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5
Stochastic two-state switching in

chemoreceptor activity

In this chapter, we describe experiments that reveal stochastic switching of
chemoreceptor arrays in the absence of adaptation kinetics. Two-state switching
of proteins between contrasting activity states is a cornerstone of biochemi-
cal modeling. Yet, direct experimental observation of the dynamics of such
switches has been rare, especially in vivo. We present the first direct observations
of two-state switching in a canonical protein signaling complex, the bacterial
chemoreceptor array, by FRET measurements in single E. coli cells. Cells
with homogeneous arrays consisting of only a single chemoreceptor species
exhibited giant fluctuations often between multiple discrete levels of signal
activity, which we observed in the presence of sub-saturating concentrations
of ligand. In a chemoreceptor mutant with intermediate activity bias, we observed
similar behavior in the absence of applied ligand. In a sizeable minority of the
population, fluctuations were dominated by switches between the two extreme
states of maximum and zero activity. The rather slow typical timescale of these
switches (∼ 100 s) likely reflects the large size of the cooperatively switching array
of chemoreceptor-kinase complexes, which are estimated at ∼1000 allosteric units.
These discrete-level fluctuations suggest that the cooperativity of chemoreceptor
arrays in some cells could be much larger than previously estimated, and a
preliminary characterization of switching time distributions raise the intriguing
possibility that chemoreceptor activity is might involve one or more dissipative
(non-equilibrium) processes

The first part (Figures 1-3) of this chapter have been published in: J.M. Keegstra, K. Kamino, F.
Anquez, M.D. Lazova, T. Emonet and T.S. Shimizu. “Phenotypic diversity and temporal variability in
a bacterial signaling network revealed by single-cell FRET" eLife 6: e27455, 2017 [81]
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5 Stochastic two-state switching in chemoreceptor activity

5.1 Introduction

Two-state models play a prominent role in the theoretical analyses of biochem-
ical systems, providing a simple means of relating experimentally observable
continuous variables (such as enzyme activity) to the statistical mechanics of
underlying molecular states. However, the motivation for modeling a system
as two-state is most often parsimony (Occam’s razor), and whether or not the
underlying molecular processes actually involve transitions between discrete
states is actually unresolved in most cases. Experimental observation of two-state
switching dynamics can be challenging because discrete transitions are averaged
away in typical ensemble-averaged measurements, but has been achieved in vitro
in single molecule experiments, as well as in in vivo in some compact molecular
assemblies comprising up to a few dozen molecular components, such as the
opening and closing of ion channels [82], and CW/CCW rotational switching of
the bacterial flagellar motor [8]. Here, we report stochastic two-state switching
behavior in the activity of bacterial chemosensory arrays, extensive molecular
assemblies comprising ∼1000 protein subunits in each cell.

Chemoreceptor arrays are the central signal processing entity consisting of
thousands of chemoreceptors, kinases and scaffolding molecules, that enable
motile bacteria such as E. coli to sense and respond to their chemical environment.
The most successful models describing the ligand response and sensory adaptation
of this receptor-kinase complex are based on two-state allosteric transitions [7, 85,
123, 215]. Previous population-level FRET measurements [183, 192, 193] could
be fit consistently with two-state models, but these measurements were unable to
resolve two-state transitions directly. Moreover, the cooperativity inferred from
population-averaged dose response curves only provides a lower bound to the true
cooperativity of single cells, because of potential cell-to-cell variation in cellular
sensitivity (defined as the stimulus size that yields half-maximum response).
Single-cell experiments thus have the potential to reveal whether the underlying
molecular transitions are actually two-state, and provide more accurate estimates
of cooperativity in single-cells. Unlike averaged signals (either in time or over
a population), stochastic single-cell time series are a useful tool to discriminate
between different models. Especially the difference between non-equilibrium or
equilibrium descriptions is often hard to resolve in ensemble averages, but have
clearly distinct statistical signatures [212].

