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Recent experiments on the bacterial flagellar motor have shown that the structure of this nanoma-
chine, which drives locomotion in a wide range of bacterial species, is more dynamic than previously
believed. Specifically, the number of active torque-generating complexes (stators) was shown to vary
across applied loads. This finding brings under scrutiny the experimental evidence reporting that
limiting (zero-torque) speed is independent of the number of active stators. Here, we propose that,
contrary to previous assumptions, the maximum speed of the motor increases as additional stators
are recruited. This result arises from our assumption that stators disengage from the motor for a
significant portion of their mechanochemical cycles at low loads. We show that this assumption is
consistent with current experimental evidence and consolidate our predictions with arguments that
a processive motor must have a high duty ratio at high loads.

INTRODUCTION

The bacterial flagellar motor (BFM) drives swimming
in a wide variety of bacterial species, making it cru-
cial for several fundamental biological processes includ-
ing chemotaxis and community formation [IH4]. Accord-
ingly, gaining a mechanistic understanding of this mo-
tor’s function has been a fundamental challenge in bio-
physics.

Because of its complexity and localization to the mem-
brane, atomic structures of the entire motor are not yet
available. Still, relatively detailed models have been
developed using a combination of partial crystal struc-
tures [BHT], cross-linking and mutagenesis [8H10], and
electron microscopic and cryo-electron tomography im-
ages [11, 12] (Fig. [I). Additionally, the relative ease
with which the output of a single motor can be measured
in real time, by observing rotation of a large bead at-
tached to the motor with light microscopy, has made it
one of the best studied of all large biological molecular
machines.

Arguably the most important physical probe into the
dynamics of a molecular motor is its torque-speed rela-
tionship. For the BFM, this curve was shown to have two
distinct regimes, separated by a “knee” (Fig. [2)). This
characteristic feature of the BFM was long held as the
first “checkpoint” for any theoretical model of the motor.
However, recent experiments showed that the number
of torque-generating complexes (stators) in the motor is
load-dependent—that is, published torque-speed curves
most likely contain measurements from motors with dif-
ferent numbers of docked stators [13] [14]. Specifically, at
high loads (low speeds) a motor can have up to 11 docked
stators, while at low loads (high speeds) motors typically
operate with only one stator (though we note that the
experiments in [13] reported that ~ 25% of motors were
likely to have two stators).

Before continuing, we first clarify some of our termi-
nology. We cousider the “low load” regime (also referred
to as “high speed”, “maximum speed”, or “zero torque”

throughout) to be when the drag coefficient of the load is
on the same order of magnitude or lower than the inter-
nal friction (i.e., the drag of the rotor). Importantly, we
point out that due to experimental constraints, several
results originally considered to be “low load” measure-
ments were conducted using loads outside of this regime;
these will be noted as they appear in our text.

The recent experimental findings [I3] [14] shed doubt
on several fundamental results about the dynamics of the
BFM, including, importantly, its behavior at low loads.
A seminal set of experiments, termed “resurrection” ex-
periments, studied the dependence of motor speed on the
number of stators at various external loads [I5HI7]. In
these experiments, paralyzed cells were allowed to begin
rotating slowly, and discrete increases in speed were in-
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FIG. 1. The bacterial flagellar motor consists of a series of
large concentric rings that attach to a flagellar filament via
a flexible hook. An active motor can have between 1 and
11 torque-generating stator complexes. Stators interact with
protein ‘spokes’ (FliG) along the rotor’s edge to drive motor
rotation.
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FIG. 2. Recent experiments have shown that the number of
torque-generating complexes (stators) is not constant across
applied loads. Therefore, it is likely that most measured
torque-speed curves were generated using motors with vary-
ing numbers of stators: points in the high-load regime cor-
respond to motors with up to 11 stators and points at low
loads (within the kinetically-limited regime) to motors with
only one. Red dashed line separates the mechanically-limited
and kinetically-limited regimes; we focus on the latter. Data
shown is from [23]; however, we note that another experiment
in this same article presents data that seems to be collected
from a motor with a constant number of stators.

terpreted as the addition of torque-generating complexes.
Surprisingly, while up to 11 increases of near-equal size
were observed at high loads, only a single such “jump”
was observed at low loads.

