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A) Materials and methods

1. Experimental Procedure and Data Acquisition
1.1 Back focal planeinterferometry

Polystyrene beads (diameter Quf; Polysciences) were attached to truncated flag#ll
immobilized E. coli cells (strain KAF84f{(iC726, pilA-kan), pFD313 {iC*, ApY) (S1)

in custom flow chamber slides. Cells were growrobeally from frozen stocks for 5 h
at 30 °C, in tryptone broth (TB) containing antiiis to preserve plasmids. Bead
position §, y) was measured by back-focal-plane laser interfetpmusing a 633 nm
Helium-Neon laser, anti-alias filtered at 4 kHzdaampled at 10 kHz as describ&®)(
Custom QuView software allowed real-time monitorofghe bead spatial trajectory and
beads with steady elliptical or circular trajecésriwere recorded. Each cell was recorded
for 30 s only, to avoid cumulative laser damage aatliral variability in biasg3, S4
Measurements were taken from a single slide forlarger than three hours. All
experiments were performed at 23 °C.

1.2 Resolution

The relaxation time of a 532nm bead attached telastic hook rotating about an axis
150nm from its diameter is about 1.1 r8§)((the lower limit of time resolution assuming
no contribution from the flagellar stuB§) and the setup provides an angular resolution
of 1°.

1.3 Categorizing cells by bias

The CW bias was calculated for each 30 s cell ceasrthe fraction of the record spent in
the CW state as determined through interval measeme (see section 2.3). Bias was
observed to vary across the cell population, spanitine entire CW bias range. To
increase the yield of cells in higher CW bias biadtactant removal was applied to a
subset of slides to stimulate chemotactic behavi®@®. Motility buffer (10 mM
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Potassium phosphate, 0.1 mM EDTA at pH 7.0) coirtgian attractant mixture (1 mM
attractant (10M L-aspartate, 1mM L-serine)) was injected into fleev chamber and
measurements were taken for up to 10 minutes. TiRiura was then flushed out with
plain motility buffer and measurements were takanuip to 10 minutes. Flow chambers
allowed a complete exchange of medium in aboutT™his protocol was repeated for the
duration of the experiment.

1.4 Obtaining instantaneous motor speed

Each sampled bead position, recorded axay) pair, was converted into an angle and a
radius by fitting an ellipse to the bead traject¢®88, and assuming that trajectories
represent the projection of circular orbits onte fbcal plane of the microscopg&3.
Angles were converted to instantaneous motor spgeatividing the difference between
successive angles by the sampling time, 0.1 mgedoce noise, the record of speesd
time was 100 point median filtered before furthealgsis.

2. Analyzing Switching
2.1 Histogram of speeds

A histogram of filtered speeds in each filtereds3§peed record was constructed, with
bins 0.1 Hz wide. Speed histograms typically showea peaks, one each for the CW
and CCW rotation modes. A Gaussian fit to the obtdf of each peak was used to
obtain the mean CCW and CW speedssw and tcw, and the corresponding standard
deviations,occw andocw. This fitting was achieved in two steps: for thEW peak, a
preliminary Gaussian fit was made to the data ramgater than 20 Hz to provide a mean
and standard deviation; a second Gaussian fit has tmade to the data range greater
than this mean minus a quarter of the standarchtieni

2.2 Measuring complete switch durations
2.2.1Criteriafor selection

In order to ensure that data analyzed were ataiidatto the motor itself rather than
extraneous factors, we analyzed only data thadgfeatithe following criteria. Data from
an individual cell were analyzed for switching oifiyhe speed histogram exhibited two
modes that could be automatically and accuratelysfidescribed (see section 2.1). Then,
in order to ensure that each measured switch duragflects the activity on the ring, a
histogram was constructed of the measured radill gfoints in the bead trajectory. Only
records exhibiting unimodal histograms (judged Isual inspection) were considered,
excluding beads that were not stably attached timrsoln addition, after switch duration
measurement (section 2.2.2), the radius of the lemectory through the measured
switch was checked to ensure a tight coupling betwkead and motor activity. A
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Gaussian fit was applied to the radius histogramnttfe entire 30 s record containing the
switch. The radius during the switch was monitdiredn 10 points before the beginning
of, to 10 points after the end of, the switch evdiite switch was accepted if the radius
during the switch was never beyond two standardatiems from the mean of the

Gaussian fit to the radius histogram for the entieord.

