Fig. 3b) for the
same data set. Inset, summed spectra of histograms of mean levels between
found steps. The forward step size is in close agreement with the peak in the
summed spectra, confirming that there are 26 steps per revolution.
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protonmotive force of about 150 mV (6kT per ion)*® drives a 1-pm
bead with an estimated 280 pN nm per unit'®, giving an upper bound
of about 5°. It is possible that stoichiometry changes at low SMF or
stator number or that smaller substeps will be resolved in future.
Alternatively, a mechanical step may be coupled to several ion
transits, requiring the accumulation either of ions or of mechanical
strain between steps. The latter mechanism is believed to occur in
ATP-synthase, coupling three or four ion-driven steps in Fo to a
single ATP-synthesizing step in F,. By combining high-resolution
measurements of flagellar rotation with manipulation of the SMF, the
chimaeric flagellar motor described here will enable a detailed
comparison to be made between the mechanism of the bacterial
flagellar motor and those of its ATP-driven relatives.

METHODS

E. coli chimaera. E. coli strain YS34 (AcheY, fliC::Tnl10, ApilA, AmotAmotB)
was derived from strain RP4979 (ref. 27) (AcheY) and transformed with
plasmids pYS11 (fliC sticky filaments™, ampicillin resistance, pBR322 deriva-
tive) and pYS13 (pomApotB (ref. 6), isopropyl Bpthiogalactoside inducible,
chloramphenicol resistance, pMMB206 derivative). Deletions of pilA and motAB
were made as described in ref. 29; fliC::Tnl0 was transduced from HCB1271
(ref. 16). Cells were grown for 5h at 30 °C from frozen stocks, with shaking, in
tryptone broth (TB) containing antibiotics to preserve plasmids. Isopropyl
Bpthiogalactoside (1-10 uM) was added for low-level expression of stator
proteins.

Rotation measurement. All experiments were performed at 23 °C. Speeds were
obtained from power spectra of combined (x,y) data'®, using data windows of
length 1 or 4s beginning at intervals of 0.1s. Motor angles were obtained by
fitting an ellipse to bead trajectories under the assumption that trajectories
represent the projection of a circular orbit onto the focal plane of the
microscope'®.

For BFP experiments, polystyrene beads (diameter 535 nm; Polysciences)
were attached to truncated flagella of immobilized cells, and bead position (x,y)
was measured by BFP laser interferometry (sample rate 4kHz) as described'.
NaCl (or LiCl) was added to the Na¥-free motility medium in various
concentrations; the total concentration of added salt was adjusted to 85 mM
with KCI. Custom-made flow chambers allowed a complete exchange of medium
in about 5.

For fluorescence experiments, fluorescent polystyrene beads (diameter
227 nm, ‘yellow/green’; Molecular Probes) were attached as above. A mercury-
arc lamp provided epifluorescence excitation (475-nm bandpass) at an intensity
of about 1 W cm ™2, Images (16 X 16 pixels, each 80 nm square in the sample
plane; 505 nm long-pass) were sampled at a frame rate of 2.4 kHz with a cooled,
back-thinned, electron-multiplying charge-coupled device camera (iXon
DV860-BI, Andor Technology). Bead position was determined with a precision
of about 5 nm by a two-dimensional gaussian fit to the bead image.

Step resolution. The relaxation time of a 500-nm bead attached to an elastic
hook rotating about an axis 150 nm from its diameter is about 1.1 ms (ref. 30).
For a 200-nm bead the time is about 0.15ms. These times are lower limits
assuming no contribution from the flagellar stub'®, and they set upper limits of
about 900 and 6,500 to the number of steps that can be detected per second in
BFP and fluorescence experiments respectively. Our actual limits were lower,
namely about 200 s ! and about 1,000s %, respectively. The latter limit was
attained by analysis of dwell-time histograms.

Step analysis. A computer algorithm divided angle versus time records into
straight-line portions corresponding to episodes of constant average speed. A
second algorithm based on the method of J. W. Kerssemakers (personal
communication) detected steps as follows. First, an entire episode was divided
into two intervals at the point giving the best least-squares fit to a single-step
function. Second, an excess of steps (N, per revolution on average) was
assigned by repeatedly dividing, as in the first step, the interval containing the
largest range of angles in the previous iteration. Third, a ‘quality factor’ Q was
defined for each assigned step as Q% = (x; — x2)*[(var.,/n,) + (var./ny)],
where x;, var,; and n; are the mean angle, the variance and the number of
points in an interval, respectively, and i =1 and i = 2 indicate intervals
immediately before and after a step. The lowest-quality step was removed and
adjacent intervals were concatenated, but only if the quality was below a
threshold Q ;,. Last, the previous step was repeated until no steps remained
with Q < Q . The accuracy and sensitivity of the algorithm were tested and a
suitable value of Q ,;, for each episode was chosen by applying the algorithm to
simulated data with N, = 10, 20, 30, 40 and 80 Poisson-distributed steps per
revolution and brownian noise and average speed similar to real data.
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