These results quickly led to a series of reworked the-
oretical models, all of which required that the limiting
speed of the motor be independent of the number of sta-
tors [I8H20]. However, it is likely that low-load measure-
ments were never performed on motors with more than
one stator, leaving open the question of how the BFM
behaves in the zero-torque (high-speed) limit.

We recently presented a model in flagellar motors with
a single stator, in which a steric interaction driven by
a conformational change in the stator is implicated as
the motor’s torque-generating mechanism [2I]. Here, we
extend this model to motors with multiple docked stators
and predict that the limiting speed of the BFM increases
with the number of active stators.

This result arises from the fact that the stator is not
in contact with the rotor in between steps, or “power
strokes” (i.e., the duty ratio of the motor is less than 1).
We note that while models with high duty ratios also can
reproduce current experiments, evidence of a conforma-
tional change in stator structure has been reported (see,
e.g., [22]). Generic models involving such a conformation
will share this property, because such mechanisms likely
require stators to “reset” between steps.

In the following, we first give an overview of our model
for single-stator motors and then discuss its extension to
motors with multiple docked stators. We then discuss

the implication of such a model for motors operating at
low load: in particular, challenging the widely-held be-
lief that the motor speed near the zero-torque limit is
independent of the number of docked stators.

We argue that these mechanisms affect the motor’s
duty ratio only at low loads. In this way, our model,
and others in this category, are compatible with evidence
that the BEM must have a high duty ratio to be proces-
sive at high loads. Experiments testing this hypothesis,
if successful, would be the first to explicitly quantify this
relationship in the low-load regime.

MATERIALS AND METHODS

Our model implicates a steric interaction between the
stator and rotor in torque generation [21I]. Briefly, stators
drive motor rotation by stepping along protein “spokes”
around the periphery of the rotor, a large ring that con-
nects to the flagellar filament via a flexible hook. This
interaction is analogous to parents pushing on the han-
dles of a merry-go-round on the playground for their chil-
dren’s amusement. An overview of our proposed mecha-
nism is given in Fig. [3]

Individual steps are initiated by proton arrivals at
ion-binding sites within the stator complex. The gate-
controlled diffusion of protons through the BFM’s stator,
and its link to motor rotation, was recently explored [27].
During the power stroke, conformational changes in the
stator apply a steric force onto the spokes of the rotor
wheel, rotating it a discrete step length d. Details on the
stator potential curves are provided in the supplementary
information and in reference [21].

The motion of the stator and rotor are described by

TABLE I. Model parameters with units, values, and reference.

Parameter Definition Units Values Ref
F, Proline hinge force pN 20 ]
lp Length of proline hinge nm 7 [24]
(s Stator drag coefficient pN-nm-s-rad™!  0.002  fit
Cr Rotor drag coefficient pN-nm-s-rad™*  0.02 [l
(L Load drag coefficient ~ pN-nm-s-rad™" 0.005-10 [25]
K Hook spring constant pN-nm-rad ! 150  |26)
N Number of stators - 1-11 25

Teontact Contact torque on rotor pN-nm - -
Treaction ~Reaction torque on stator pN-nm - -
Ps Stator angular position rad - -
Or Rotor angular position rad - -
0r, Load angular position rad - -
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FIG. 3. Overview of our proposed torque-generating mechanism. Cation binding induces a strain in the stator, which causes
the loops to bend. This results in the first half of the power stroke (here, by Loop 1), and sets up the second loop (here, Loop
3) to perform its half of the power stroke. Subsequently, the cations are released into the cytoplasm. This occurs because our
proposed motion also has a vertical component—the loops lower themselves out of the membrane. This release then reverses
the strain and causes the loops to restraighten. This results in the second half of the power stroke. We note that this image
depicts a two-dimensional projection of a three-dimensional motion: stator motion is not constrained to the plane of the page.

the following Langevin equations:

dos T
CSW = Fpep — Treaction T 2I‘:BT‘Can (t)
Torque from Reaction Thermal fluctuations
Proline hinge from rotor
dog
CRW = Tcontact — H(QR - GL) + V2kpT(rfn (t);

Torque Thermal fluctuations

Spring connection
from stator

to load

where the final term in each equation is the stochastic
Brownian force, with kT being the Boltzmann constant
multiplying temperature and f,,(t) denoting uncorrelated
white noise.