2.2.2 Duration measur ement

Complete switches were detected by a custom-wrdtgarithm encoded in MATLAB
(The MathWorks, Inc.). CCW and CW thresholds weeéingdd asaccw= a uccw and
acw= a ucw With the parameter set to 2/3. Complete switch events were located by
searching for successive crossings of both thrdsholthe same direction in the median-
filtered speed record (Fig. S10). The directiorcrmfssing was used to label the direction
of the switch. The midpoint in time of the thregh@rossings was saved as the centre
point of the complete switch event.

The temporal location of the centre point of a ctatgswitch was used to locate the
switch event in the unfiltered, high resolution ot of bead-angles. time. A switch
event in the angles.time record comprises a linear component corredipgnto smooth
rotation in the preceding direction, followed by cantral region corresponding to
deceleration, reversal and acceleration in the sippdirection, and finally another linear
component corresponding to smooth rotation in ¢lewing direction.

Two 20-point (2 ms) running windows were set to autwards from the centre point in
the bead-angle record. The CCW (CW) window consnusetil both (a) the slope of a
linear fit to the points in the window is above ) accw (acw), and (b) the root-mean-
square error (RMSE) of the linear fit is within theise profile of the CCW (CW) state.

The noise profile of the CCW (CW) state was defimadfollows. A 20-point running
window was passed through the entire 30 s beadzaegbrd (totaling 30 s x 10 kHz =
300,000 points) and a linear fit obtained for eadsition of the window. A “noise
histogram” was constructed containing the RMSEallathe linear fits. The shape of the
noise histograms deviated slightly from a Gaustigction, with relatively long tails in
the direction of high noise that we attribute tatsting and incomplete switching events
in the record. As in section 2.1, we fitted thegnportion of the noise histogram with a
Gaussian function and defined this curve as thsenprofile of the CCW (CW) state,
which is attributed to Brownian motion, the fludioas produced by the fundamental
stepping mechanism, and instrumental noise. IfRIMSE of the linear fitting of the
window in (b) at a certain position was furtherrtitiree standard deviations from the
mean of the noise profile, we concluded this positwas still within a switch event.
Since the noise profile varies slightly from cell ¢ell, noise profile construction was
repeated for each record.

Finally, the switch duration was defined as thenvl between the inner extremes of the
stopped windows. The choice of window size is ingar: too short and the window
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lacks statistical accuracy; too long and it is sensitive to the local change of slope and
RMSE. A 20-point (2 ms) window was found to provida accurate measurement
compared to the switch time determined by visuan@ration of the angular position
record and is robust to variations of £5 point$ (®s).

2.2.3 Correlation between switch duration and angular position

The average magnitude of the correlation coefficlsgtween switch duration and the
angle at which a switch begins, assessed for esdnd with at least ten measured switch
events (a total of 80 records), was 0.20.

To assess the significance of this correlation,gererated 100 sets of 10-20 pairs of
uncorrelated switch durations and angles, eachesepting a simulated 30 second
record. We drew durations from a gamma distributioat fit the experimental switch
duration distribution and switch angles from a amii distribution. The magnitude of the
correlation coefficient was calculated for each aatl the average correlation coefficient
over the 500 sets calculated for comparison withetkperimental correlations. This was
repeated fifty times, giving an estimate of 0.20.@2 for the magnitude of the average
correlation coefficient due to sampling alone. Thss similar to the equivalent
experimental value, indicating no true correlations

