
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 163.1.246.64

This content was downloaded on 24/11/2016 at 10:53

Please note that terms and conditions apply.

You may also be interested in:

Phosphatase localization in bacterial chemotaxis: divergent mechanisms, convergent principles

Christopher V Rao, John R Kirby and Adam P Arkin

Short time investigation of the neurospora kinesin step

Lorenzo Busoni, Aurélie Dupont, Clémentine Symonds et al.

The bacterial rotary motor

D F Blair

The hydrodynamics of swimming microorganisms

Eric Lauga and Thomas R Powers

Molecular energy transducers of the living cell. Proton ATP synthase: a rotating molecular motor

Yurii M  Romanovsky and Alexander N  Tikhonov

Advances in the microrheology of complex fluids

Thomas Andrew Waigh

Chemotaxis of Escherichia coli to L-serine

Rajitha R Vuppula, Mahesh S Tirumkudulu and K V Venkatesh

Transient pauses of the bacterial flagellar motor at low load

View the table of contents for this issue, or go to the journal homepage for more

2016 New J. Phys. 18 115002

(http://iopscience.iop.org/1367-2630/18/11/115002)

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/article/10.1088/1478-3975/2/3/002
http://iopscience.iop.org/article/10.1088/0953-8984/18/33/S13
http://iopscience.iop.org/article/10.1088/0957-4484/2/3/004
http://iopscience.iop.org/article/10.1088/0034-4885/72/9/096601
http://iopscience.iop.org/article/10.3367/UFNe.0180.201009b.0931
http://iopscience.iop.org/article/10.1088/0034-4885/79/7/074601
http://iopscience.iop.org/article/10.1088/1478-3975/7/2/026007
http://iopscience.iop.org/1367-2630/18/11
http://iopscience.iop.org/1367-2630
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


New J. Phys. 18 (2016) 115002 doi:10.1088/1367-2630/18/11/115002

PAPER
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Abstract
The bacterialflagellarmotor (BFM) is themolecularmachine responsible for the swimming and
chemotaxis ofmany species ofmotile bacteria. The BFM is bidirectional, and changes in the rotation
direction of themotor are essential for chemotaxis. It has previously been observed thatmany species
of bacteria also demonstrate brief pauses in rotation, though the underlying cause of such events
remains poorly understood.We examine the rotation ofEscherichia coli under lowmechanical load
with high spatial and temporal resolution.We observe and characterize transient pauses in rotation in
a strainwhich lacks a functional chemosensory network, showing that such events are a phenomenon
separate from a change in rotational direction. Rotating at low load, the BFMofE. coli exhibits about
10 pauses s–1, lasting on average 5ms, duringwhich time the rotor diffuses with net forwards rotation.
Replacing thewild type stators withNa+ chimera stators has no substantial effect on the pausing.We
discuss possible causes of such events, which are likely a product of a transient change in either the
stator complex or the rotor.

1. Introduction

The bacterialflagellarmotor (BFM) is amembrane embedded protein complex that controls themotility and
chemotaxis ofmany species of bacteria. The BFMcouples energy from the ionmotive force (IMF) into rotation
of the flagella that propel the cell. Themechanochemical energy coupling is performed by stator protein
complexes. The translocation of ions through a channel in the stator likely causes a conformational change in the
statorwhich applies torque to the rotor and rotates the flagellarfilament. Inmany species, the BFM switches
direction stochastically, at a ratewhich is controlled by the chemotactic signaling system, allowing the cell to
swimup a chemical gradient. The rotation speed of the BFM is known to be dependent upon IMF [1, 2],
temperature [3], external load [4, 5], and the number of engaged stator protein units [6].When these variables
are held constant, rotation of the BFM is characterized by relatively constant absolute speed.

