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The interaction of chemoreceptors in Escherichia coli influences the rate of adaptation and enhances bacterial chemotaxis.

Public summary

m The wild-type Escherichia coli (E. coli) strain exhibits faster adaptation than the mutant expressing only one type of re-
ceptors, when subjected to the same concentration of saturated stimulus.

m The wild-type strain exhibits slower adaptation than the mutant under unsaturated stimuli that induce the same mag-
nitude of response, and this is independent of the level of receptor expression.

m The interaction between different types of receptors in E. coli can effectively enhance chemotaxis under a stable spatial
gradient of attractants, while simultaneously ensuring minimum noise in the cell position distribution.
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Abstract: Different receptors have evolved in organisms to sense different stimuli in their surroundings. The interaction
among the receptors can significantly increase sensory sensitivity and adaptation precision. To study the influence of inter-
action among different types of chemoreceptors on the adaptation rate in the bacterial chemotaxis signaling network, we
systematically compared the adaptation time between the wild-type strain expressing mixed types of receptors and the
mutant strain expressing only Tar receptors (namely, the Tar-only strain) under stepwise addition of different concentra-
tions of L-aspartate using FRET (Forster resonance energy transfer) and bead assays. We find that the wild type exhibits
faster adaptation than the mutant under the same concentration of saturated stimulus. In contrast, the wild type exhibits
slower adaptation than the mutant under unsaturated stimuli that induce the same magnitude of response, and this is inde-
pendent of the level of receptor expression. The same result is obtained for the network relaxation time by monitoring the
steady-state rotational signal of the flagellar motors. By simulating bacterial chemotaxis with different adaptation rates in a
stable gradient of chemoattractants, we confirm that the interaction of different types of receptors can effectively promote
chemotaxis of Escherichia coli under a stable spatial gradient of attractants while ensuring minimum noise in the cell posi-
tion distribution.
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chemotaxis”"*!. Chemotaxis adaptation is accomplished via
covalent modification of receptors by CheR and CheB pro-
teins, which are responsible for methylating and demethylat-
ing receptors, respectively™ 1. Measurements in vitro showed
that both tethered CheR and CheB can act on an assistance
neighborhood of five to seven nearby receptors, which is ne-
cessary for precise adaptation in a model of receptor clusters
composed of different types of receptors™ .

Much work has focused on the significance of receptor in-
teraction in sensory amplification and adaptation in bacterial
chemotaxis, but research related to the latter has mainly fo-
cused on the accuracy of adaptation™, while the effect of
receptor interaction on the adaptation rate remains unclear.

1 Introduction

Organisms can sense and adapt to many signals in the envir-
onment. A variety of specific receptors have evolved for dif-
ferent kinds of stimuli"~\. In Escherichia coli (E. coli), there
are five different types of transmembrane chemoreceptors,
among which Tar and Tsr are the two most abundant™’.
Structural studies have shown that these receptors form regu-
lar arrays on the cell membrane (especially the cell poles)
with heterotrimers of homodimers with the help of the kinase
CheA and the scaffold protein CheW! *. The autophos-
phorylation of CheA is suppressed (enhanced) when the at-
tractant (repellent) ligands bind to the receptors, which in turn
regulates the phosphorylation level of the response regulator

CheY"™ ", Phosphorylated CheY, called CheY-P, binds to the
cytoplasmic domain of the flagellar motors and modulates
their rotational direction and cell swimming state accord-
ingly!"""l. Previous experimental and theoretical studies have
confirmed the existence of strong interactions among
chemoreceptors!*'. This leads to large signal amplification
and high sensitivity in bacterial chemotaxis'*'¥. Moreover,
interactions among different types of receptors can amplify
the response of mixed clusters to specific stimuli””*.

In addition to the effect on signal amplification, receptor
interaction plays an important role in adaptation in bacterial
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The work of Tu et al.?***! demonstrated that the adaptive be-
havior of bacteria is dissipative and determined the relation-
ship between energy dissipation, adaptation rate, and adapta-
tion accuracy. Since the interaction of different types of re-
ceptors has a significant effect on the accuracy of bacterial
adaptation, it should also affect the adaptation rate, which we
seek to investigate in this study.