2.3 Complete and incomplete switch interval measurement
2.3.1Criteriafor 30 srecordsused for interval measurement

In order to ensure that data analyzed were ataiidatto the motor itself rather than
extraneous factors, we analyzed only data thadgfeatithe following criteria. Data from
an individual cell were analyzed for switching oifilyhe speed histogram exhibited two
modes that could be automatically and accuratelysfidescribed (see section 2.1). Then,
to ensure accurate interval measurement, all reacordwhich beads may have been
perturbed by their local environment were excludsdfollows. Pauses due to sticking
would be expected to occur at the same angle oressive revolutions, whereas those
due to incomplete switching would be randomly distted. We therefore excluded all
records where pauses were found at angles whicle weonsistent with a random
distribution of pause angle. In each 30 s filtespged record, pauses were defined as
incomplete switches detected using a thresjFald).1 but not detected using a threshold
[B= —0.1 (see section 2.3.4). The maximum numberaokesk, detected in a 4%in
swept in ® increments around the orbit was determirdedias subjected to a binomial
test withp-value= f(k: n, g)wheren is the total number of incomplete switches located
and, with the hypothesis of uniformly randomly disited pausing angleg, = 45/360

A confidence level 00.01was used.
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2.3.2 Complete switch interval measurement

Downward passages across the threshglgmarked the end of a CCW interval and the
beginning of a CW interval while upward passagesssuccw marked the end of a CW
interval and the beginning of a CCW interval (F$d.0).

2.3.3 Criteriafor incomplete switch interval measurement

Those records accepted for analysis in sectionl 2i8re used here. Detection of
incomplete switches is sensitive to both the magiitof the noise in the speed record
and variations in motor speed due to short-ternergrgisation and stator changes. To
reduce false incomplete switch detection, incongpdetitches were searched for within a
particular CCW or CW interval only if that intervsétisfied the following criteria.

a) The interval was long enough to allow automaBalissian fitting of the outside
portion of the speed histogram, as described iticge@.1, to obtain the meaa and
standard deviatiow of the speed during the interval.

b) The speed noise in the interval was small cosgpdo the threshold for defining
incomplete switches; specifically - 20 > f, wherep was the threshold parameter for
detection of incomplete switches (see section 2.3.4

c) Speed variations (on a slower time-scale) wenalls To measure motor speed
variation, a0.5 swindow was ran across the interval (ri sincrements) with Gaussian
fitting undertaken at each step to provide a satioow mean speedsg. The episode
was deemed stable if the rangeupivas less than@

This approach resulted in incomplete switch detectinat agreed with visual inspection.
2.3.4 Incomplete switch interval measurement

Incomplete switches were detected in a similar w@ycomplete switches, using the
additional CCW and CW thresholdBccw= Succw and Sew= Bucw, Wwith 8 <a.
Incomplete switch events within a CCW interval wikereated by searching for a crossing
of Becw followed by a crossing aficcw corresponding to a transient reduction of speed
by at least the factor gf (Fig. S10). For the analysis of intervals betwesomplete
switches we use@= 1/3. Similarly, incomplete switch events within a CWantal
were located by searching for a crossingsgf followed by a crossing aficw. The later

of the two threshold crossings was saved as ttaitocof the incomplete switch event.
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3. Model simulations
3.1 General description of the confor mational spread model

The conformational spread model is used here talaien the behaviour of the switch
complex, consisting of 34 identical protomers agexhas a ring. Each protomer has two
properties: (1) It is either in active (A) or inactive (a) conformation, and (2) it may be
bound B) or not boundlf) to a single CheY-P molecule. This allows each@mer to
undergo transitions between four possible stad&s->Ab—ab—aB—AB. The model
assumes that the rate constants for a single pestandergoing a change in activity (i.e.
AB«—aB or Ab—ab) are affected by the conformation of the two adij@grotomers, but
that the rate constants for CheY-P binding to atgmner are affected only by the
conformation of the protomer itself. Since eachghboring protomer may be either
active or inactive, this leads to four sets of @astants for each of these transitions. The
general model of conformational spread thus comeis10 possible reversible transitions
for each protomer, and 20 associated rate constedtsf which can be independently set
with the final four fixed by a consideration of di¢d balance.

