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Rotation of the bacterial ¯agellar motor is driven by an ensemble
of torque-generating units containing the proteins MotA and
MotB1±3. Here, by inducing expression of MotA in motA- cells
under conditions of low viscous load, we show that the limiting
speed of the motor is independent of the number of units: at
vanishing load, one unit turns the motor as rapidly as many. This
result indicates that each unit may remain attached to the rotor
for most of its mechanochemical cycle, that is, that it has a high
duty ratio4. Thus, torque generators behave more like kinesin, the
protein that moves vesicles along microtubules, than myosin, the
protein that powers muscle. However, their translation rates,
stepping frequencies and power outputs are much higher,
being greater than 30 mm s-1, 12 kHz and 1:5 3 105 pN nm s 2 1,
respectively.

Bacterial ¯agellar motors are driven by a transmembrane ion ¯ux
(reviewed in refs 5, 6). Most studies of their physiology have been

done at low speeds, characteristic of high viscous loads, where
translation rates of ions or movement of internal mechanical
components are not limiting. To study their behaviour at higher
speeds, we developed a new motor assay (Fig. 1a, inset). Instead of
tethering a cell to a glass surface by a single ¯agellum and watching
the cell body spin7, we ®xed the cell body to the glass surface and
attached a polystyrene bead to a stub of one of its ¯agellar ®laments.
By using beads of various sizes (0.3±1 mm diameter), we could vary
the load by a factor of more than 10. The bead was followed in a
weak optical trap by back focal plane interferometry8.

Figure 1a, b shows speed records for cells under high and low
load, respectively. Upon induction of MotA expression, discrete
increments in speed were observed. At high load (Fig. 1a), the
increase in speed was linear with the torque-generator number, N,
as observed previously with tethered cells1,2. However, at lower load
(Fig. 1b), the speed tended to saturate at high torque-generator
numbers. The data for different bead sizes are summarized in Fig. 2a.
In Fig. 3a we show torque±speed curves for motors with between
one and ®ve torque-generating units, constructed from the data of
Fig. 2a. At low speeds, the torque produced by a motor with N
generators is simply N times the torque produced by a motor with
one generator. At high speeds, the torques decline, and the curves
are consistent with a limiting speed at zero torque of about 300 Hz.

The behaviour of the motor can be understood in terms of the
`duty ratio' of the torque generators4, where the duty ratio, D, is
de®ned as the fraction of time for which a generator is bound to the
rotor. As the motor works against a viscous load, speed is propor-
tional to the applied torque. At high loads, speed increases linearly
with N whether D is small (close to 0) or large (close to 1). If D is
small, the torque-generating units work independently of one
another, because the probability that two might be attached at the
same time is small; speed is proportional to the time-averaged
torque. If D is large, each unit has time to reach thermodynamic
equilibrium and exert the same torque; speed is proportional to the
total torque. At vanishing load, speed increases linearly with N when
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Figure 1 Measurements made at high and low load. a, Induction of torque in a motor

driving a bead of 1.03 mm diameter (left). Speed is shown as a function of time, and the

number of torque generators is indicated. Inset, a small bead attached to a segment of a

¯agellar ®lament and followed in a weak optical trap. Right, mean speed as a function of

torque-generator number. Error bars are smaller than data markers. b, As in a for a

different motor driving a bead of 0.30 mm diameter. Inset, the power spectrum of the

signal from 80 revolutions of a 0.36-mm bead. The abscissa is frequency (Hz), and the

ordinate is power (arbitrary units).
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D is small but not when D is large. If D is small, the torque-
generating units work independently of one another, as before, and
again speed is proportional to the time-averaged torque. If D is
large, on the other hand, any unit bound to the rotor limits its speed.
Assuming that the time required for a unit to complete a mechano-
chemical cycle is independent of the torque exerted by other units,
the speed is determined by the displacement per cycle divided by the
cycle time. So our data are consistent with a model in which the duty
ratio is close to 1.