We developed an in vivo single-cell assay of signaling dynamics in bacteria by
measuring the FRET between two fluorescent proteins, mRFP1 and YFP, fused to
respectively the response regulator CheY and its phosphatase CheZ. The FRET
signal is proportional to the activity a of kinase CheA, the output parameter of
the chemoreceptor arrays (see Chapter 2). Using this single-cell FRET assay, we
reported the presence of large (η≡σa/〈a〉 ≈ 45%) variability in time of the kinase
activity of wildtype (CheRB+) cells due to stochastic kinetics of chemoreceptor
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5.2 Results

methylation and demethylation by the adaptation enzymes CheR and CheB (see
Chapter 4). Although the activity fluctuation amplitude was large and in some
cells spanned the full range (0 to 1) of kinase activity a, the fluctuations did
not include discrete transitions and could be well described as an continuous
Ornstein-Uhlenbeck stochastic process with a characteristic timescale τ ≈ 10s.
The fluctuation amplitude η of cells in the presence of adaptation enzymes was
much greater than previous estimates from pathway-based models that considered
sublinear kinetics in the enzymatic activities of the adaptation enzymes [57]
and receptor cooperativity [183] as possible mechanisms that amplify noise
originating in the stochastic kinetics of receptor methylation/demethylation. A
possible explanation for this discrepancy between expected and measured noise
amplitudes is the presence of one or more additional noise source(s) independent
of methylation/demethylation dynamics, an hypothesis which is investigated (and
confirmed) in this chapter.

5.2 Results

5.2.1 Fluctuations independent of the adaptation system
By observing fluctuations in single-cell kinase activity using single-cell FRET,
we found that the noise amplitude η was much lower than wildtype (CheRB+)
in non-adapting (CheRB-) cells (Chapter 4, and Fig. 5.1b). Yet it is possible
that the strong activity bias of adaptation-deficient cells cells in the absence of
chemoeffectors (a0 ≈ 1) masks noise contributions that would be observable if
receptors were tuned to the more responsive regime of intermediate activity (e.g.
as in wt cells, where a0 ≈ 1/3). We reasoned that in CheRB- cells, tuning the
activity to an intermediate level by adding and sustaining a sub-saturating dose of
attractant could reveal additional noise sources. Hence we measured the temporal
variability of CheRB- cells during prolonged stimulation with 50 µM L-serine,
which elicits a half-maximal population-level response (Fig. 5.1a). Although
no large fluctuations were be observed in the population-averaged time series
(Fig. 5.1a), averaging the power spectra computed from all single-cell time series
revealed a somewhat elevated noise level at low frequencies, compared to the case
without ligand (Fig. 5.1b). These results indicate the presence of a noise source
independent of receptor methylation.

5.2.2 Giant fluctuations in homogeneous chemoreceptor
arrays

To test whether and how these methylation-independent fluctuations are affected
by the composition of the chemoreceptor arrays, we also measured the response
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Figure 5.1: Temporal fluctuations in adaptation-deficient cells at intermediate
activity levels. (a) (Top) Stimulus protocol for modulation of the L-serine
ligand concentration ([L](t )). Cells were incubated either in buffer ([L] = 0,
white) or a subsaturating stimulus ([L] = 50µM, gray) for > 1 hr. A saturating
stimulus ([L] = 1mM, black) is applied at the end of the experiment. (Bottom)
Population- averaged time series for adaptation-deficient cells with wildtype
receptor complement (CheRB-, TSS58) for experiments with (18 cells, light blue)
and without (17 cells, dark blue) a sustained 50 µM L-serine stimulus during
the time interval used to compute the PSDs in panel a (indicated by the red
bar). (b) Power spectral density (PSD) for temporal signal fluctuations during
sub-saturating ligand stimulation of 18 cells with wildtype receptor complement
(light blue, CheRB-, TSS58) and of 17 cells of the same genotype but for signal
fluctuations observed in the absence of stimulation. Also shown, for comparison,
are PSDs from experiments for WT (CheRB+) cells (gray, see Fig. 4.3)). Error
bars represent standard error of the mean.

of CheRB- cells expressing Tsr as the sole chemoreceptor during a sustained
stimulus of magnitude close to the population-level K (Fig. 5.2). Strikingly,
the time series of single-cell responses demonstrated strong deviations from the
population average (Figs. 5.2b). Whereas all cells responded identically to the
saturating dose of attractant, their behavior during the sub-saturating step was
highly diverse. Some cells (11/141) demonstrated no apparent response in kinase
activity, whereas in others (32/141) complete inhibition was observed (Fig. 5.2,
yellow curves). The majority of cells (98/141), however, had an intermediate level
of activity when averaged over time, but demonstrated strong temporal fluctuations,
often with magnitudes exceeding those observed in wildtype (CheRB+) cells.