Here, we systematically compare the adaptation time betw-
een the wild-type strain expressing mixed types of receptors
and the mutant strain expressing only Tar receptors (namely,
the Tar-only strain) under stepwise addition of different
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concentrations of L-aspartate (a kind of attractant sensed by
Tar receptors) by FRET and bead assays. We find that the
wild-type strain spends less time to finish adaptation to the
same saturated concentration of attractant (10 pmol/L
L-aspartate); that is, it recovers faster when encountering a
saturated stimulus. In contrast, it performs slower adaptation
(longer adaptation time) than the Tar-only strain when subjec-
ted to stepwise additions of unsaturated concentrations of L-
aspartate that induce the same relative changes in receptor-
kinase activity. By adjusting the expression level of the Tar
receptors in the Tar-only strain, we confirm that this differ-
ence in adaptation time does not result from the different ex-
pression levels of receptors. We also compare the adaptation
time when the concentration of stimulus was zero (that is, the
network relaxation time) by monitoring the flagellar motor ro-
tation of unstimulated cells in a steady state. The wild type
also exhibits a longer adaptation time than the mutant in this
extreme case. To elucidate the effect of adaptation time on
bacterial chemotactic behavior, we perform stochastic simula-
tions of bacterial chemotaxis in an exponential concentration
gradient of MeAsp (the unmetabolized analog of L-aspartate).
We find that longer adaptation times lead to greater drift velo-
cities. Thus, the interaction of different types of receptors can
effectively promote chemotaxis of E. coli under a stable spa-
tial gradient of attractant. At the same time, it can help the
bacterium recover faster when encountering a saturated
stimulus.

2 Results

2.1 Adaptation to a saturated concentration of

L-aspartate

The phosphorylation of the response regulator CheY by the
kinase CheA and dephosphorylation of CheY-P by CheZ
bring the concentration of CheY-P into balance in living cells.
Thus, we can follow the receptor-kinase activity (the probab-
ility that the receptor is activated) in vivo by monitoring the
FRET signal between CheY and its phosphatase CheZ, which
were fused with eYFP and eCFP, respectively™ .

To study the effect of the interaction between different
types of chemoreceptors on bacterial adaptation, we meas-
ured the response of receptor-kinase activity to stepwise addi-
tion of the same saturated concentration of L-aspartate for
both the wild-type strain (HCB1288-pVS88) and the mutant
expressing only Tar receptors (HCB1414-pLC113-pVS88).
We used 1 pumol/L sodium salicylate to induce the expression
of Tar receptors at a wild-type level for the mutant®™.

The FRET measurements were performed following a sim-
ilar procedure described previously“”. A typical FRET re-
sponse of a bacterial population to stepwise addition and re-
moval of 10 umol/L L-aspartate is shown in Fig. la. The
stimulus was added at # = 120 s and removed at # = 600 s. The
source of different responses between addition and removal
stimulus is the phosphorylation of CheB by CheA, which can
greatly increase the rate of receptor demethylation™. The ad-
aptation time is defined as denoted in Fig. 1a. We calculated
the adaptation time in each measurement for both strains. As
shown in Fig. 1b, the adaptation times were (246£15) s and
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Fig. 1. (a) A typical trace of the step response to 10 pmol/L L-aspartate.
The stimulus was added at # = 120 s and removed at # = 600 s. The FRET
value was defined as the intensity ratio of the YFP to CFP channel. The
definition of the adaptation time is indicated. (b) The adaptation time to
10 pmol/L L-aspartate for the wild-type (W.T.) strain (HCB1288-pVS88)
and the Tar-only strain (HCB1414-pLC113-pVS88). The errors denote
the standard deviations.

(434421) s for the wild-type (W.T.) and Tar-only strains, re-
spectively. The errors denote standard deviations. Thus, the
wild type with mixed types of receptors adapted faster than
the Tar-only strain to the same saturated concentration of L-
aspartate.