Our results can be reproduced by a model (Box 1) in which D � 1
and the rate constants for forward transitions are load independent,
as shown in Figs 2b and 3b. If an unbound state is introduced
(D , 1) or if all forward rate constants are load-dependent, the
zero-load speeds vary with N (Box Fig. b) and the concave-down
shape of the torque-speed curves9,10 cannot be reproduced. Our data
do not rule out zero-load speeds that vary with N, as it was not
possible to measure these speeds directlyÐbeads had to be at least
0.30 mm in diameter to detect rotation. By extrapolating the curves
for N � 3, 4 and 5 unit motors to zero torque (using the fastest three
data points of each curve, Fig. 3a), we estimate the zero-load speeds
to be 306 6 76 Hz, 299 6 47 Hz and 305 6 35 Hz, respectively.
Combining these values we obtain 303 6 32 Hz. The ratio of the
lowest to the highest zero-load speeds within the error limits is
,0.8. When this ratio is compared to the corresponding ratios of
zero-load speeds obtained from simulations at various duty ratios
(Box Fig. b), we ®nd D . 0:6.

We conclude that the torque-generating units remain attached to
the rotor most of the time; in other words, that their duty ratio is
greater than 0.6 and more likely to be closer to 1. The speed might
saturate at low loads at a lower duty ratio if the generators work
cooperatively at low loads and bind synchronously; however, there

is at present no evidence for cooperative interactions between units.
Alternatively, a unit that appears to have a duty ratio close to 1
might be composed of more than one interacting subunit with a
lower duty ratio, as in the dimeric kinesin molecule. If so, our
analysis applies to the composite structure, not the individual
subunits.

It has been found from ¯uctuation analysis of tethered cells
rotating at low speed that the total number of steps taken by the
rotor per revolution is proportional to torque-generator number, N
(ref. 3). This implies that the rotor step size decreases with N. This
could be understood if, on stepping along the periphery of the rotor
a ®xed distance d, the Nth torque-generating unit had to work with
the other N 2 1, suggesting a high duty ratio. Our work supports
this argument and shows that the duty ratio remains high for speeds
up to a few hundred hertz. Thus, torque generators behave more like
kinesin than myosin. Single kinesin molecules take hundreds of
steps along a microtubule without falling off 11, whereas myosin
spends most of its mechanochemical cycle detached from the actin
®lament, binding only brie¯y to undergo a force-producing step12.
In both cases, the function of the motor molecule dictates the duty
ratio. When vesicles are moved along microtubules, procession is
more important than speed, so kinesin has a high duty ratio. When
muscles contract, speed is more important than procession, so
many myosins work together, each with a low duty ratio13. Evi-
dently, for the ¯agellar motor, the ability to drive sizeable viscous
loads at high speeds requires that the torque generators work with a
high duty ratio. For E. coli, this probably relates to the forces
required to form or disrupt ¯agellar bundles, processes essential
for chemotaxis14. However, a high duty ratio requires that each
generator completes a ®xed number of torque-generating cycles
each revolution, regardless of speed, so high speeds require high
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Figure 2 Speeds, measured and simulated. a, Speed as a function of torque-generator

number for different bead sizes. Reading from top to bottom, the diameter of the beads in

micrometres (and the numbers of motors assayed at each bead size) were 0.30 (12),

0.356 (15), 0.41 (8), 0.535 (11) and 1.03 (3), respectively. The data points and error bars

are the means and standard deviations over the cell ensemble, with the mean speeds for

each torque-generator number weighted equally. b, A Monte-Carlo simulation of the

behaviour of a motor shown as a function of torque-generator number, N. Reading from

top to bottom, the viscous drag coef®cients were 2.7, 4.3, 5.1, 8.5 and 28.0 pN nm per

revolution per s.
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Figure 3 Torques, measured and simulated. a, Torque±speed curves for motors with 1