We further noted that within this subset of cells with large temporal fluc-
tuations, a large fraction (54/98) demonstrated fluctuations that resemble rapid
step-like transitions between discrete levels of relatively stable activity that could
be identified as peaks in the distribution of activity values across time (Fig. 5.2b,
marginal histograms). Among these "stepper" cells, the majority (37/54) appeared
to transition between 3 or more discrete activity levels (Fig. 5.2b, brown curve),
whereas the remaining sizable minority of steppers (17/54) demonstrated binary
switching between two discrete levels corresponding to to the maximum (a ≈ 1)
and minimum (a ≈ 0) receptor-kinase activity states (Fig. 5.2b. red curve). The
remaining fraction of cells (44/98) demonstrated fluctuations that were also often
large but in which discrete levels could not be unambiguously assigned (Fig. 5.2,
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Figure 5.2: Giant temporal fluctuations in adaptation-deficient cells with
homogeneous chemoreceptor composition. (a) (Top) Stimulus protocol for
L-serine concentration ([L](t )). At the start of the experiment, a saturating
concentration ([L] = 1mM, black) is applied for a short time. After flushing buffer
([L] = 0, white), an intermediate concentration ([L] = 25µM, gray) is sustained for
∼10 minutes. (Bottom) Population-averaged time series of 58 adaptation-deficient
cells expressing Tsr as the sole chemoreceptor (RB-Tsr+; TSS1964/pPA114)
under the stimulus protocol indicated above. (b) Selected single-cell time series
of the population shown in panel (a), each normalized to its activity level before
adding the first stimulus. To the unfiltered data (gray) a 7s moving average filter
is applied and superimposed (colored according to categories in Fig. 5.3a).
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5 Stochastic two-state switching in chemoreceptor activity

black curve). The numbers of cells corresponding to each of the categories
described above are summarized in Fig. 5.3a.

5.2.3 Stochastic two-state switching of chemoreceptor array
activity

The observation of cells that demonstrate spontaneous two-level switching
is particularly surprising, given the large number of molecules involved in
receptor-kinase signaling. The expression level of each protein component of the
chemoreceptor-CheW-CheA signaling complex in our background strain (RP437)
and growth medium (TB) has been estimated (by quantitative Western Blots)
to be of order 104 copies/cell [102]. Considering that the core unit of signaling
has a stoichiometric composition of receptor:W:A = 12:2:2 (monomers) [104],
the number of core units is likely limited by the number of receptors, leading
to an estimate 104/12 ∼ 103 core units for a typical wildtype cell. This estimate
does not apply directly to the experiments of Fig. 5.2 because receptors are
expressed from a plasmid in a strain deleted for all receptors. But the FRET
response amplitudes of these cells were similar to those of cells with a wildtype
complement of receptors [193], and we thus expect the number of active core
units per cell in the experiments of Fig. 5.2 to be similar to or greater than that in
wildtype cells.

We analyzed further the temporal statistics of the discrete transitions in the
subset of cells exhibiting two-level switching (Fig. 5.3). We first quantified
the duration of such transitions by fitting segments of the activity time series
over which these switches occured (Fig. 5.2b) by a symmetrized exponential
decay function (see §5.4.2) to obtain switch durations τ+ and τ− for upward and
downward transitions, respectively. The fitted values for τ+ and τ− correspond
to the duration over which the activity trajectory traverses a fraction 1− e−1 of
the transition’s full extent, and were found to be similar between switches in both
directions: 〈τ+〉±στ+ = 4.2 ± 2.2 s and 〈τ−〉±στ− = 3.5 ± 3.2 s (Fig. 5.3c). We
note that these transition times are significantly greater than, but close to, the
data acquisition interval (1 s), and so the shape of the fitted function should be
considered a first approximation to the true rise and decay dynamics.