Stators apply no force (F, = 0) to the rotor between
power strokes. This results in negligible applied (Tcontact)
and reaction torque (Tyeaction) When the stator and rotor
are not in contact with each other. The values of these
torques are calculated as the gradients of the interaction
potential between the stator and the rotor; details on
these calculations are provided in the supplementary in-
formation. All other model parameters are described in
Table[l] Because the BFM lives at low Reynolds number,
the rotor also exhibits no productive movement when the
stator is disengaged between steps.

We assumed that there are 26 spokes along the edge

of the rotor (28], although see, e.g., [7,[29]). A “perfect”
power stroke is defined as a step of length d = g—g rad,
leaving the stator in contact with the neighboring spoke.
These steps are observed through the rotation of a small
bead (the “load”) attached to the flagellar hook. The

dynamics of the load are described by a third Langevin

equation:

CL% = kK(Or—01) + V2kpT(Lfn(t).

Spring connection
to rotor

Thermal fluctuations

When the connection between the rotor and the bead
is soft (x is small), discrete motor steps “blur” into a
seemingly continuous trajectory. Experimentally, steps
have been directly observed by slowing the motor down
to a speed of approximately 10 Hz [28§].

In a motor with multiple stators, the mechanics of each
stator follows the equations corresponding to that of a
single stator. At any given time, docked stators can be
“engaged” (i.e., actively performing a power stroke) or
“disengaged” (in between power strokes). The total con-
tact torque on the rotor is given by:

N
_ 7
Tcontact = Tcontact?
=1

where N is the total number of docked stators, and each
stator i applies a contact torque 77, . . on the rotor.
Recall that a disengaged stator (i.e., one in the waiting
state between successive power strokes) is not applying
directional torque to the rotor, and so 72 .t = 0.

We have assumed that each stator is independently
“activated” with rates corresponding to cation “hopping
on” and “hopping off” events. Because cation arrivals are
Poisson processes (i.e., waiting times between arrivals are
distributed exponentially) [30, [31], the ‘next arrival’ in a
motor with N stators occurs at a rate N X ko,, where
kon is the rate of arrival for a single stator.
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FIG. 4. Simulated trajectories are shown for motors with (a) one and (b) seven engaged stators, with {r = 0.005 pN-nm-s-
rad™'. Horizontal black lines denote the distance between “perfect” steps (£ = é—g rad). Colored bars at the bottom of the
plots mark the duration of individual stator steps (in the shown trace, steps for three out of the seven engaged stators are
shown). In the multi-stator motor trajectory (b), steps for each stator are differently colored. In accordance with published
temporal resolutions [32] [33], we consider two steps distinguishable if the end of the first step and the start of the second step
are separated by 10 ps. These are shaded in blue; for multi-stator motors, steps may overlap or be too close together to be
observed. (c) Motor speed at low loads increases with the number of stators. An experimentally-measured speed distribution
at low loads is shown in the inset (data from [34]). Gaussian fits to the major peaks give mean speeds (blue squares) in good

agreement with simulation predictions (open red circles).

Simulations of Langevin dynamics were written in
Python 2.7. Further details on the implementation
and interaction potentials used in simulations are pro-
vided in the supplementary information. Simulation
trajectories showing steps for motors with one and
seven engaged stators operating at low load are shown
in Fig. fa-b. All code will be made available at
http://ocf.berkeley.edu/~jnirody.

RESULTS

Motor speed at low loads increases with number of
stators

From simulations, we predict that the maximum speed
of the motor is dependent on the number of engaged
torque generating complexes (Fig. , open red markers).
In their recent paper, Lo et al. computed torque-speed
curves for a chimeric sodium-driven motor [34]. Low-load
measurements on these motors were performed using a
100 nm-diameter gold bead (inset, Fig. )

This data was collected from motors with 1-5 active
stators (Fig. [d, blue markers). The authors focused on
single-stator motor dynamics, leaving open the implica-
tions of their data for how the zero-torque speed depends
on stator number. The existence of multiple discrete
peaks at low load strongly supports the idea that the
maximum speed is dependent on the number of stators,
at least in chimeric motors. While experimental results
characterizing how the zero-torque speed varies with the
number of stators have yet to be published on the wild-
type, our predictions should hold for both Nat and H*
motors.