(bottom) to 5 (top) torque-generating units. The curves were derived from the data of
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similar plot derived from the simulation of Fig. 2b, including points computed at lower

viscous loads (dashed lines).
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turnover rates. For example, a motor with N � 5 can spin a 0.30-
mm bead at 240 Hz (Fig. 2a). If each unit steps 50 times per
revolutionÐthis is a lower bound3Ðthe cycle frequency is at
least 12 kHz. As the rotor is about 50 nm in diameter15, the speed
at the periphery exceeds 35 mm s-1. Each unit can produce more
than 5 pN of force and more than 1:75 3 105 pN nm s 2 1 of power.
The Na+-driven ¯agellar motor in Vibrio alginolyticus rotates even
more rapidly (1,000 Hz), indicating that higher turnover rates and
power outputs may be possible16. In comparison, a single kinesin
molecule at saturating ATP concentration produces over 70 times
less power, moving at about 0.5 mm s-1 while exerting a force of 5 pN
(ref. 17). A single myosin molecule produces over 400 times less
power, stepping 20 nm at a turnover rate of 10 s-1, and exerting an
average force of 2 pN (ref. 18). F1-ATPase produces over 450 times
less power, rotating at about 2 Hz against a load torque of 30 pN nm
(ref. 19). The reason for the higher numbers in E. coli might be
because the ¯agellar motor is driven by translocation of ions rather
than binding, hydrolysis and release of nucleotides. M

Methods
Cells and beads

We used strain HCB1271. It was constructed from strain MS5037 (ref. 20), containing
motA448 (ref. 21). MS5037 was made pil-minus by P1 transduction of pilA9-kan from

strain HCB758 (refs 22, 23) and ®lament-minus by transduction of ¯iC::Tn10 from strain
C600 hsm hsr ¯iC::Tn10 (ref. 24) by selection with the appropriate antibodies. We
introduced MotA resurrection capability by transformation with pDFB36, carrying wild-
type motA under an inducible promoter2. The ¯iCst (sticky ®lament) allele25 was cloned
into a plasmid compatible with pDFB36. Wild-type MotA was induced on addition of
isopropyl b-D-thiogalactopyranoside (IPTG), and the sticky ®laments readily adsorbed
polystyrene beads. Reconstituted motors spun alternately clockwise and counterclock-
wise, but only the latter intervals were used here. Cells were prepared as described9, but we
sheared more completely by 60 passages through the shearing apparatus and resuspended
at half the original volume in motility medium (10 mM potassium phosphate, pH 7.0,
0.1 mM EDTA). The cells were allowed to settle on a glass coverslip that had been treated
with 4-aminobutyldimethoxy silane9. After 15 min, unattached cells were washed away,
and a suspension of polystyrene beads was added (0.083% w/w in motility medium; 1.03,
0.525, 0.356 or 0.30 mm diameter, from Polysciences, or 0.41 mm diameter from Bangs
Laboratories). After 5 min, unattached beads were washed away and the tethering medium
was supplemented with tryptone broth (1% tryptone, Difco; 0.5% NaCl) at a concen-
tration up to 20% v/v and with IPTG (®nal concentration 0.5 mM to 2.5 mM).

Data acquisition and analysis

The optical trap is described elsewhere26. We used two functionally identical instruments,
one with a 980-nm MOPA laser26 and the other with a 830-nm diode laser (Melles Griot).
The power level at the back focal plane of the objective was 20 mW (980 nm, a wavelength
at which the objective had a low transmittance) and ,10 mW (830 nm). Trapping forces
were too small to perturb the motion. Signals were sampled at 0.5±1 kHz and anti-alias
®ltered at 250 Hz. Power spectra were computed for successive 1-s blocks of data, and the
speed±time plots were smoothed with a median ®lter of rank 4, which preserved
discontinuities in the data. Decisions on the correspondence between speed and torque-