We then considered the duration of time between switching events. We
defined ∆tup,k and ∆tdown,k as the duration of the k-th time interval between
transitions with high- and low-activities, respectively (Fig. 5.3b), and computed the
average over all k of ∆tup/down,k for each individual cell to estimate its residence
timescales τup/down for states of high/low activity, respectively. From each cell’s
set of intervals {∆tup/down,k} we also computed a parameter a1/2, defined as the
fraction of time the cell spent in the high activity level, as a measure of its
time-averaged activity during the sub-saturating (20µM) L-serine stimulus that
yielded a population-averaged response 〈a〉 ≈ 1/2 (see Measuring FRET in single
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Figure 5.3: Analysis of cells showing two-state switching as a simple barrier-
crossing process. (a) Classification of RB-Tsr+ single-cell fluctuation phenotypes
by the number of stable activity levels observed during the sustained subsaturating
stimulus. Many cells show only one stable activity level (yellow), corresponding to
either full-amplitude response (a → 0) or no response (a → a0). Some cells show
two (red) or more (purple) apparently stable states. In other cells, fluctuations
appeared chaotic with no discernibly stable state (black). (b) Definitions for
analysis of two-state switching dynamics. The transition timescales τ+ and τ−
were determined by fits of a symmetric exponential function (see main text)
to the upward (cyan) and downward (purple) switching transients, respectively.
Residence times ∆tup,down were defined as the interval between two successive
transitions, at 50% activity. (c) Histogram of transition timescales, τ+ (4.2 ± 2.2s,
26 events, cyan) and τ− (3.5 ± 3.2, 29 events, purple) from 10 two-state switching
cells of a single experiment with 1 Hz acquisition frequency. (d) Mean residence
times τup and τdown for two-state switching cells as a function of the average
activity bias ln[a1/2/(1− a1/2)]. The slopes are γdown = −0.4±0.1 and γup =
0.6±0.1, and the crossover point at τup = τdown = 110±10 s defines a characteristic
switching timescale. Data of 17 cells from 3 independent experiments (one at 1
Hz acqusition, two at 0.2 Hz acquisition).

bacteria).
We found that the logarithms of the mean residence times τup and τdown

scale approximately linearly with ln[a1/2/(1−a1/2)] (Fig. 5.3d). The latter can
be considered a free-energy difference (−∆G) =Gdown −Gup between the inactive
and active states of an equilibrium two-state switching process in which the time-
averaged activity a1/2 is given by the probability of being in the active state,
a1/2 = p(active) = (1+ e∆G/kB T )−1. The residence time in each state can then
be described by an Arrhenius-type relation with characteristic time for barrier
crossing τr and the height of the energy barrier dependent on ∆G ,

τdown = τr exp
[−γdown∆G/kB T

]
τup = τr exp

[−γup∆G/kB T
] (5.1)
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5 Stochastic two-state switching in chemoreceptor activity

where the (dimensionless) constants γdown and γup describe how the barrier heights
of the down and up states, respectively, depend on the free-energy difference
∆G = kB T ln[(1− a1/2)/a1/2]. We find γdown = −0.4± 0.1, γup = 0.6± 0.1, and
the characteristic timescale τr , defined here as equivalent to τup = τdown when
∆G = 0 (and hence a1/2 = 0.5), was found to be 110 ± 10 s. The fact that
the mean residence times (τup,τdown) scale exponentially with the apparent free
energy difference (∆G) indicates that receptor-kinase switching can, to a first
approximation, be treated as a barrier-crossing process.

In summary, these data demonstrate the existence of a signaling noise source
that is independent of the adaptation enzymes CheR/CheB. The fluctuations they
generate can be very strong in cells expressing Tsr as the sole chemoreceptor,
leading to two-level switching in a subset of cells. The latter observation suggests
that cooperativity among signaling units in homogeneous chemoreceptor arrays
can reach extremely high values, with up to ∼ 103 units switching in a cooperative
fashion. The temporal statistics of these two-level switches are consistent with
a barrier-crossing model in which the residence time of both states depend on
the activity bias ln[a1/2/(1−a1/2)] in a nearly symmetric manner with opposing
signs.