However, upon close examination, the BFMexhibits transient pauses in its otherwise steady rotation. Such
pauseswere first observed in 1974 [7, 8], and have since been observed in various species including E. coli [8–11],
Salmonella [10],Rhodobacter sphaeroides [12], SalmonellaTyphimurium [7, 10, 13],Halobacterium halobium
[14], andRhizobiummilitobi [15]. Chemical attractants and repellents decrease and increase, respectively, the
fraction of time themotor spends in a paused state.While it was initially observed thatmotors ofmutants which
lack a large portion of the chemosensory networks do not pause [10], pauses have since been observed in strains
lackingCheY, the chemotactic response regulator [9], though theses experiments were performed in a strain
containing both functional and non-functional stators.While it was shown that pausing is not the result of a
specific chemotactic signal distinct from that for reversal, and thus likely an intrinsic property of themotor [16],
the nature of pauses in the BFM is still unknown. It has been proposed that theymay be a product of incomplete
reversals [16, 17], transient stator detachment [9], or something yet undiscovered. As it has been posited that
theymay induce tumbling of the bacterial cell, even in the absences of clockwise (CW) rotation [10], theymay
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play a significant and unexamined role in bacterial chemotaxis. There is also evidence that intermittent pauses of
the BFMmay inhibit chi bacteriophage adsorption [11].

Though transient pauses lasting on the order of tens to hundreds ofmilliseconds seem to be an inherent
feature of the BFM inmany species, it was recently reported that the BFM sometimes toggles betweenmaximum
and zero speed on a timescale ofms [9]. Herewe examine and characterize for the first time these fast transient
pauses of the BFMwith high angular and time resolution. Using backscattering darkfieldmicroscopy [18], we
monitored the rotation of 100 nmgold nanoparticles attached to the hook of the BFMof a non-switching strain
ofE. coliwith a resolution of∼1.5° and∼10 μs.We also performed these experiments formotors driven byNa+

chimera stators [19]. The small load employed here reduces the relaxation time due to the elastic nature of the
hook, which filters the readout ofmeasurements performedwith higher loads. Also, due to stator
mechanosensing [5], only one or few stators should be active under such load, decreasing the complexity of the
experimental interpretation.We resolve pauses in rotation and characterize themotion of the rotor during these
events, andwe discuss the potential biological causes and implications.

2.Materials andmethods

2.1. Bacteria and culture
TwoE. coli strains were used in this study, as detailed in table 1. Cells were grown from frozen aliquots (0.1 ml,
grownovernight in LBmedium and stored at−80 °Cwith glycerol, 25%v/v) in 5 ml of T-broth (1%Bacto
tryptone (Difco), 0.5%NaCl) at 30 °C for 5.5 hrs. Cells were grownwith appropriate antibiotics (ampicillin, 50
μg ml–1, chloramphenicol 25μg ml–1) and inducers (arabinose, 20μM, IPTG, 20μM).

2.2. Speedmeasurements
Cells were immobilized on poly-L-lysine coated glass coverslips in custom-made flow chambers. Anti-rabbit
IgG or streptavidinmodified gold particles of 100 nmdiameter (BBInternational)were attached to the hook via
anti-FlgE antibody as described previously [9] for theNa+ chimera stator experiments, or via the endogenously
biotinylated AviTag sequence on the hook protein for thewildtype (WT) stator experiments [20], respectively.
Experiments were performed inmotility buffer (10 mMpotassiumphosphate, 0.1 mMEDTA, 85mM
potassium chloride, pH 7.0) at 23 °C. Beadswere tracked using back-scattering darkfieldmicroscopy [18] and a
CMOS camera (Photron) at an acquisition rate of 109.5 kHz. A schematic of the assay is shown infigure 1(a).

2.3. Pause identification
All of the analysis was performedwith customPython andMATLABprograms. An ellipse wasfit to the (x, y)
position of the bead [21]. Based upon the ellipse fit, the ellipse was transformed to a circle and the angular
position of themotorwas determined. Speedwas calculated as the change in angular position between each
framemultiplied by the frame rate, then smoothedwith a 0.5 ms (55 pt)window runningmean filter. This signal
was used to calculate themedian speed of rotation. The raw angle trace was then low passfilteredwith a cutoff
frequency 15 times themedian rotation speed (an average cutoff frequency of 1800 Hz), and subtracted from the
original to yield the high frequency noise of the trace.

For each trace, smallmoving boxcar windows of angular rotationwere examined individually. Thewindow
sizewas set to one fifth themedian time for the BFM to complete one revolution. The slope and root-mean-
square error (RMSE) of every windowwas determined via linear regression. Eachwindowwas then labeled as
either spinning or stalled, based upon an analysis of simulated traces. The purpose of this step is to ensure that
the trace has little enough noise to allow pausing and rotation to be adequately distinguished at the chosen
timescale set by thewindow size, and it proceeded as follows. Two artificial traces were created for each

Table 1. List of strains used in this study.