2.2 Adaptation to unsaturated concentrations of

L-aspartate

We find that wild-type E. coli adapted faster than the mutant
to the same saturating concentration of 10 pmol/L L-
aspartate. During most of the adaptation (or recovery) pro-
cess when subjected to 10 umol/L L-aspartate, the receptor-
kinase activity was suppressed to zero. To compare the adapt-
ation when the receptor-kinase activity was not suppressed to
zero, we sought to measure the adaptation process when sub-
jected to unsaturated concentrations of L-aspartate.

As the magnitude of kinase activity response to the same
unsaturated concentrations of L-aspartate was different for the
wild-type and Tar-only strains, we first measured the dose—
response curve for each of them. An example of the dose—
response measurement is shown in Fig. 2a. Then, the relation
between the responses (horizontal red solid lines) and the
concentrations of L-aspartate was extracted.
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The dose —response curves of relative kinase activity to
L-aspartate concentration we measured for the wild-type and
Tar-only strains are shown in Fig. 2b. The Hill function was
used to fit each of them. The fitted Hill coefficients were
1.84+0.17 and 1.97+0.20 for the wild-type and Tar-only
strains, respectively. The concentrations for half-maximal
response (K,s) obtained from the fits were (1.93£0.11)
pmol/L and (0.64+0.04) pumol/L for the wild-type and Tar-
only strains, respectively. The error denotes the standard
deviation.

We also fit our data with the all-or-none Monod-Wyman-
Changeux (MWC) model of receptor cooperativity to extract
the size of the receptor cluster NV

1

a=

(1

1 +exp(N(a'(m0 —m)+ln%))

1+L/K,,

where a is the receptor-kinase activity, m is the methylation
level, L is the ligand concentration, and K & and K, are the

ligand dissociation constants for the inactive and active re-
ceptors, respectively. We used a@=1.7, m,=1.0, Kz =1.7
pmol/L, and K, =12 pmol/L (for Asp) from previous
works™"*1. According to the dose—response curves, the size of
receptor cluster N was extracted to be 4.6+1.0 and 8.9+1.9 for
the wild-type and Tar-only strains, respectively. Thus, the Tar
receptors of the mutant exhibit higher cooperativity despite
being expressed at the same level as the wild type.

To carry out a direct comparison, we sought to measure the
adaptation times for the wild-type and Tar-only strains when
their receptor-kinase activity was lowered to the same level
relative to the pre-stimulus activity by stepwise addition of
specific unsaturated concentrations of L-aspartate. As marked
in the dose—response curve in Fig. 2b, the concentrations of L-
aspartate that induced relative kinase activity responses of
0.2, 0.4, 0.6, and 0.8 for each strain were selected for the step
response measurements, as shown in Fig. la. For a more
meaningful comparison, we plotted the adaptation time
against the relative kinase activity instead of the aspartate
concentration, and the relationship between adaptation time
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Fig. 2. (a) The dose—response measurement to L-aspartate. The blue line is the FRET signal. The red downward arrows denote the time when the stimu-
lus was added, while the black upward arrows indicate the time when the stimulus was removed. The black and red dashed lines represent the pre-
stimulus and saturated FRET values, respectively. (b) The dose—response curve of relative kinase activity (relative to the pre-stimulus value) to the con-
centration of L-aspartate for both strains. The relative kinase activity was obtained by rescaling the FRET values of 1 (the pre-stimulus value, black
dashed line in (a)) to 0.95 (the value after adding a saturated concentration of stimulus, red dashed line in (a)) to the range between 1 and 0. The blue and
red lines are the results fitted with the MWC model for the wild-type and mutant strains, respectively. The gray lines indicate the values of relative kinase
activity used in the step-response measurements. (c) The relation between adaptation time and relative kinase activity response. The errors denote stand-

ard deviations.
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and relative kinase activity is shown in Fig. 2c. The errors de-
note standard deviations. In contrast to the result of stimula-
tion by saturated concentration, the wild-type strain showed
slower adaptation to unsaturated concentrations of L-
aspartate than the mutant.