We have investigated a subspace of this generatinathich we term the symmetrical
model. It is defined by the following points:

i. There is no preferred direction in the ring,as@rotomer with one adjacent protomer
active, and the other inactive, will be unaffeci€doth adjacent protomers were to
switch conformation.

ii. For a protomer with exactly one active adjagerdtomer, binding a CheY-P molecule
shifts the energetically favoured conformation franactive to active, with equal
favoritism in each case. That i§G(AB - aB)=AG(ab ~ Ab)>0. We use k to
represent the free energy on the left of this eqoat

iii. For each protomer adjacent to a protomer dfedent conformation, the Gibbs free
energy of the system increases by an amoyntltus, for example, a protomer adjacent
to two inactive protomers, the transition from eetto inactive is thermodynamically
favoured by 2Ein addition to the free energy difference fron. (ii

iv. Rate constants for conformational change apressed as:

K, = a)aex;{ A AG(a - A)J
Ky .= a)aex;{/]a _1AG(a - A)J

Consistent with previous modeling of the switch ptew, we chose to use= 10' s* as
a typical rate for conformational chang&9( S10 Lacking information about lambda,

values: tk, +(Ea+2E;) or £(Ea-2Ey).
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v. The free energy associated with CheY-P bindiggethds only on the conformation of
the protomer bound, and not on adjacent protonBansling rates are expressed as:

Ky 5 =iwbex;{:—_brAGD(b - B)j

CO.S

A, -1
kg, = 2 _~AG"(b - B
oo = e 21060 - B)

where c is the concentration of CheY-ps s the concentration of CheY-P required for
neutral bias, and&GD(b - B) is the free energy associated with binding wheaYCR is

at the concentrationpe. We chosan = 10 &' based on the experimentally determined
CheY-P binding rateS11), and consistent with previous modeling of thetslwcomplex
(S9, S1p andi = 0 such that the binding rate is independentrofgmer conformation.
The free energy of CheY-P binding is:

AG(b - B)=AG™(b - B)- |oge(CiJ = —|oge(iJ +E,

05 05

This enables the free energy diagram from Fig. LBi@ main text to be redrawn in the
case of &£ ¢y, as shown in figure S11.

3.2 A summary of the symmetric model

We consider the switch complex to be a ring of@htical protomers, each consisting of
~1 FliG, 1 FliM and a tetramer of FliN subunits.cBaprotomer possesses a single
binding site, to which a CheY-P molecule can benobo®) or not bound If). Each
protomer can independently exist in each of twdf@wnations,active (A, corresponding
to CW rotation) orinactive (a, CCW). It is assumed that CheY-P binds the actiagest
more strongly.

A free energy diagram of the four resulting staitea protomer AB, aB, Ab, ab), and
the transitions between them, is shown in Fig. dBtlie case of CW bias = 0.5. Without
CheY-P bound the inactive (CCW) state is energéfidavoured, and with CheY-P
bound the active (CW) state is favoured, consistetit the known relationship between
bias and CheY-P concentratio81(). For simplicity we consider the symmetrical case
where the magnitude of the free energy differenevben favoured and unfavoured
statesE,) is the same with or without CheY-P bound.

Each protomer interacts with adjacent protomers way that favours pairs with the

same conformation. We assume the free energy efaiction is independent of CheY-P
binding, and is lower b¥,; per protomer for any like-pair compared to anyikapair.
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These interactions add 0, ERor -2E; to the free energy of a conformational change,
depending upon the state of adjacent protomers {ElYy

The values oEa andE; govern the mechanisms by which conformational ghacan
spread around the ring. &% becomes large, binding of CheY-P correlates pegcisith
activity state — that is, state8 andAb are rarely occupied. The limit of very larg§g
gives behaviour equivalent to the sequential maafelallosteric regulation, where
coupling between ligand binding and conformatioabsolute.