Strain Background Plasmid Genome

MTB22 YS34 motAmotB ΔmotAmotB

arabinose-inducible ΔCheY

Amp R Δ pilA

Δ FilC

Avi-Tag FlgE

YS1243 YS34 pomApotB ΔmotAmotB

IPTG-inducible ΔCheY

Cm R Δ pilA

Δ FilC
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recording, one of constant rotation at themedian speed of the recording, and the other stalled at zero speed. The
high frequency noise obtained from the experimental tracewas added to each artificial trace. The slope and
RMSEof eachwindowwas determined for each of the artificial traces. Using a cutoff of 2.58 standard deviations
(STD) (encompassing 99%of aGuassian distribution), it wasfirst confirmed that the distribution of the
simulated stalled and spinning slopes werewell separated (that is, a speed 2.58 STDs greater than themean
stalled slopewas less than a point 2.58 STDs less than themean spinning slope). This was true for all
experimental traces. If the slope andRMSEof any givenwindow from the original recordingwaswithin the
distribution of slopes andRMSEs of segments from the artificial stalled trace (again, using a threshold of 2.58
STDs), the center point of thewindowwas classified as paused; if not, thewindowwas classified as spinning. The
moving boxcar approachmeant that the beginning and end of a pausewas identified as the center point of the
first and last window to satisfy the pausing criteria. This analysis ensures that less than 1%of thewindowswill be
incorrectly classified due to high frequency experimental noise. The choice of thewindow sizematters: if too
short it lacks statistical accuracy, and if too long itmisses short paused events. Changing thewindow size by 10%
caused a 3%variation in the average pause duration. In this way, the identification of real pauses reflected the
experimental noise of each individual recording andwas insensitive to rotation speed. This is a conservative
definition of pauseswhichmaymiss events which occur on a time scale shorter than thewindow size (the
averagewindow size was 1.7 ms).

In order to further validate the abovemethod of pause identification, additional simulated traces were
created in the followingmanner. KineticMonteCarlo (KMC)methods (Gillespie algorithm)were used tomodel
a Poisson stepper which takes 26 steps per revolution [22]with eachmechanical step a composite of three rate-
limiting chemical processes with identical rate.While the number and rate of chemical processes within the
mechanochemical cycle of the staor is unknown, we have chosen three processes to represent ion binding from
the periplasm, ion translocation, and ion unbinding into the cytoplasm. Thismakes for 78 processes per
revolution, though it is possible that not all these processes are rate-limiting. Pauses of varying durationwere
introduced at regular intervals. The kinetic rate of stator chemical processes was set such that the rotation speed

Figure 1.Experimental data. (a) Schematic of the assay, to scale. BFM rotation is observed via a 100 nmgold bead stuck to the hook of
a BFM. (b)–(d)A typical trace of theWTmotor, where green and red represent segments considered to be spinning and paused,
respectively. (b)The bead’s raw (x, y) position, with the start position of paused segmentsmarked by a red x. (c)Ahistogramof all of
the local slopes of the raw angle versus time trace, with green and red showing the cutoff that we applied between spinning and paused.
(d)The bead’s angular position. The insets show 10ms portions at locations indicated by the arrows, each exhibiting one detected
pause.
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of the simulated tracesmatched those of the real data, as did the amplitude and spectrumof the high frequency
noise whichwas added to the traces. OurKMC simulations generate a statistically correct time evolution of the
stochastic stepping rotation of the BFMwith the abovementioned states and transition rates between states,
under the assumption that the sequence of states isMarkovian and Poisson distributed.When the pause
identification algorithmwas applied to these simulated traces, the false-positive identification ratewas zero. The
algorithm correctly identified all the pauses whichwere of the same duration or longer than thewindow size and
recovered their durationwith an accuracy of∼0.07 ms. An example of the algorithm applied to a simulated trace
is shown in SI figure 1.