2.3 Tar expression levels do not affect the adaptation
time of the mutant to unsaturated concentrations of
L-aspartate

To study the effect of the expression level of Tar receptors on
adaptation time, we tried to change the level of receptor ex-
pression by varying the concentration of inducers. We used
0.5 umol/L sodium salicylate (half-concentration inducer) to
induce the expression of Tar receptors for the Tar-only strain
instead of 1 umol/L (wild-type level). The comparison of
dose—response curves for the two concentrations of inducer is
shown in Fig. 3a. We also fit the data with the Hill function
and Eq. (1), and the half-concentration inducer leads to H =
2.26+0.15, K, s = (1.244+0.04) umol/L, and the receptor cluster
size N = 6.4+0.8. Thus, reducing the level of receptor expres-
sion decreases the cooperativity among them and the sensitiv-
ity of response to stimuli.

We also measured the adaptation time for relative kinase
activity responses of 0.2, 0.4, 0.6, and 0.8. As shown in
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Fig. 3. (a) The dose —response curves of the Tar-only strain under 1
umol/L (red dots, wild-type level) and 0.5 pmol/L (green diamonds) in-
ducer (sodium salicylate). The smooth lines are the results fitted with the
MWC model. (b) The relation between adaptation time and relative
kinase activity response. The errors denote standard deviations.
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Fig. 3b, there was no difference in adaptation time between
the two expression levels of Tar receptors. Thus, the expres-
sion levels of receptors do not affect the adaptation time to
unsaturated concentrations of L-aspartate, indicating that the
adaptation enzymes CheR and CheB are probably not work-
ing at saturation under these situations.

2.4 The unstimulated wild-type cells exhibited a longer
relaxation time

It is difficult to measure the adaptation time under a very low
concentration of L-aspartate by the method above because of
the noisy chemotactic signal. The good news is that the adapt-
ation time under very low stimulation is equivalent to the
chemotaxis network relaxation time, which can be obtained
from the spontaneous fluctuations of chemotaxis output for
unstimulated cells in a steady state**I. Considering that fluc-
tuations in receptor-kinase activity are ultimately reflected in
the rotational direction of the flagellar motors, we chose the
motor rotational state as an indicator of the chemotaxis out-
put and measured the relaxation time using a procedure simil-
ar to that described previously!*.

We monitored motor rotation using a bead assay. As shown
in Fig. 4a, a 1 pm-diameter latex bead was attached to a trun-
cated sticky flagellar stub. The trajectories of rotating beads
were recorded with a high-speed camera equipped on a phase-
contrast microscope. The traces of rotation speed can then be
calculated from the trajectories. An example is shown in
Fig. 4b. The positive and negative values of speeds represent
the CCW- and CW-rotational states of the motor,
respectively.

We monitored the motor rotation of the wild-type strain
(JY26-pKAF131) and the mutant expressing only Tar recept-
ors (CZ1-pLC113-pFD313) for 18 min. As shown in Fig. 4c,
the wild-type and mutant strains exhibited the same CW bias
distribution with average CW bias = 0.144+0.08 and
0.15+0.09, respectively. This indicates that they exhibit simil-
ar unstimulated kinase activity. 97 motors were measured for
wild-type cells and 30 for mutant cells. We calculated the cor-
relation time, which is equivalent to the relaxation or adapta-
tion time, for both strains (see Section 4 for details). The
equivalence of the pre-stimulus correlation time and the ad-
aptation time to a weak stimulus is a consequence of the lin-
ear approximation for the chemotaxis system under weak
stimuli™. As shown in Fig. 4d, the adaptation times were
(9.3£0.4) s and (7.1£0.5) s for the wild type and the mutant,
respectively. Similar to the adaptation measured by FRET
under the unsaturated concentration of L-aspartate, the wild-
type strain also exhibits a slower adaptation than the mutant at
zero-concentration stimulus.

2.5 Simulation of bacterial chemotactic swimming with
different adaptation rates

Here, we found different adaptation rates between the wild
type and the Tar-only strain, as summarized in Fig. 5a. To de-
termine the physiological significance of these different ad-
aptation rates on bacterial chemotaxis, we used the SPEC
model® to simulate the chemotaxis of E. coli with different
adaptation rates in a stationary exponential concentration
gradient of o-methyl-aspartate (MeAsp, the unmetabolized
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Fig. 4. (a) Schematic diagram of the bead assay for the flagellar motor. (b) A typical trace of the rotational speed (blue line) of individual motors. The
positive and negative values of speed denote CCW and CW rotation, respectively. (c) The CW bias distribution for the wild-type and Tar-only trains. (d)

The correlation times for both strains.

analog of L-aspartate).