5.2.4 Giant fluctuations are absent in cells defective in
cooperativity

To further investigate the underlying mechanism of these fluctuations, we per-
formed a similar experiment with a Tsr mutant (Tsr-F396Y) which is defective in
receptor cooperativity (Fig. 5.4a, see Chapter 6, in which we show that the ligand-
response Hill coefficient of single cells is reduced from ∼ 20 in wildtype to 1.6).
When stimulated with a sub-saturating stimulus that inhibits approximately one
half of the population-averaged activity level, the fluctuation amplitude, as judged
from the average single-cell power spectra (Fig. 5.4b), decreased drastically. The
single cell time series did not show any stochastic discrete transitions (Fig. 5.4c)
or large fluctuations. The slight elevation of the spectrum of Tsr-F396Y at
low frequencies might be due to the residual cooperativity of this mutant (1.65,
instead of 1). Imaging the chemoreceptors revealed that Tsr-F396Y has impaired
clustering compared to Tsr-WT (K. Scherer, personal communication), suggesting
that the chemoreceptors might be able to form small arrays, but not large ones.
The absence of fluctuations and switching in Tsr-F396Y strongly suggests that the
fluctuations we have observed in the absence of the adaptation enzymes CheR and
CheB either originate in the cooperative interactions within the chemoreceptor
array, or that a noise source external to the chemoreceptor array is amplified by
the cooperativity of array components.
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Figure 5.4: Experiments with mutant defective in cooperativity show no
stochastic switching behaviour. (a) Hill curves illustrating the difference in
cooperativity of the dose-response curves between wildtype Tsr and Tsr-F396Y.
The dose response parameters are the average single-cell fit values obtained
from single-cell FRET experiments on both genotypes in cheRB background
(See Chapter 6). (b) PSD estimates for temporal signal fluctuations from cells
expressing wildtype Tsr and Tsr-F396Y in cells without chemoreceptors and
adaptation enzymes (TSS1964/pPA114). Shown are the average of the single
cell PSD estimates from a single experiment, error bars represent s.e.m. (c)
(Top) Stimulus protocol for L-serine concentration ([L](t )). At the start of
the experiment, a saturating concentration ([L] = 1mM, black) is applied for
a short time. After flushing buffer ([L] = 0, white), an intermediate concentration
([L] = 150−175µM, gray) is sustained for ∼10 minutes. (Bottom) Representative
single-cell time series, each normalized to its activity level before adding the first
stimulus. The top two curves are taken from an experiment (34 cells) responding
to 150µM, bottom three curves from a second experiment (49 cells) responding to
175µM. To the unfiltered data (gray) a 10s moving average filter is applied and
superimposed.
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5 Stochastic two-state switching in chemoreceptor activity

5.2.5 Adaptation-independent fluctuations in the absence of
ligand stimulation

The experiments on Tsr-WT, Tsr-F396Y have in common that fluctuations are
studied in the presence of chemoattractant, while the fluctuations due to methyla-
tion we have observed (Chapter 4) take place in the absence any applied ligand.
Could the observed unsteadiness of signaling in adaptation deficient cells arise
from fluctuations in ligand uptake or binding? Wildtype cells (CheRB+) show
sponteneous fluctuations because the bias of the chemoreceptor arrays in wildtype
cells is reduced from a0 ≈ 1 to a0 ≈ 1/3 by post-translational modifications of
the chemoreceptors due to CheR and CheB. It is possible to change the bias of
the chemoreceptor using genetic modifications that mimic the post-translational
modifications catalyzed by the adaptation enzymes CheR and CheB [183]. Cells
expressing Tar in the QEEE modification state have an intermediate activity bias
in the absence of ligand. We measured fluctuations in cells expressing Tar-QEEE
(TSS1964/pVS120) in the absence of any stimulus, and then added a saturating
amount of chemoattractant and chemorepellent to determine the extremes of each
single-cell FRET response. Whereas the population-averaged FRET signal did not
show large fluctuations (Fig. 5.5a), we found that individual cells exhibit very large
fluctuations (Fig. 5.5b) similar to the fluctuations observed in cells expressing
chemoreceptor Tsr, but with the difference that in the case of Tar-QEEE, the
fluctuations could be observed in the absence of ligand. Of all the 194 tested
single cells of this strain, 33 cells demonstrated two-state switching (Fig. 5.6a).
We calculated the residence times ∆tup,k of the two-state switching cells and found
that the interval times τup/down obtained from the fluctuations in Tar-QEEE cells in
the absence of ligand scaled with the free energy from the activity bias (Fig. 5.6b).
The slopes of logτup/down versus log[a1/2/(1−a1/2)] were γup = 0.48±0.06 and
γdown = −0.40±0.05. The characteristic timescale τr = 75±6 s is of the same
order, but somewhat shorter, compared to fluctuations observed with Tsr. These
similarities between the fluctuations in Tar-QEEE in the absence of stimulation
and those from cells expressing Tsr during ligand stimulation (Fig. 5.3b) suggest
they have similar mechanistic origins and are a property of the chemoreceptor
arrays, not specific to a particular chemoreceptor species.