2.4.Meandisplacements (MD) andmean square displacements (MSD) analysis
The displacement of the beadwas calculated over integer numbers of video frames during each detected pause
and each spinning episode. Our algorithm identified 365 (527) pauses inwildtype (chimeric)motors. These
pauses contained a total of∼180 000 (∼326 000)measurements of the displacement over a single frame (9.1 μs).
We pooled displacementmeasurements over all pauses (and similarly for spinning episodes) in each type of
motor to calculate theMDand theMSDas a function of elapsed time. The pauses contained a total of 403 (873)
non-overlapping intervals of 2 ms in 98 (201) stalls, corresponding to standard errors of theMSDof 8% (13%)
for this time interval under aGaussianmodel.We chose 2 ms as a reasonable upper time limit forMDandMSD
analysis—longer intervals are increasingly poorly sampled and correspondingly yield excessively noisyMDs
andMSDs.

The theoretical value of the drag coefficient of themotorwas calculated as the sumof the drag coefficient of
the bead and rotor

g ph ph ph= + + ( )r r r r8 6 8 , 1b b
3

b b e
2

c rot
3

where rb and re are the bead radius and radius of eccentricity, hb and hc are the viscosities of the buffer and
cytoplasm [23, 24], and rrot is the radius of the rotor [25]. The diffusion coefficient of the system is

g
= ( )D

k T
, 2B

where kB is the Boltzmann constant andT is the temperature.

3. Results

3.1. Rotationalmeasurements and pause identification
Gold nanoparticles of 100 nmdiameter were stuck to the hook of the BFM.With an experimental resolution of
∼1.5° and∼10μs, these experiments represent the best spatial and time resolution of BFM rotation to date.
More than 35 s of data frommore than 15 cells were collected both for theWTandNa+ chimera stator strains,
yieldingmotor position over five orders ofmagnitude in time.

More than 200 pauseswere detected and analyzed for each of the two strains. See figure 1 for example pauses
in theWTmotor.With the criteria as defined inmaterials andmethods, pauses have been identified in amanner
that considers the high frequency noise of the rawdata and is insensitive to nativemotor speed, ensuring that
identified pauses are not an artifact of experimental noise. Additionally, when the pause identification algorithm
was applied to simulated traces of a Poisson stepper with noisematching experimental levels, no false pauses
were found, and all real pauses larger than thewindow sizewere successfully identified. This indicates that the
pauseswhich are observed in the experimental data are unlikely to be artifacts due to experimental noise, and
can not be explained by themodel of an incessantly rotating Poisson stepper. The spatial distribution of pauses
was examined, and no obvious patternwas found (see SIfigure 2). It thus seems unlikely that the pauses
identified are due to interactions between the gold particles and the cell surface.

The statistics of the pauses in BFM rotation are shown infigure 2. The distribution of pause durations is
reasonably wellfit by a single exponential (solid line) for both theWTandNa+ chimeramotors.WT cells at low
load spend 4.9±6.2%of their time paused, with a pause frequency of 10.7±7.2 pauses per second and an
average pause duration of 4.6±6.0ms.Na-stator cells spend 10.8±10.2%of their time paused, with a pause
frequency of 16.1±11.9 pauses per second and an average pause duration of 6.7±13.7 ms (all values refer to
mean± STD calculated over all cells). The large cell to cell variability in pause duration and frequency is shown
infigure 2(c).We also compared the distribution of pause durations to the distribution of dwell time durations
fromour simulated traces (shown in SIfigure 3) in order to confirm that the formerwas unlikely to be a
subpopulation of the later.

4
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Figure 2.Characterization of the pauses in BFM rotation. Blue andmagenta represent theWT andNa+ chimeramotor, respectively.
(a)The distribution of pause duration isfit by a single exponential (solid line). (b)The distribution of non-paused duration. The solid
line is the bestfit of a power law. (c)The percentage of time the BFM spends in the paused state versus the frequency of pauses, where
each point represents onemotor.