Cells were treated as self-propelled particles whose motion
states could be either swimming smoothly (run) or stopping
and reorienting (tumble) in our simulation. The motion states
were determined by the intracellular chemotactic signal. The
chemotactic signal process can be summarized into two parts:
sensing and adaptation™, with sensing described by Eq. (1)
and adaptation described by

dm

—— =k (1-a)—ksa,

" 2)

where a is the receptor-kinase activity, m is the methylation
level of receptors, and k; and k5 represent the methylation and
demethylation rate constants, respectively.

The concentration of CheY-P (Yp) depends on the kinase
activity by Yp = 7.86a and leads to the CW bias (B) of the
flagellar motor by

Yp10.3

B = Yo 13 3)

The switching rate of cell motion from run to tumble is de-
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termined as B/0.11 s™', while the switching rate from tumble
torunis 5 s

2000 cells were simulated for 1200 s in an exponential
MeAsp concentration profile L(x)=91exp(x/5000) pmol/L,
where x is in the unit of pm. As shown in Fig. 5b, the mean
position of the cell population exhibited a constant chemotact-
ic drift velocity v, along the gradient. The drift velocity can
be obtained by fitting the data with a linear function. We
changed the methylation rate constant k; from 10° s™' to 1.0
s! to induce different adaptation rates (the inverse of adapta-
tion time) and kept k; = 2kz. The relation between v, and k; is
shown in Fig. 5c. According to our results, a smaller adapta-
tion rate (longer adaptation time) leads to a greater drift velo-
city in an exponential concentration gradient of attractant. We
also calculated the variance of the y position of the cell distri-
bution o,. The wild-type strain maintained the minimum
noise of the cell position distribution, as shown in Fig. 5c.

3 Conclusions and discussion

Organisms evolve different kinds of receptors to sense differ-
ent stimuli in the environment. It has been demonstrated that
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Fig. 5. (a) Comparison of adaptation times between the wild-type (blue
squares) and Tar-only strains (red dots) for all concentrations of L-
aspartate. The errors denote standard deviations. (b) The change in mean
position over time in a gradient of exponential MeAsp concentration pro-
file L(x) = 91exp(x/5000). The blue dots represent the mean x position.
The green squares denote the mean y position. The red line is the linear
fit to the blue dots. (c) The effect of adaptation rate on bacterial chemo-
taxis. Blue and red dots represent the drift velocity in the x direction and
the variance of the y positions under different values of kz. The value of
Iy ranges from 0.005 s to 0.01 s for the wild-type strain, which is
marked by the green shaded area.

there are strong interactions between chemoreceptors that
have an important effect on the chemotactic behavior of bac-
teria. Previous studies on the role of receptor interactions in
bacterial chemotaxis have focused on signal amplification and
the accuracy of adaptation.

In this study, we systematically studied the effect of inter-
actions between different types of receptors on the adaptation
rate of E. coli. We measured the adaptation time of both the

0703-6

wild-type strain with mixed types of receptors and the mutant
expressing only Tar receptors under different concentrations
of L-aspartate via FRET and bead assays. We found that the
wild type showed faster adaptation than the mutant under the
same saturated concentration of attractant. The adaptation
times under the stimulation of 10 pmol/L. L-aspartate were
(246+15) s and (434+21) s for the wild type and mutant,
respectively.

We also compared the adaptation times to unsaturated L-
aspartate concentrations that induced the same degree of
kinase activity response for the two strains. The results were
different from those obtained under the stimulation of satur-
ated concentrations of L-aspartate. The wild-type strain
showed slower adaptation than the mutant. By adjusting the
expression level of the Tar receptors, we confirmed that redu-
cing the expression concentration of Tar decreases the co-
operativity among them and the sensitivity to stimuli but does
not change the adaptation time. Thus, the different adaptation
rates between the wild-type strain and the Tar-only strain did
not result from the different expression levels of receptors.
We also studied the adaptation time when the concentration
of stimulus was zero by monitoring flagellar motor rotation at
steady states without a stimulus. The wild type also exhibits a
longer adaptation time than the mutant in this extreme case.
Why does the Tar-only mutant adapt faster than the wild-type
strain to unsaturated stimuli? This might be because the
mutant exhibits a larger receptor cluster (N = 4.6+1.0 and
8.9+1.9 for the wild-type and Tar-only strains, respectively),
such that each CheR molecule covers a wider range of recept-
ors (a larger number of assistance neighbors)®*.