Ryu and coauthors reported a set of general condi-
tions that must be met in order for the limiting speed

to be independent of stator number [35]. First, the rate
at which steps are initiated must be independent of the
relative position of the rotor and the stator. This po-
sition is dependent on both the external load and the
actions of any other engaged stators. Therefore, the “de-
cision” of a stator to step should be ignorant of both
these factors. Second, stators must engage the rotor for
the majority of their cycle (i.e., the BFM’s duty ratio
DR =~ 1). Resurrection experiments reporting that the
speed at low loads was independent of stator number
soon followed [I7], which seemed to lend strong support
to both of the proposed requirements. We note that,
while the experiments in [I7] were performed in what we
have considered to be near-zero load, the measurements
performed in [35] that were referred to as “low load” were
actually made at significantly higher loads.

Because we assume that stators are disengaged (i.e.,
not applying any directional torque to) with the rotor
between successive power strokes, our model contains a
violation of the second condition. In particular, unlike
most proposed mechanisms (but see [36]), we assume mo-
tor rotation and ion flow can be loosely coupled: an ion
passage may not always result in appreciable rotation of
the rotor. The stator’s motion, however, is tightly cou-
pled to ion flow—that is, an ion passage is both neces-
sary and sufficient for the initiation of a stator’s power
stroke. Therefore, loose coupling in our model does not
arise from some form of ion leakage [36H40], but because
stator steps are rarely “perfect” in multiple-stator mo-
tors. If steps overlap, a portion of the second stroke is
“wasted” because the rotor is pushed out of the later-
firing stator’s reach.

These properties seem contrary to present assumptions
that stators in the BFM must have a high duty ratio.
However, we show that our prediction that DR < 1 at
low loads arises from fundamental differences in motor
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FIG. 5. Comparison of motor dynamics at low ({z, = 0.005 pN-nm-s-rad ™', shown as blue squares) and high (¢r, = 0.5 pN-
nm-s-rad !, shown as red circles) loads. (a) Decrease in the average time between steps with increasing stator number results
in an increase in duty ratio in the low-load regime. In contrast, at high loads, each stator step takes a considerable amount of
time (7}, is high), and the duty ratio is high even for single-stator motors. (b) As stators are recruited to fast-rotating motors
(i.e., at low load), the number of independent stator steps per motor revolution (nsteps) increases sublinearly from 26 steps/rev
for single-stator motors. At high loads, as predicted in [43], the steps per revolution is proportional to the number of stators.
Note that nsteps is the number of independent stepping events, and does not depend on experimental resolution.

dynamics between the high- and low-load regimes. In
this way, we argue that our proposed mechanism is com-
patible with experimental evidence for a high duty ratio
at high loads (Fig. [Bh).

Kinetically-limited stators have low duty ratios

A stator initiates a step when protons arrive at a speci-
fied binding site within the complex. The mechanochem-
ical cycle of the stator has two phases: moving and
waiting, characterized by timescales T;,, and T, respec-
tively [I8]. If Ts is the time that a stator engages the
rotor during a complete cycle (T, + T,), a single-stator
motor has duty ratio DR = Ts /(T + Tw).

The waiting time between strokes 7;, depends on the
rate of proton arrivals at a binding site. These arrivals are
Poissonian with rate kon = ko exp [AMAG;j/kpT|. Here,
AGj; is the thermodynamic contribution of the ion mo-
tive force and kgT is Boltzmann’s constant multiplied by
temperature [19, 41]. For simplicity, we choose A = 0.5
as done in previous studies [4I]. The parameter ky is a
function of the pH of the external periplasm; lower pH
corresponds to higher proton concentration and thus a
speedier arrival at the site. At room temperature and
pH 7.0, (Ty) = 1/kon = 0.2 ms for single-stator mo-
tors [18] 20].

The average moving time is estimated through the re-
lation w ~ £/ ((T),) + (Tw)) [18]. The average motor
speed w is also related to the load drag coefficient (;, by
(rw = 7, where 7 is the motor torque [I, 42]. In our
simulations, the motor is limited by proton arrivals at
very low loads ((T),) =~ 0.01 ms), while at high loads,
(Tyn) ~ 10 ms surpasses (T,). These values are consis-
tent with previous studies [I8] 20].

Because we predict that motor rotation is driven by
steric forces, a stator must be in contact with the rotor for
a large part of a productive power stroke (Ts/T,, ~ 1).
Previous models of torque-generation have similarly con-
sidered the mechanochemical cycle of the BFM to con-
sist of moving and waiting phases [18| 20]. However, our
model is unique in assuming that stators disengage from
the rotor between subsequent power strokes. This re-
sults in DR < 1 for single-stator motors at low loads,
as the waiting time is no longer negligible compared to
the moving time in this regime (Fig. , blue squares).
The waiting time may even surpass (T,,), as shown in
Fig. [dh-Db.