Box 1
Flagellar motor model

A model was developed to reproduce the torque±speed curves, which
are concave downwards9,10. Torque generators work independently with
a three-state cycle, Ep $ Ap $ Bp $ Ep�1, where p identi®es the binding
site28. Each cycle carries one proton across the membrane and moves
the equilibrium position of the rotor by J � 2p=nr, where nr is the number
of binding sites. Proton exchange with the external and internal media is
represented by transitions Ep $ Ap and Bp $ Ep�1, respectively, and
changes that occur while protons are in the motor are represented by the
transition Ap $ Bp. For each state (i � Ep, Ap, Bp) the energy Ui(v)
represents the elastic, electrostatic, and/or hydrophobic energies
involved in generator/rotor interaction. Each proton provides the energy
UH � qVm, where q is the proton charge and Vm the protonmotive force,
150 mV. Rate constants for forwards and backwards transitions are
given by kij � k0exp�lDGij=kbT) and kji � k0exp��l 2 1�DGij=kbT�,
respectively. DGij � Ui�v�2 Uj�v� � aijUH, where aij is the fraction of UH

dissipated in the transition, l varies from 0 to 1 and speci®es how much
changes in DG affect forward as opposed to backward rate constants, k0

controls the intrinsic rate of the transition, kb is Boltzmann's constant and
T is the absolute temperature. Each unit exerts a torque T � 2 dUi=dv,
and the total motor torque is the sum over all units. Transitions between
states and the stochastic equations for rotation of the rotor and bead
attached via an elastic link (proximal hook stiffness, kv � 400 pN
nm per radian)29,30 are modelled by Monte-Carlo simulation.

The following model parameters were necessary to reproduce the
measured torque±speed curves9,10. A powerstroke mechanism was
chosen, with 90% of UH and 90% of J placed in the transition A $ B28.
The rest of UH and J was split evenly between the other transitions. l

were all zero and k0 were 1:23 3 105 s2 1. Energy pro®les, Ui(v), for all
three states were those of a spring that becomes less stiff at large
extensions. That is, for positive extensions, w, the torque was given by

2
dU

dv
�

2 k1w : w , a

2 �k1a � k2�w 2 a�� : w . a

� �
where k2 , k1. For negative extensions (extensions that tend to slow the
motor) the torque had the opposite sign. The predictions of the model
were not very sensitive to the values of k1, k2 and a.

An example of a transition is shown in the energy diagram, a. A torque-
generating unit in state Ap is in mechanical equilibrium with the rotor at 1.
A forward transition to state Bp moves the equilibrium position through an
angle f2, placing the unit out of mechanical equilibrium at 2. Torque
T � 2 dUB�v�=dv is produced in the forward direction, until equilibrium is
reached at 3. An earlier transition from state Ep to Ap moved the
equilibrium position an angle f1. The next transition to state Ep+1 will move
the equilibrium position through an angle f3 to the next binding site p � 1,
completing the cycle.

For simulations with D , 1, an unbound state that produced zero
torque was introduced by setting UE(v) to be constant, and the rates into
and out of this state were controlled by choosing the value of UE. When
the torque-generating units are unbound, the rotor can diffuse freely and
respond to external torques, so the rotational drag coef®cient of the rotor
becomes important. When torque is exerted by the motor on the external
load (bead), the tether winds up. When the units are unbound, the tether
unwinds and moves the rotor backwards, implying a loss of ef®ciency.
This happens because the viscous drag of the bead is much larger than
that of the rotor. The rotational drag of the rotor was estimated to be
fr � 0:25 pN nm per �rev per s�, modelled as a 50 nm diameter sphere
in a lipid of viscosity 100 cp, yielding a relaxation time tr � fr=kv < 1 ms.

Figure b shows the dependence of speed on the number of torque-
generating units at zero load for different simulation parameters. The
speeds have been normalized individually for each curve by the speed at
N � 5; therefore, comparisons of speed cannot be made between
curves. For units with D � 1 (squares), the zero-load speed is indepen-
dent of N. For units with D , 1, the zero-load speed depends on N

(circles, D � 0:6; triangles, D � 0:23). For units with load-dependent
forward rate constants (diamonds, D � 1, l � 0:5 and UH and J split
equally between all three transitions), the zero-load speed also depends
on N, irrespective of the duty ratio.
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generator number were made at speeds below 160 Hz, where speed increased linearly with
generator number.