We investigated the transition time of each switching event in cells with
Tar-QEEE arrays. By fitting the decay or increase with the same symmetric
exponential function as was used for fluctuations in Tsr arrays we found for
the average transition time over all events in all cells 〈τ+〉±στ+ = 5.4 ± 4.5 s
and 〈τ−〉±στ− =6.0 ± 4.6 s (Fig. 5.7a). The variability in these timescales was
quite large among al events, raising the question what could be the main variable
determining this variability. Although the complete answer is beyond the scope of
this present study, we noted a positive and significant correlation (ρ = 0.49±0.42)
between the average transition times per cell 〈τ±〉i for decay and rise events
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Figure 5.5: Adaptation-deficient cells with intermediate activity bias exhibit
fluctuations in the absence of ligand stimulation. (a) (Top) Stimulus protocol for
L-serine concentration ([L](t )). After flushing buffer ([L] = 0, white) is sustained
for ∼10 minutes, after which a saturating attractant concentration ([L] = 1mM
MeAsp, black) is applied for a short time, finalized with a saturating repellent
stimulation (300µM NiCl2, red). (Bottom) FRET timeseries of a population of
75 cells (RB- Tsr-QEEE; TSS1964/pVS120) responding to the applied stimulus
protocol. The time series has been normalized to the response to the repellent
stimulus. (b) Selected single-cell time series of the population shown in panel
each normalized to its activity level to the repellent stimulus. To the unfiltered
data (gray) a 10s moving average filter is applied and superimposed (Red colored
time series indicate two-state switching, Fig. 5.5a).

(Fig. 5.7), implying there is a cell-specific parameter that affects the transition
times of both up and down transitions in a rather symmetric way.

In summary, these experiments on cells expressing Tar-QEEE as the sole
chemoreceptor revealed that ligand stimulation is not required for giant fluctua-
tions in signaling activity. including stochastic two-state switching behavior. The
two-state switching behavior of these cells expressing Tar-QEEE in the absence
of ligand closely resembled that of cells expressing Tsr exposed to subsaturating
ligand doses, both in the fraction of cells that exhibited two-state switching (12
% and 17 %, respectively) and the characteristic timescale of the residence times
(110 vs 75 seconds). The duration of transition events (3-6 s) were also similar,
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than three events up and down do not have an error basin. Pearson-correlation
coefficient is ρ = 0.49±0.42. The bias of the distribution is 〈τ+〉−〈τ−〉 =−0.8
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but seem to be somewhat slower for Tar-QEEE compared to Tsr cells. We note
that because in our analysis these timescales are constrained to be positive, the
difference in sample size may contribute to this disparity.

5.2.6 Is chemoreceptor switching a non-equilibrium process?
Most quantitative models of chemoreceptor array activity have assumed that
receptor-kinase activity modulation is an equilibrium process, in which no energy
is dissipated and all microscopic transitions obey detailed balance. While these
models are usually simpler than non-equilibirum descriptions, and hitherto ob-
tained (population-averaged) experimental data can be explained by equilibrium
models, there has been no direct evidence in support of either of these two classes
of models. However, a number of key processes within the chemosensory array
are in fact dissipative, such as receptor methylation/demethylation, and also CheA
kinase autophosphorylation. If the latter would influence the kinetics of receptor-
kinase switching, one would expect an asymmetry between switching at high
and low activity bias since the kinase dissipates (chemical) energy only when
active. While our results show that the mean residence times of cells τup/down
scale exponentially with the activity bias, that observation does not rule out the
possibility that non-equilibrium processes play a role in switching. Seeking further
insight regarding this issue, we asked how the intervals ∆tup/down,k within each
cell are distributed. Since the number of events per cell is small, we sorted the
events by activity bias and made histograms of all intervals of cells with Tar-QEEE.
As expected, we see that the distributions ∆tup,k and ∆tdown,k vary systematically
with activity bias (Fig. 5.8), with the two distributions appearing similar in cells
with an activity bias of 0.45 < a ≤ 0.55 (close to ∆G=0) look similar.