To determine the physiological significance of these differ-
ent adaptation rates on bacterial chemotaxis, we used the
SPEC model to simulate the chemotaxis of E. coli with differ-
ent adaptation rates in a stationary exponential concentration
gradient of a-methyl-aspartate. We found that a smaller ad-
aptation rate (a longer adaptation time) leads to a greater drift
velocity and a wider distribution of cell location in a steady
exponential concentration gradient of attractant, while the ad-
aptation rate of the wild-type cells ensures minimum noise of
cell position distribution (Fig. 5c¢). Therefore, the interaction
between different types of chemoreceptors can effectively
promote the chemotaxis of E. coli under a stable spatial gradi-
ent field while ensuring minimum noise of the cell position
distribution. At the same time, the faster recovery/adaptation
of the wild-type strain to saturated stimuli (compared to the
mutant) ensures that it can recover faster when accidentally
encountering a strong stimulus in the environment.

4 Materials and methods

4.1 Strains and plasmids

The strains used in this study are derivatives of E. coli K12
strain RP437: JY26(AfliC), CZI(AfliC tar tsr tap),
HCB1288(AcheY cheZ), and HCB1414(AcheY cheZ tar tsr
tap aer). The plasmid pVS88 expresses CheZ-eCFP and
CheY-eYFP under an isopropyl-p-D-thiogalactopyranoside
(IPTG)-inducible promoter. The plasmid pLC113 expresses
Tar receptors under a salicylate-inducible promoter. The
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plasmids pKAF131 and pFD313 constitutively express sticky
FIiC.

HCB1288 transformed with pVS88 and HCB1414 trans-
formed with pVS88 and pLC113 were used to perform FRET
experiments. JY26 transformed with pKAF131 and CZ1
transformed with pLC113 and pFD313 were used for bead
assays.

4.2 Cell culture

Cells were grown at 33 °C under vigorous shaking (200
r/min) in 10 mL of T-broth (1% (w/v) tryptone and 0.5%
(w/v) NaCl) with the appropriate antibiotics (ampicillin (100
pg/mL) and chloramphenicol (50 pg/mL)) and the inducers
(0.1 mmol/L IPTG and 1 pmol/L, 0.5 umol/L sodium salicyl-
ate) to an optical density at 600 nm of between 0.45 and 0.5.
Then, they were collected by centrifugation (6 min at 3500 g
(gravitational acceleration) for the FRET experiment and 2
min at 4000 g for the bead assay), washed twice with 10 mL
of motility medium (10 mmol/L potassium phosphate, 0.1
mmol/L EDTA, 1 umol/L methionine, 10 mmol/L lactic acid
(pH 7.0)), and resuspended in 10 mL of this medium. The
washed cell suspensions were stored at 4 °C.

4.3 FRET measurements

We followed the receptor-kinase activity in vivo by monitor-
ing the FRET signal between CheY-eYFP and CheZ-eCFP
using a FRET setup described previously®. The washed cells
were kept in a dark box at room temperature (23 °C) for 1-1.5
h to wait for the maturation of the fluorescent proteins. Then,
1 mL of cell suspension was concentrated to 80 pL and injec-
ted into the flow cell equipped with a poly-L-lysine-coated
cover glass. We used a Nikon Ti-E microscope with a 40x
0.60 NA objective to observe the samples. The YFP and CFP
signals were collected by two photon-counting photomultipli-
ers (Hamamatsu, H7421-40PMT). The FRET value was
defined as the intensity ratio of YFP to CFP signals. The
dose-response and step—response experiments were performed
with a constant flow rate of 500 pL/min. Our data were ana-
lyzed with a custom script in MATLAB.