The waiting time until a proton binds to any one of
N independently-stepping stators is exponentially dis-
tributed with rate N x k. Therefore, (T,) is shortened
as additional stators are recruited. The subsequent in-
crease in duty ratio (Fig. , blue squares) results in an
increase in limiting speed with the number of stators.

High duty ratios at high loads

Here, we address the assertion that the duty ratio of
the BFM must be very high. Two common arguments
in the literature are based on (i) the observation that
the number of steps per revolution ngieps increases as
additional torque-generating complexes were recruited
[43], [44] and (ii) a calculation determining that a mo-
tor with a low duty ratio cannot be processive due to
“unwinding” of the tether connection between the rotor
and load [I]. The application of these arguments, based
on high-load measurements, to the low-load regime has
been possible because of the lack of a proposed physical
mechanism for BFM rotation. Such a mechanism is now



provided in our model [2T]. To this end, we show these
arguments can be consolidated with our proposed mech-
anism, as well as with the prediction that DR < 1 at low
loads.

Samuel and Berg used fluctuation analysis to deter-
mine that the number of steps per revolution was pro-
portional to stator number [43] 44]. In the absence of a
specific physical mechanism, this result was interpreted
to mean that a motor decreases its elementary step size
as it recruits stators. This in turn implied a motor with a
high duty ratio, in which each stator acts with the N —1
others to rotate a fixed distance d [35].

In our model, this holds in the high-load regime, where
these measurements were made. Though stators disen-
gage between strokes, the duty ratio of the motor is very
high because the time spent within a power stroke is
far greater than the pauses between subsequent strokes
(DR = T,/(T;, + Tyy) =~ Ts/Tyn, =~ 1) (Fig. [5b, red cir-
cles). Furthermore, the rotor is likely always in contact
with at least one stator as the steps of individual stators
almost certainly overlap. This accounts for the observed
proportional increase in ngieps With the number of active
stators (Fig. [Bp, red circles).

Note that stator steps still may overlap at low loads
(high speeds), though they are less likely to do so be-
cause T, is shorter than at high loads. Our simulations
predict that similar analyses in this regime will detect a
sublinear increase in ngteps With stator number (Fig. 7
blue squares).

The second argument was posed by Howard Berg, who
posited that if the BEFM did not have a duty ratio of close
to unity, it could not be processive [I]. The reasoning
behind this is as follows. Consider an experiment where
a cell is tethered to a surface by the hook of its flagella
and is spun about by the rotation of the motor at its
base. The cell body is large in comparison to the flagellar
motor, and accordingly the viscous drag on it is much
larger than that on the BFM’s rotor. Therefore, if there
are no stators to prevent it, the wound tether between
the surface and the cell will unwind exponentially: 6 =
0o exp(—at), where 6y is the initial twist and « is the
torsional spring constant divided by the rotational drag
coefficient of the rotor. A simple calculation showed that
unless a motor had a duty ratio of very close to unity,
this tether would unwind too quickly for the stator units
to keep up.

We note that concrete evidence is still lacking that
slowly-rotating tethered motors do not “lose” steps to
the tether connection unwinding. Support for tightly-
coupled mechanisms came from reports that the number
of ions per revolution was directly proportional to motor
speed [45]. However, it was later shown that a loosely-
coupled mechanism also produced a linear relationship
with the same slope, but non-zero intercept [40]. Re-
gardless, our model construction and parameter choice
is such that the unwinding of the tether does not over-
whelm the stator in our simulations (see supplementary
information) [21]. A final resolution may be reached us-

ing experiments that measure how the ion flux at stall
(zero speed) differs between single- and multi-stator mo-
tors.

At low loads however, the relative drags of the bead
and the rotor are comparable. As we approach the
zero-torque limit, the rotor drag may surpass that of
the load [I8, 20]. For example, we estimated the drag
coefficient for the low-load measurement in [34] to be
¢z, ~ 0.005 pN-nm-s-rad—!, which is lower than (g ~ 0.02
pN-nm-s-rad ! [I]. In this case, the bead will move for-
ward as the tether connection unwinds.