If the interval timescale is a simple memoryless process, the distribution for
interval times is expected to be exponential. It has been shown that this property is
shared between all equilibrium allosteric models that obey detailed balance [212].
We notice that the distribution of interval times around a = 0.5 deviates from an
exponential distribution (Fig. 5.6c), indicating the possibility that receptor-kinase
is a non-equilibrium process. While drawing events from several cells (each
with an exponential distribution defined by a different timescale) could lead to a
non-exponential ensemble distribution, this cannot explain why the distribution
appears to be peaked. This can be seen simply from considering the derivative
of a sum of exponential functions ci e−t/τi with positive definite prefactors ci and
(potentially) different timescales:

d

d t

∑
i

ci e−t/τi =∑
i

d

d t
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i
−
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in which the negative derivative shows that the resulting sum of exponentials is
a monotonically decaying function. Taken together, while the scaling of mean
residence times with the activity is consistent with a simple barrier-crossing
(equilibrium) process, the peaked distribution of interval times raises the intriguing
possibility that chemoreceptor switching is a dissipative process.

5.3 Discussion

We found temporal fluctuations in adaptation-deficient (CheRB-) cells expressing
wildtype chemoreceptor complement (Figs. 5.2), but these fluctuations were most
dramatic in cells with only one chemoreceptor species (Figs. 5.2 and 5.5). When
brought close to their dose-response transition point (K ) by attractant stimulation
or by changing the activity bias via genetic modifciation, these cells demon-
strated strong temporal fluctuations, revealing that there exist sources of signal
fluctuations that are independent of CheR and CheB activity. The origin of these
adaptation-independent fluctuations remain unknown, but in broad terms, one can
envisage that they are due to either intrinsic sources (i.e. fluctuations arising within
the components of the receptor-kinase complex), extrinsic sources (i.e. fluctuations
in other cellular processes / environmental variables), or both. Possible intrinsic
sources include coupled fluctuations in protein conformations [51, 121, 180, 187],
the slow-timescale changes in receptor “packing" that have been observed by
fluorescence anisotropy measurements [64, 218], and the stochastic assembly
dynamics of receptor clusters [71]. Possible extrinsic sources include fluctuations
in the cell’s metabolism, or membrane physiology. Fluctuations of one potential
extrinsic noise source, namely active transport/consumption of ligand, is excluded
by our observation that the fluctuations can take place in the absence of applied
ligand.

The adaptation-independent fluctuations we observed were not only large
in amplitude but often (though not always) took the form of discrete steps in
activity, in some cases between only two levels. Two-state descriptions of receptor
signaling are a common feature of nearly all mechanistic models of bacterial
chemotaxis signaling addressing both cooperativity [51, 85, 121, 123, 180] and
adaptation [7, 10, 57, 59, 130, 215], yet direct evidence for two-state switching by
receptor-kinase complexes has been lacking. Regarding cells that exhibited step-
like transitions among more than two stable states, a plausible interpretation is that
the underlying transitions are actually two-level, but the majority of the receptor-
kinase population is partitioned into two or more disjoint signaling arrays which
fluctuate independently. Experiments which visualise the cluster organisation
and measure the FRET response on the same cells would provide an interesting
direction for future FRET studies.

Although as noted above, it is yet possible that the two-level switching we
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Figure 5.8: Switching residence time distri-
butions. (a) Distribution of residence times
∆tup (green, 140 events) and ∆tdown (blue,
136 events) of all events obtained from Tar-
QEEE cells. (b) Distribution of residence
times ∆tup (green) and ∆tdown (blue) sorted
by steady-state activity as indicated in each
panel. Number of events {∆tdown,∆tup}
per histogram, from top to bottom: {13,12},
{21,19}, {34,33} , {35,38} and {33,38}. Shaded
areas represent 95 % confidence interval
obtained through bootstrapping.
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observed (Fig. 5.2b) is due to extrinsic noise sources (e.g. metabolism or transport),
the temporal statistics (Fig. 5.3 and 5.6) are compatible with a simple model in
which two stable signaling states are separated by an energy barrier sensitive
to both environmental stimuli and internal cell variables. Our observation of
fluctuations in the absence of ligand stimulation exclude one potential external
noise source, namely fluctuations in transport or metabolism of chemoeffector
ligands. If the stochastic two-level switching we observed is indeed due to
intrinsic sources of noise, it would strongly suggest (as discussed in above) that
at least many hundreds, if not thousands of receptor-kinase units are switching
in a cooperative fashion. The rather long timescale associated with intervals
between switches (≈ 102 s) is indicative of their large size, and is also clearly
distinct from the methylation-dependent fluctuation timescale (≈ 10 s) observed in
CheRB+ cells. The switching duration (≈ 5 s) , is also much slower than the sub-
second response to attractant stimuli [173, 191]. Interestingly, these timescales
(∼ 102 s and ∼ 100 s for inter-switch intervals and switch durations, respectively)
are approximately 102-fold longer than those measured by [8] for the two-state
switching of the flagellar motor (∼ 100 s and ∼ 10−2 s for inter-switch intervals
and switch durations, respectively), whose C-ring is composed of ∼ 101 allosteric
units, approximately 102-fold less than the ∼ 103 units we estimate for the number
of receptor-kinase units per cell in our experiments. The study of [8] demonstrated
impressive agreement between those temporal statistics and predictions of a
"conformational spread" model [21, 50], an adaptation of the equilibrium Ising
model for ferromagnetism [77]. It would be interesting to investigate whether
similar Ising-type models for the receptor lattice [51, 121, 180, 188] can explain
the timescales observed in our receptor-kinase switching data.