4.4 Bead assays and data analysis

Cells were sheared to truncate flagella by passing 1 mL of the
washed cell suspension 120 times between 2 syringes
equipped with 23-gauge needles and connected by 7-cm-long
polyethylene tubing (0.58 mm inside diameter, no. 427411,
Becton Dickinson, Franklin Lakes, NJ). The sheared cell sus-
pension was centrifuged (2 min at 4000 g) and concentrated
into 80 pL. We immobilized the cells on a glass coverslip
coated with poly-L-lysine (0.01%, catalog No. P4707; Sigma)
and allowed to stand for 4 min. Then, a 0.269% (w/v) solu-
tion of 1.0-um-diameter polystyrene latex beads (2.69%, cata-
log No. 07310; Polysciences, Warrington, PA) was flowed
into the chamber and incubated for another 3 min. The unat-
tached beads were washed away with a flow of motility medi-
um at 500 pL/min. The chamber was kept under a constant
flow of fresh motility medium (100 pL/min) by a syringe
pump during measurements.

The rotation of beads was observed by a Nikon Ti-E inver-
ted phase-contrast microscope at a magnification of 40x and
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recorded with a fast complementary metal-oxide semicon-
ductor camera (Flare 2M360-CL, 10 Industries) at 367.5
frames per second. Each video of bead rotation was
converted into a binary time series of CW and CCW states.
We defined TVand 7 Vas the durations of the ith CW and
CCW intervals of the motor. The CW bias was calculated by

CWbias:ZT,CW/(TfCW+TfW), where n is the number of

i

intervals.

To determine the correlation time of the CCW sequences,
we used serial correlation coefficients for the CCW interval
lengths. Each motor was measured for 18 min. The binary
time series of CW and CCW states was divided into several
sections, each 800 s long. The MATLAB function “autocorr”
was used to calculate the autocorrelation function for the
array of CCW interval lengths for each 800-second data sec-
tion. The relationship between the autocorrelation function
and the number of CCW intervals was obtained.

For each time series, we performed 300 random shuffles
and calculated the autocorrelation functions for these 300 re-
shuffled series. To determine whether the sequences in each
lag (the number of preceding CCW intervals) were correlated,
we used the Wilcoxon rank sum test (the “ranksum” MAT-
LAB function) at a significance level of P =0.01 compared to
the reshuffled time series. We considered the first lag with
nonzero correlation as the end of the correlation, obtaining the
first unrelated CCW interval. We then obtained the correlated
CCW interval number n, and calculated the motor correlation
time for each 800-second data section as

N R . CCW@m. +1
Leorrelation = Z} CCW (l) + Z} CW(l) + f’
where CCW (i) and CW (i) are the lengths of the ith CCW and
CW intervals, respectively.

4.5 Simulation of bacterial chemotaxis

In the simulation, cells were treated as self-propelled particles
that could swim smoothly (a run) with a constant speed of 25
um/s under the effect of rotational diffusion (the rotational
diffusion coefficient was 0.062 rad’/s""') or stop moving and
choose a new swim direction (a tumble). The tumble angles 6
obey the probability distribution™***:

P (@) =0.5(1 +cosb)sind.

The swimming states are determined by the intracellular
chemotactic signaling pathway. As the ligand concentration
changed, the kinase activity of chemoreceptors was recalcu-
lated by Eq. (1). We used the parameters Kz = 18.2 pmol/L,
K., = 3 mmol/L, and N=6 for MeAsp. Then, the CheY-P con-
centration (Yp) should also be renewed by Yp = 7.86a. Fi-
nally, CheY-P binds to the motor and changes the CW bias
(B) by Eq. (3). The switching rate of cellular motion from run
to tumble was determined as B/0.11 s™', while the switching
rate from tumble to run was 5 s'. The adaptation of kinase
activity was carried out by changing the methylation level of
receptors, which was described by Eq. (2).

Cells started moving in a random direction from the origin
of the coordinates. The time step was set to 0.01 s. We
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simulated 2000 cells for 1200 s in an exponential MeAsp con-
centration profile L(x)= 91exp(x/5000) umol/L, where x was
in units of pm. k; was changed from 107 s to 1.0 s™, and kg
was set to 2kg.
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