Construction of torque-speed plots

We calculated torque, T, from estimates of drag coef®cients, f, and measurements of speed.
Rotational drag caused by an eccentrically rotating bead (of radius rb rotating with an
eccentricity re) attached to a ¯agellar stub (modelled as a thin prolate ellipsoid with a
major radius a and minor radius b (10 nm) moving edge-on at a radius rf) was estimated to
be 8ph�r3

b � r2
f s� � 6phr2

e rb where s is the structural factor a=�ln�2a=b� � 0:5� (ref. 27).
From digitized video images, the average eccentricity of rotation was 0:15 6 0:5 mm. The
rotational radius of the ¯agellar stub, rf, which is proportional to stub length, was set to a/
2. The average ¯agellar stub length, 2a, was unknown and was left as a free parameter for
subsequent ®tting. The drag for each bead size was adjusted so that the data points for
N � 5 generators coincided with a wild-type (N � 8) torque±speed curve9,10, scaled to 5/8
the stall torque, but with the same knee and zero-torque speeds. The resulting torque±
speed curves are shown in Fig. 3a. The ®tted ¯agellar stub lengths were 1.22, 1.07, 0.95,
0.91 and 0.75 mm, for bead sizes 1.0, 0.54, 0.41, 0.36 and 0.30 mm, respectively.
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All aspects of cellular RNA metabolism and processing involve
DExH/D proteins, which are a family of enzymes that unwind or
manipulate RNA in an ATP-dependent fashion1. DExH/D proteins
are also essential for the replication of many viruses, and therefore
provide targets for the development of therapeutics2. All DExH/D
proteins characterized to date hydrolyse nucleoside triphosphates
and, in most cases, this activity is stimulated by the addition of
RNA or DNA1. Several members of the family unwind RNA
duplexes in an NTP-dependent fashion in vitro1,3; therefore it
has been proposed that DExH/D proteins couple NTP hydrolysis
to RNA conformational change in complex macromolecular
assemblies4. Despite the central role of DExH/D proteins, their
mechanism of RNA helicase activity remains unknown. Here we
show that the DExH protein NPH-II unwinds RNA duplexes in a
processive, unidirectional fashion with a step size of roughly one-
half helix turn. We show that there is a quantitative connection
between ATP utilization and helicase processivity, thereby pro-
viding direct evidence that DExH/D proteins can function as
molecular motors on RNA.

Establishing a basic functional model for RNA helicase behaviour
involved answering three fundamental questions: ®rst, does the
helicase unwind RNA in distinct, sequential steps? Second, does the
enzyme dissociate from the RNA after each unwinding step or does
it stay bound; that is, is the helicase processive? Third, does the
helicase move from one de®ned point on its helical substrate to
another de®ned point; is unwinding unidirectional?

We subjected the DExH helicase NPH-II from vaccinia virus5 to
quantitative kinetic analysis of RNA helicase activity using a collec-
tion of duplex RNA substrates that varied in composition and
length. Kinetics of unwinding were monitored using gel-shift
electrophoresis and ¯uorescence energy transfer methodologies.
The RNA substrates contained a single-strand 39 overhang, which
is required for NPH-II unwinding activity6. The single-strand 39
overhang was identical in length and sequence for every substrate
(Fig. 1). Unwinding reactions were performed under single-turn-
over conditions with respect to the RNA substrate. A large excess
of nonspeci®c `trap RNA' was added to prevent helicase from re-
associating with duplex once it falls off during the course of
reaction.

In the absence of trap RNA, the unwinding rate and reaction
amplitude (de®ned as the ®nal fraction of unwound RNA) were
both insensitive to duplex length (Fig. 1). Each reaction was ®rst-
order with a rate constant of 3:5 6 0:2 min 2 1 (Fig. 1). In the
presence of trap RNA, the rates remained independent of duplex
length; however, the reaction amplitude decreased with increasing
duplex length (Fig. 1). These observations provide three mechan-
istic insights. First, the fact that long duplexes can be unwound at all
in the presence of trap RNA provides strong qualitative evidence
that the helicase is a processive enzyme, consistent with previous
multiple-turnover studies7. Second, the dependence of amplitude
on duplex length indicates that more protein dissociates from an