Although our results indicate that, at least to a first approximation, receptor-
kinase switching can be treated as a thermally driven barrier-crossing process,
we note that our data do not rule out the possibility of non-equilibrium switching
mechanisms [212]. In fact, the deviation from an exponential distribution distri-
bution of the residence times for cells with an activity bias around 1/2 (Fig. 5.8)
could indicate a dissipative process [212]. In such a situation, the differences in
average transition times per cell could indicate cell-to-cell variability in energy
dissipation, possibly in combination with variability in chemoreceptor cluster
size, of which the latter could also explain the variability in case the switching
process is passive. While equilibrium models have been highly successful in
explaining chemoreceptor array behavior, this does not exclude the possibility
of non-equilibrium processes. Indeed, despite the success of equilibrium models
in closely matching a wealth of data on the flagellar motor switch [8], recent
experiments have revealed new evidence that switching of the motor C-ring
likely includes also an active component, effectively utilizing part of the energy
dissipated in motor torque generation to enhance sensitivity [226]. Like the motor
C-ring switch, whose state is only observable when coupled to rotation driven by
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dissipative proton conduction, essentially all experimental methods available to
study receptor-kinase signaling involve coupling to a dissipative process (ATP
hydrolysis by CheA) for readout. The experimental access to receptor-kinase
temporal statistics afforded by single-cell FRET holds promise to further help
discriminate possible equilibrium and non-equilibrium mechanisms for signal
processing within this remarkable protein circuit.

5.4 Materials and Methods

5.4.1 FRET experiments
FRET experiments were performed as described in Chapter 2, which includes a
list of the strains and plasmids used in this study (§2.4). The expression of Tsr
and Tar-QEEE from a plasmid was set with respectively 0.6 and 2.0 µM sodium
salicylate [NaSal].

We thank Fotis Avgidis, Francesca van Tartwijk and Iwan Vaandrager for help
with FRET experiments and Simone Boskamp for cloning and cell culture.

5.4.2 Two-state switching analysis
Since the amplitude of two-state switches is much greater than the noise, switching
events times t0 could be easily read off by eye. We obtained switching durations
by fitting the function

a(t ) = 1

2
± 1

2

t − t0

|t − t0|
(1−e−2|t−t0|/τ± ) (5.2)

to the normalized FRET time series in a 30-second time window, approximately
±15 s from t0. The residence times ∆tup,i ,k and ∆tdown,i ,k of event k in cell
i were defined by the time between transitions or the beginning/end of the 20
µM stimulus time window. The steady-state activity during activity was then
calculated as

a1/2,i =
∑

k ∆tup,i ,k∑
k ∆tup,i ,k +

∑
k ∆tdown,i ,k

(5.3)

and for the residence times we take the mean of ∆tup/down,k over k to obtain τdown
and τup. If we treat the system as an equilibrium process we can use the Arrhenius
equations that describe the residence times as a function of the distance to the
energy barrier

τdown = τr exp
[
γdown ln[a1/2/(1−a1/2)]/kB T

]
τup = τr exp

[
γup ln[a1/2/(1−a1/2)]/kB T

] (5.4)
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in which γdown and γup are constants corresponding to the slopes of lnτdown and
lnτup against ln[a1/2/(1−a1/2)], respectively. The fit parameters and standard
error are obtained with the robustfit function in Matlab (statistics toolbox).
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