Figure 3. Short time scale displacement of themotor during spinning and paused segments. (a) and (b) angle versus time of theWT
andNa+ chimeramotors, respectively, where green and redmark spinning and paused segments, respectively. (c) and (d)mean
displacement (MD) as a function of time of the spinning (green) and stalled (red) segments shown in (a)–(b). Netmean forward
movement is observed during the pauses. (e) and (f)mean squared displacement (MSD) as a function of time of the spinning (green)
and stalled (red) segments shown in (a) and (b). The gray dashed lines represent a theoretical range of values of theMSDof a 100 nm
bead on amotor under Brownianmotion. The black line is thefit of the pauseMSDdata to the superposition of two diffusive
processes, as discussed in section 3.2. In (c)–(f), in thewild-type (chimeric)motor, at 2ms theMDorMSD is an average of 403 (873)
windows from98 (201) stalls. In all cases, error bars represent the standard error (SE); where not visible, the SE is smaller than the
marker.
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3.2.Displacement during pauses
Figures 3(a) and (b) show the angle versus timeof all the recordings for theWTandNa+ chimeramotors, with
their paused segments identified. Figures 3(c) and (d) showMDversus elapsed time for spinning (green) and
paused (red) episodes.Onaverage, the rotor demonstrates net forwardmotion during the pauses. Figures 3(e) and
(f) showMSDversus elapsed time for spinning (green) andpaused (red) episodes. Between∼0.1ms and∼2ms,
MSD is quadratic for spinning episodes as expected for rotation at a constant speed, and linear for paused episodes,
indicating free rotational diffusion on these timescales,with diffusion coefficients of 1.4 rev2 s–1 and 0.6 rev2 s–1 for
WTand chimera respectively. Below∼0.1 ms,MSDcurves for both spinning and stalled episodes are
approximately linear, butwith considerably larger slopes. Timescales longer than 2ms are not sampled adequately
due to the short lifetimeof pauses.A single diffusionprocess is not sufficient to describe theseMSDcurves; as
discussed further below,wehypothesize that they can beunderstoodas the superposition of twodiffusive
processes: one fast and confined, giving a steep gradient at short times and a plateau at long times
( = -( )AMSD 1 et t

1
0 ); the other slow andunconfined, adding a second term = BtMSD2 , where t is elapsed

time and q= á ñA 1
2 , q= á ñt D0 1

2
1 and =B D2 2 are constants,with qi andDi the angular displacements and

diffusion coefficients of each diffusive process. The relationbetween t0, qá ñ1
2 andD1maybe simply derived from

theEinstein relation g =D k T1 1 B , the principle of equipartition of energywhich gives k q= á ñk TB 1 1
2 and the

corner frequency k g= =f t1c,1 0 1 1, where k1 and g1 are the stiffness and viscous drag coefficients respectively of
the fast process, kB is theBoltzmann constant andT is temperature. The relation betweenB andD2 follows from
the identity qá ñ = D t22

2
2 for free diffusion inone-dimension. FittingMSDcurves as the sumof +MSD MSD1 2

(figures 3(c) and (d), black line) gives ( qá ñ =)D D, ,1
2

1 2 (7.8×10−4 rev2, 9.2 rev2 s–1, 0.6 rev2 s–1) and
(8.4×10−4 rev2, 3.2 rev2 s–1, 0.3 rev2 s–1) forWTand chimera respectively. The gray dashed lines show theoretical
MSDs for free rotational diffusion of a 100 nmbead attached to the hookof aBFM, as detailed inmaterials and
methods. The large range is due to differentmeasured values of the cytoplasmviscosity, from50 to 700 times that
ofwater [23, 24]. Thediffusion coefficients of the fast and slowprocesses are similar to theupper and lower
theoretical estimates respectively.

3.3. Angular position of pauses
The angular positions of themotor stalls were examined for pattern or periodicity, testingwhether an
underlyingmolecular organization could be revealed. Examination of the cumulative pairwise distribution
function (PDF) and power spectral density of the angular position of all the pauses in all themotors (shown in SI
figure 4) revealed no global periodicity. An examination of the PDF of individual pauses showed that while about
90%of pauses showno periodicity, about 10%of pauses showone ormultiple peaks in the PDF, consistent with
one ormultiple steps of the rotor during the pause. Examples of such pauses are shown in SIfigure 4.