At low values ofE;, the ring exhibits a random pattern of stateshasprotomers flip
independently of each other. As the interactionwbenh adjacent protomers is
strengthened, domains of like conformational stimi@inate, until past a critical value of
E; the behaviour becomes switch-likB4: the ring spends the majority of time in a
coherent state, stochastically switching betweeMCahd CW configurations. Switches
typically occur via a single nucleation of a newndon, followed by conformational
spread of the domain, which follows a biased rand@ik until it either encompasses the
entire ring, or collapses back to the previous cetiestate (Fig. 1D, Movie S1). In the
limit of very largeE; values, adjacent protomers are energetically doidm from holding
different conformations, leading to behaviour egigwnt to the concerted model of
allosteric regulation where all subunits switch ditaneously.

To simulate the conformational spread model, weutated rate constants for CheY-P
binding using

" AG”
= @, ex —
B.b — &b KT

where a, is the characteristic binding rat®cy s is the concentration of CheY-P relative
to that required for bias = 0.5 ands _;, is the free energy difference of unbinding at
C = Cps (= tEa, See above and Fig. 1B). We calculated rate aotssfor conformational
change of the protomers using

AG;
kj =, exp -
2k, T

where w, is the characteristic rate of conformational clemgandthe free energy
difference of a transition from stateto statej, 4G;, includes the effects of binding
energy (Fig. 1B) and interactions (Fig. 1C). A mageneral description of the
parameters of the conformational spread modeblisngin section 3.1 above.
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3.3 Monte-Carlo simulation of confor mational spread

C++ was used to generate a Monte-Carlo simulatidheoconformational spread model.
Each protomer is initially set to inactive and witlh CheY-P bound (note that interval
analysis begins only from the first switch, so amyial perturbation of behaviour due to
initial conditions will not affect the final analgs. Following on from initial conditions,
each protomen of the ring is assigned two transition timég,andB,, at which it will
undergo a state change associated with (A) aativadr inactivation and (B) binding or
release of CheY-P. The rate constdafsr each transition are as specified in sectié@y 3.
and the time for each forthcoming transition waswated ad-t, = -loge(rand)/k where
to Is the simulation time at which the calculationmade andand is a random number (8
byte double) generated in the interval O to 1 adicgrto the Mersenne-twister algorithm
(S13.

The simulation iteratively progresses to the esrliene present in the arrapsandB,
and modifies the state of the corresponding protaaseordingly. New transition times
A, andB, are then calculated for that protomer, and, ifttaasition was associated with
a change in activity of that protomer, then traosittimes A,.; and A,.; for the two
neighboring protomers are also recalculated.

The number of active protomers and bound CheY-Rewecorded at timesut, for
integerm up to 300,000 andt = 0.1ms, and passed to the Langevin simulatieati(n
3.4).

3.4 Langevin Simulation

We used a Langevin simulation written in C++ simila that in ref $14, but with
simplified rotor dynamics, to produce simulatedaletion records for a bead undergoing
rotational Brownian motion attached to the mota an elastic linker. In each simulation
step of lengtht, rotor position was updated following:

HTOtOr (t + At) = Hrotor (t) +V

rotor

(DAL,

whereV ., = VO(NCCIA/;t)_ln
Ncewl(t) is the output of the Monte-Carlo simulation of fmmational spread in the rotor
(section 3.3). Bead position is updated by intraclgi@ Wiener process:

according to the model outlined in the main textd

I 1 —ZM—BTm
Hbead (t + At) = Hbead (t) * { At+Z—|1-e Coeac ;
K

bead
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hereZ is a normal random variable with zero mean antwariance $15, {,.., is the

drag coefficient of the beadis the torque delivered through the flexible linkag the
hook/flagellum that can be modeled by assuminglaalielastic spring:

r = K(grotor - gbead) ;

k is the experimentally determined stiffness of thek/flagellum §5. Note that the last
term reduces to the more commayr 2D, At in the limit of smallat, with the corrected
term above used to reduce computation time by atigvarger values ofit (0.1ms).