More generally, the characteristic timescale of the
load’s motion is given by its frictional drag coefficient di-
vided by the spring constant: ¢;, = (1, /k. A single-stator
motor should have a comparably long power stroke. Note
that this is not necessary for a multi-stator motor: steps
from different stators may overlap, extending the period
during which at least one complex is present.

To illustrate, we consider the second-smallest bead
used by Lo et al. [34]. Estimating ¢;, = 0.04 pN-nm-
s-tad~! and choosing a spring constant x = 150 pN-
nm-rad ! at the lower edge of the measured range [26],
the characteristic timescale of the load is t;, = (1/k ~
0.27 ms. A single-stator motor with this load rotated at
~ 110 Hz [34]. Recall that motor speed w ~ ¢/((T}) +
(T\)), where the step size £ = o rev and (T,,) ~ 0.2 ms.
Then (T,,) =~ (55) /110 — 2e-4 ~ 0.15 ms, and the load
is able to (at least partially) ‘catch up’ to the rotor.

DISCUSSION

The dynamics of the BFM across applied loads have
been of great interest since a two-regime torque-speed
curve was proposed several decades ago. Recent exper-
iments reporting that the number of stators in a motor
varies across loads have opened some interesting ques-
tions, and reopened several more.

For instance, the zero-torque speed has been assumed
to be independent of the number of docked stators based
on the results of early “resurrection” experiments [15-
I7]. Theoretical models after these results were reported
have all been constructed to reproduce this behavior at
low loads. However, recent experiments strongly suggest
that these experiments were never performed on motors
with more than a single stator [13], making revisiting this
long-held assumption timely.

We note that ~25% of the zero-load motors measured
in [13] were interpreted to have two, instead of one, sta-
tors. However, it was noted by the authors that motors
that were interpreted to have two stators likely had flag-
ella which were incompletely sheared, which may have
resulted in an increased load for these motors. Further-
more, this result was reached using a relatively small
number of data points, making a statistically significant
conclusion difficult to reach. The idea that the stator
number varies with load is quite new, and further exper-
iments on the low-load behavior of this motor performed



with this knowledge are needed for conclusive evidence
in any direction.

In opposition to current assumptions, our simulations
predict that the zero-torque speed of the BFM increases
with stator number. We note that there was an earlier
model that predicted that the motor’s speed at low load
was not universal [4I]. However, the mechanism sug-
gested in [41] was a tightly-coupled one which predicted
that this speed would decrease with an increasing num-
ber of stators. Experiments by Lo et al. [34] (shown in
Fig. ) seem to support the opposite trend, as predicted
by our model; however, further experiments at low load
are required to make any definitive conclusions. As we
mentioned previously, tightly-coupled mechanisms can be
differentiated from ours by an experiment testing the in-
tercept of the relationship between the number of ions
per revolution and motor speed [40].

Our prediction arises from our assumption that stators
detach from the motor when they pause between steps.
This assumption is common to most models in which a
conformational change in the stator drives motor rota-
tion. This results in a low duty ratio for motors at low
load, where the waiting time between steps is at least on
the order of the time spent in a power stroke. Because
the power stroke duration is much longer at high loads,
the duty ratio in this regime is not affected by this un-
bound state. In this way, our mechanism is consistent
with evidence that processive motors at high load must
have a high duty ratio.

It is important to note that we do not propose that
there exists no top speed to the motor at low loads: the
moving time 7T, at zero-torque still takes some, albeit
not much, time. The limiting speed of the motor at low
loads will occur when the duty ratio of the motor ap-
proaches 1 (i.e., when the waiting time between subse-
quent power strokes T, no longer significantly decreases

with the recruitment of additional stators). Our simula-
tions suggest, however, that this top speed might not be
reached by motors with close to the maximum number
of observed stators (Fig. ), let alone by single-stator
motors.

Recently, Lo et al. presented evidence of increas-
ing zero-torque-speed with stator number in chimeric,
sodium-driven motors [34]. However, this result was not
fully explored as the authors focused on understanding
single-stator motor dynamics. Further such experiments,
especially on wild-type motors, would directly test the
hypothesis presented here. While previous experiments
have clarified other aspects of low-load motor behav-
ior [46H48], the explicit characterization of the depen-
dence of the limiting speed on the number of stator units
deserves a more focused study.
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