4.Discussion

Pausing of the BFMhas been observed since the very first rotation experiments. Since the first observation that
the number and duration of pauses increasedwith the addition of repellents and decreasedwith the addition of
attractants [10], it was further clarified that the frequency of pausing correlates with the frequency of switching,
with no separate chemotactic signal found for pausing. This suggested that pausing is the result of futile (or
incomplete) switching events [16]. Furthermore, it was observed that a strain that lacks chemotaxismachinery
does not pause (at high load) [10]. Given the direct detection of incomplete switching events, explained by the
conformational spreadmodel [17], it seems plausible that previously observed pauses of BFM rotation can be
ascribed to incomplete switching events. Ourmeasurements have increased the time resolution by a factor of at
least 2000 over early observations of pausing [10, 11, 16] and by a factor of∼100 over themore recent work on
conformational spread [17]. Using a similar gold nanoparticle labelling of themotor to ours, but∼35 times
slower sampling, it was recently observed that aΔCheYmutant exhibits transient toggles betweenmaximum
speed and zero speed at low load [9].Motors of strains lackingCheY do not switch direction [26]. Thus, in the
absence of CheY , as in ourmeasurements, transient pauses can not be explained by incomplete switching
events. Therefore these pausesmay be a separate phenomenon frompauses that have previously been seen in
BFM rotation, and the nature of such events is thus far unknown.

Wefind that, at low load, wild type E. coli spends about 5%of its time in the transiently paused state, but that
the pauses are brief: on average 5ms.Using a strainwhere thewild type stators have been replaced byNa+

chimera stators has no significant impact on the frequency or duration of pauses. In both cases, the distribution
of pause times is exponential, suggesting that it is the product of a single stochastic process.Multiplemodels of
the BFMpredict either an exponential or stretched exponential distribution of dwell times of themotor [27, 28],
where dwell times are defined as the period in betweenmechanical steps, presenting the possibility that the
measured pauses are simply the tail of the dwell time distribution. In SIfigure 3we have compared the predicted

6
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dwell time distribution of a Poisson stepper (as described inmaterials andmethods) to ourmeasured pause
distribution. The difference between the distributions of rotation speeds shown infigure 1(c) and SIfigure 1(b)
suggests that the pauses are in fact a separate phenomenon, and that our criteria for identifying pauses are
conservative; the slow tail of themeasured distributionmay indicate pause-like events that are too short for our
algorithm to detect.

The existence of brief transient pauses in BFM rotation could arise under a number of scenarios, an effect of a
transient change in either the stator or the rotor. Pausing due to the stator could occur either at the interface with
theC-ring or by disengagement from the cell wall. The formerwould allow the possibility of periodic interaction
potentials, possibly inherent to themechanochemical cycle of the stator as observed in othermolecularmotors
[29, 30]. Either type of stator pause could be the same process as IMF- or load-dependent stator disengagement,
possibly linked to transient fluctuations in local IMF or load.One possibility for pausing due to the rotor is
transient directional switching of one ormore units in theC-ring, hypothesized to correspond to different
structures of the C-ring protein FliG [31, 32], as required in the conformational-spreadmodel of the flagellar
switch [17, 33]. The conformational spreadmodel estimates that a single stator unit has an 8% chance of
encountering a FliG subunit which is in the state that supports CWrotation, even in the absence of CheY [34].
This is close to the fraction of detected backwards steps in [22] and of detected pauses in this study. Amotor with
a single stator unit would get stuck at the junction betweenCWand counterclockwise domains of FliG. The
transient formation and diffusion of such junctions [17] and their interactionwith fully functional single stator
units could explain the existence of pauses and the rotational behavior during pauses. Alternatively, as rotor
components such as FliM and FliN are known to turnover [35–37], it is possible that pauses occurwhen a single
stator unit encounters a transient ‘hole’ in the rotorwhich it can not pass, thoughwe note that FliG is currently
not believed to turnover [37]. Finally, formotors driven bymultiple units, the above scenarios remain valid
thoughmore complex, with the possibility of a tug-of-war between units, or the inactivity of one unit jamming
or hindering the activity of others.We suspect that at higher load, and thus higher stator number [4, 5], the
frequency ofmotor pausesmay decrease, as transient events of a single stator unit becomemasked by the
functioning of other stator units, or because the stator unitsmay bemore stable at high load.However, a larger
external load increases the relaxation time of the bead, decreasing the chances of resolving such brief events.