Angles G.aq Obtained from simulations were split into 30 s relso and analyzed
identically to experimental bead-angle records. Ukition records were binned by CW
bias rather than the underlying valuecaf, s.

3.5 Choice of parametersEa and E;

A 2-dimensional parameter space search was corditecfend suitable values fd, and
E;. MATLAB’s fminsearch function was used to locatestable minimum of the cost

function Z(Sq —Eq)z/Ej, whereS and E denote simulation and experimental mean
q
values respectively for the switch timg=Q) and mean rotational state interval length
(0=2). E; (18.72 ms) was obtained from all 3579 switchedyaed, ande, (0.75 s) from
448 intervals from the records where the CW bias between 0.45 and 0.55; were
obtained from identical analysis of 50 separate 3imulations with the parameteic s
set to 1 to give an average bias of 0.5. Startalges ofE; = 4 kgT andEa = 1 kgT were
used, based on the simulations of refereB@e Final values werd;=4.13 lgT and
Ea=0.66 lgT. Note that these fit values are sensitive to tameters fixed in section
3.1, such that changing anywf, oy, Aa, Ap Would alter the fit parameters fBg andE;.

3.6 Simulated hook-bead response distribution

We carried out another Langevin simulation to itigede the hook-bead response time
distribution. Instead of calculating rotor speedwthe conformational spread model of
the flagellar switch, we simulated rotation as @ 4teps/revolution Poisson stepp®l
that makes instantaneous directional switches fated frequency. We used the speed
observed in experiments (Qubn bead average 120 Hz, 0.3% bead average 160 Hz) as
a control parameter of the stepping frequency. Simeulation outputs a bead-angle
record. We applied the experimental switch duratieasurement algorithm to these
simulated records to determine the predicted respon0.5um and 0.3%um beads.

Measured switch durations were assumed to be timec$uhe hook-bead response time
and the time required by the switch mechanism t@rse rotation. We obtained the
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distribution of the latter component by performmgleconvolution of the experimentally
determined distribution and the simulated hook-besgponse time distribution, both
fitted with gamma functions using maximum likeliltbestimation. This procedure was
carried out on the 0.0-0.3 CW bias bins (the largesa sets) for both 04m and 0.35
um bead datasets (Fig. S12).

The hook/flagellum stiffness value used in the d$ations is a conservative estimate
taken from referenc&5 Therefore, the hook-bead response time simulatre is
unlikely to be an underestimate. Furthermore, ewgthh considerably larger hook
compliance, the switch time distribution is far noaver than the observed spread of
switch times in a single cell record. To explaie thbserved peak in the experimental
distribution by means of only the hook-bead respotise hook stiffness required would
need to vary from hook to hook across the rang@-1/100 of the published value.

3.7 Missed events analysis

Concern over whether very short intervals were edsgue to experimental noise and
filtering was addressed by analyzing the simulajwatomer records, which are free
from noise and filtering, with an analogous intérmaeasurement algorithm to that
described in section 2.3, but with thresholds seddtect transitions between 0 and 34
active subunits. These data are found to be expiatlgrdistributed with rate constants
in very good agreement with the simulation disttidms (Fig. S13). This approach is
equivalent to simulation techniques used for det@ng the significance of missed
events in ion channel record analystd 7), and suggests that missed events are unlikely
to be an issue in the experimental data.

4. Simulation movie

The movie shows a simulation of the conformatiogptead model of the bacterial
flagellar switch for 60 ms of activity. The lefapel illustrates the state of the simulated
complex graphically, while the right panel shows tlumbers of active protomers and
bound CheY-P molecules. Switches typically occua &i single nucleation of a new
domain, followed by conformational spread of themdm, which follows a biased
random walk until it either encompasses the enitirg, or collapses back to the previous
coherent state.
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Figure S1. The full 30 s trace from the cell shown in Fig. 2iedian filtered (100
points) to reduce noise. The trace is split intogections top to bottom.
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Figure S2. All of the 13 complete switches measured from glsicell record, plotted as
in Figure 2B-D. Switch durations from top to bottame 27.9 ms, 22.9 ms, 14.2 ms, 1.6
ms, 5.4 ms, 9.2 ms, 3.4 ms, 19.8 ms, 3.9 ms, 1%, 2&7 ms, 15.6 ms, 18.4 ms.
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Figure S3. 20 s speed records from six different cells ofEarcoli non-switching strain
(KAF95 (dcheY, fliC725 pFD313 (pFD313f{C™, Ap7) (S1). Transient fluctuations in
speed are absent indicating that the bead assayotissusceptible to mechanical
hindrances and that transient fluctuations are rldgr® on motor switching.
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Figure 4. Non-instantaneous complete and incomplete switclobgerved using an
optical trap to stall bead-pairs attached to theomdead-pair angle is shown in blue,
trap angle in black. CCW motor operation corresgaiadabout 90° and CW operation to
about 10°. Angles were sampled at 10 kHz and arershvithout filtering.
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Figure S5. The full 30 s record from the simulation shown ig.RBB, median filtered
(100 points) to reduce noise. The trace is spiit $1s sections top to bottom.
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Figure S6. Distribution of intervals between complete switclaesoss the full bias range
for experiment (blue) and simulation (red) dataskight squares represent CCW data
and dark circles represent CW data. Lines are expaal maximum likelihood fits. The
total number of experimental intervals in each ClAshbin is as follows: 0.1 + 0.05,
2335 intervals; 0.2 £ 0.05, 2462 intervals; 0.3@5) 2174 intervals; 0.4 + 0.05, 824
intervals; 0.5 £ 0.05, 448 intervals; 0.6 + 0.0561intervals; 0.7 £ 0.05, 167 intervals;
0.8 £ 0.05, 323 intervals; 0.9 + 0.05, 369 intesval
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for CCW (light blue) and CW (dark blue) data. Erbarrs are 95% confidence intervals.
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Figure S8. Distribution of intervals between incomplete swis forp=1/3 across the
full bias range for experiment (blue) and simulatiped) datasets. Light squares
represent CCW data and dark circles represent G/ mes are exponential maximum
likelihood fits. The total number of experimentatarvals in each CW bias bin is as
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Figure S10. Thresholding scheme for complete and incompletéckimg. Shown is the
scheme for events starting from the CCW rotatiostate abovexccw  Only those
crossings marked by circles are recorded. Cros&sag signals a possible incomplete
switch (1). An incomplete switch is recorded if €smgaccw occurs before crossingw
(2). Otherwise a complete switch is recorded (3trkimg the end of a CCW interval and
the start of a CW interval. The CW scheme is defiaealogously.
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Figure S11. Free energy diagram for the conformational spreaaction scheme,
excluding free energy due to the conformation afyimeoring protomersH;, see Fig.
1C). This is a generalized version of that shownFig. 1C. The free energy of
conformational change #Ea. The free energy of CheY-P binding is dependenthen
CheY-P concentration as shown, wiga = - loge(c/cys). If Ec > 0, the inactive state
becomes more highly populated and hence CW bia§,<ile Ec < 0 similarly implies

CW hias > 0.5.
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Figure S12. Simulated hook-bead response time distributionc)land a deconvolution
between this distribution and the experimental dwitme distribution (grey), for 532nm
bead (top) and 350nm bead (bottom) datasets. Tdwdtical hook-bead response time
distribution has too small a mean and variancetoant for the experimentally observed
distribution and the deconvoluted switch durati@mains broadly distributed. The
similarity between the deconvoluted distributiorts both datasets demonstrates the
independence of the underlying distribution on bsiad.
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Figure S13. Left: Interval distributions from simulation recardred) and protomer
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parameters. Error bars are 95% confidence intervals
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