Our unprecedented temporal resolution of 10 μs combinedwith a short relaxation time of the bead on the
hook allows characterization of the fluctuations inmotor angle on sub-millisecond timescales. Analysis of the
dependence ofMSDupon elapsed time showed two diffusive processes during pauses, one fast and constrained,
the other slower and unconstrained. Perhaps the simplest explanation of the fast diffusive process is Brownian
motion of the bead on the hook relative to the rotor, due to both torsional and bending compliance of the hook.
Hook compliance is expected to show the observed signature of constrained Brownianmotion in the bead
position, whichwould add to the signal due to rotation of the rotor.While nothing is known about the bending
compliance of the hook, the torsional compliance has beenmeasured [20, 38, 39] and allows an estimate of the
relaxation time of a tethered 100 nmgold bead as 5–32μs. From thefits infigures 3(c) and (d), the characteristic
relaxation time for the fast diffusive process ( q= á ñt D0 1

2
1) is 85 and 26μs forWT and chimeramotors,

respectively. This is consistent with the above estimate for torsional Brownian compliance of the hook: while the
hook torsional compliance in our experiment is expected to be lower than the previouslymeasured value,
because the bead is presumably attached part-way along the hook, this is probably offset by the effects of bending
compliance, which are undetected in the tethered cell assay inwhich hook compliancewas originallymeasured.
If the fast process is indeed due to hook compliance, the three fold difference betweenWTand chimera
relaxation times ismost likely explained by the different tetheringmethods used. This would indicate that
antibody tethering stiffens the hook three timesmore than biotin–avidin.

The slow and unconstrained diffusive process is also faster inWT than chimera, by a factor of two, indicating
that this process is at least partially dependent upon the stator. Net forward rotation during pauses revealed by
MDanalysis indicates furthermore that free energy is coupled to this process. The simplest explanation is that
stators are still at least partially engaged, and partially or intermittently functional, during pauses.We offer two
models for this, with the possibility that bothmay be required to explain the observed heterogeneity in stepping
behavior during pauses. Thefirstmodel would be that stators fully disengage (and diffuse freely), intermittently
but too fast to resolve, during pauses. Net rotationwould occur between disengagements, and dependence upon
stator typewould be via the timing and nature of transient engagements. The secondmodel postulates a static
periodic interaction potential between a non-functioning stator and the rotor [22, 40–42]. Hopping diffusion in
this potential would give the observed linear dependence ofMSDupon elapsed time, with a diffusion coefficient
determined by the periodicity and amplitude of the potential [43]. Net forward rotationwould be explained
either as above, by intermittent functioning of the stator, or by functioning stator units driving unidirectional
stepping in a periodic interaction potential of non-functioning stator units. Thismodel would explain in
particular the stepping rotation observed in∼10%of pauses (SIfigure 4). The step size in these pauses is often
consistent with the 26-fold periodicity observed previously in partially de-energized chimeramotors [22], which
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may indicate that the same interaction potential is responsible (SIfigure 4). Extrapolation of the data of
figures 3(c) and (d) gives amean displacement of about 1/15 (WT) or 1/30 (chimera) of a revolution in themean
pause duration of 5ms. Similarly, extrapolation offigures 3(e)–(f) gives root-mean-square displacements of 1/
12 or 1/18 rev in 5ms for the slow diffusive process. These indicate that if the step-size is 1/26 rev, the number of
steps taken in each pause is small. In bothWTandNa+ chimeramotors, the localization of stator units around
the rotor is IMFdependent [42, 44–46]. It was previously observed that, upon IMFdepletion, units do not
immediately diffuse away, but remain localizedwith themotor for about 30 s, duringwhich time the rotation of
the rotor is constrained [42]. This constraintmay be the same as the periodic interaction potential proposed in
the secondmodel above. Finally, we note here the possibility that we have overestimated the relaxation times for
hook compliance, whichmay bemuch shorter than that of the observed fast process. If this were true, the best
explanation for the fast process would be diffusionwithin individual wells of a periodic rotor–stator potential.

5. Conclusion

This study represents the first characterization of sub-millisecond transient pauses in the BFMat low load, with
high angular and temporal resolution. Given the currentmodel of switching in the BFM,we expect that some
pauses of BFMrotationwhich have been observed in strains with functional chemosensory networks can be
explained by incomplete switching of the switch complex. However, as characterized here, the BFM in absence
of CheY also exhibits transient pauses of short durationwhich are not able to be explained in this way. These
brief transient pauses ofmotor rotation could be due to transient deactivation or detachment of the stator
complex, transient thermalflipping of a FliG subunit, or a transient ‘hole’ in the rotor protein ring.We expect
that further explorations into the nature of these events will provide information about the nature of the
mechanochemical cycle and themechanosensitity of the stator complex.
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