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Abstract

Due to their relatively small size and a limited number of components, cells are intrinsically
subject to stochastic fluctuations. Whereas stochasticity in gene expression has been extensively
investigated, much less is known about posttranslational noise arising from activity fluctuations
within protein networks. The pathway controlling chemotaxi€stherichia coliprovides one

of the few examples where signaling noise has been previously deduced from cellular behavior.
Here we use direct single-cell FRET measurements of the pathway activity to directly confirm
the existence of signaling noise in chemotaxis and to characterize its determinants. Our analysis
confirms previously proposed role of chemoreceptor methylation enzymes as major contributors
to the pathway noise. However, it also demonstrates that allosteric interactions and slow receptor
rearrangements within clusters of chemoreceptors contribute largely to activity fluctuations.
Resulting mathematical description of activity fluctuations illustrates the inherent relation

between the noise in the signaling system and its sensitivity to perturbations.
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Introduction

It is well established that cellular processes are prone to fluctuations due to their intrinsic
stochasticity combined with a small number of reactant molecules [1-3]. Best-characterized
examples of such cellular noise relate to the variability in expression of genes or proteins,
observed either across a population of genetically identical cells or within one cell over time [4,
5]. Such stochastic variability may be further enhanced by feedbacks present in gene regulatory
networks, in extreme cases causing genetically identical cells to exhibit distinctly different
behaviors [6-8]. In most cases the effects of noise are detrimental, limiting the ability of cellular
networks to precisely perform such functions as information processing [1, 9-12]. Therefore,
cellular networks are believed to have evolved features that enable them to function robustly in
presence of stochastic fluctuations in the levels of their components [13-16].

In contrast to gene expression noise, much less is known about the origins, extent or effects of
noise that can arise at the posttranslational level, although such noise is expected to be
ubiquitous. Chemotaxis d&scherichia coli, a bacterial model for signal transduction, previously
provided one of the few examples where signaling noise within the network has been indeed
deduced from studies of cell motility and flagellar rotation [17-23]. Subsequent theoretical
analysis suggested that such behavioral fluctuations might provide physiological benefit, by
enhancing environmental exploration [18, 24-28].

At the molecular level, these fluctuations were proposed to originate within the methylation-
based adaptation system [17, 29, 30]. Adaptation in chemotaxis is mediated by two enzymes, the
methyltransferase CheR and the methylesterase CheB, which respectively add or remove methyl

groups at four specific glutamate residues of the chemoreceptors [31-35]. Notably, for the major
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chemoreceptors @&. coli, Tar and Tsr, two of these residues are initially encoded as glutamines
that are functionally similar to methylated glutamates and subsequently deamidated to
glutamates by CheB [35, 36]. Changes in receptor methylation control the activity of the sensory
complexes which further include the receptor-associated kinase CheA and the scaffold protein
CheW, such that methylation compensates effects of chemotactic stimulation via negative
feedback loops [37-40]. This adaptation enables cells to robustly maintain intermediate CheA
activity and thus intermediate phosphorylation of the response regulator CheY. Phosphorylated
CheY (CheY-P) controls the rotation of flagellar motor and cell swimming. The adapted level of
CheY-P falls into the most sensitive part of the motor response [41], ensuring that bacteria
remains chemotactic in a wide range of background stimulation.

Despite this importance of the adaptation system for robust maintenance of the average signaling
output, the relatively small number of methylation enzymes [42] and their slow exchange rates at
their receptor substrates [43, 44] may result in fluctuations of the level of phosphorylated CheY
[17, 18, 20]. Further amplified by the cooperative response of flagellar motor [29, 41], these
fluctuations were suggested to produce the observed large variation in the motor rotation [18, 23]
and in the swimming behavior [17, 45] of individual cells over time.

Besides amplification at the motor level, signals in the chemotaxis pathway are also amplified by
cooperative interactions in signaling arrays (clusters) of chemoreceptors [46, 47]. These
interactions have been previously described using either the Monod-Wyman-Changeux (MWC)
model which assumes that receptors operate in units (signaling teams) of 10-20 dimers where
activities of individual receptors are tightly coupled [48-50] or using an Ising model of a receptor

lattice with intermediate coupling [51]. But despite the established importance of these
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cooperative interactions for signal processing, the contribution of receptor clustering to the
pathway noise remained untested.

Here we directly monitored signaling noise B coli chemotaxis pathway using Forster
(fluorescence) resonance energy transfer (FRET). Combining single-cell experiments with
mathematical analysis, we show that pathway activity fluctuations arise from interplay of
multiple factors. Besides the methylation system, these include previously observed slow
rearrangements within receptor clusters [52] as well as the cooperative interactions between

clustered chemoreceptors.

Results

Pathway activity fluctuations in adapting cells

To perform time-resolved characterization of the chemotaxis pathway activity in indidual

coli cells, we adapted the microscopy-based ratiometric FRET assay that was previously used at
the population level [53] This assay relies on the phosphorylation-dependent interaction
between CheY, fused to yellow fluorescent protein (CheY-YFP), and its phosphatase CheZ,
fused to cyan fluorescent protein (CheZ-CFP). Whereas previous measurements of this FRET
reporter relied on the signal collection from an area containing several hundred cells using
photon counters [54], here we used imaging with the electron multiplication charge-coupled
device (EM-CCD) camera (see Material and Methods). When integrated over the population, the
chemoattractant responsemfcoli cells that express the FRET pair and a major chemoreceptor
Tar (Figure 1A) was very similar to the one observed previously [53Upbh stimulation with

the chemoattractani-methyl-aspartate (MeAsp) the ratio of the YFP to CFP fluorescence
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decreased, consistent with the attractant-mediated inhibition of the kinase activity, and therefore
of energy transfer from the donor (CFP) to the acceptor (YFP). Furthermore, the pathway
subsequently adapted to the new background level of attractant via the CheR-dependent increase
in receptor methylation, but as previously reported adaptation to high levels of MeAsp is only
partial [55-57]. Subsequent removal of attractant resulted in a transient increase in kinase
activity, followed by the CheB-mediated adaptation through the demethylation of receptors.
Although the YFP/CFP ratio measured for individual cells during the same experiment was
expectedly noisier than the population-averaged data, both the initial response and subsequent
adaptation were clearly distinguishable (Figure 1B). In contrast to the population measurement,
however, a majority of individual cells also exhibited large fluctuations in the YFP/CFP ratio
(also Figure 1 — Figure Supplement 1), which were apparently different from the measurement
noise that was observed in the negative control (receptorless cells with largely inactive pathway;
Figure 1 — Figure Supplement 2). For cells adapted in buffer, these fluctuations could be as large
as the response to attractant. Importantly, these long-term fluctuations were initially suppressed
upon saturating inhibition of the pathway activity with 10 M MeAsp but then (partly) recovered
upon (imperfect) adaptation, confirming their relation to the pathway activity.

To analyze these fluctuations in greater detail, the power spectral density (PSD) of the single-cell
YFP/CFP ratiosg(w), was computed for buffer- or attractant-adapted cells, as well as for the
receptorless cells that do not activate CheA. The PSD enables to extract the average spectral
content of the temporal variations of the single-cell rat&,to determine frequencies at which

this ratio fluctuates. To rule out possible effects of the initial state of receptor modification on the
observed fluctuations, we analyzed cells that express Tar in either the native half-modified

(Tar*E?H state or in the unmodified (T&FY state. We observed that at high frequency the PSD
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115 kept a constant value independent of the condition or strain (Figure 1C), indicating that in this
116  frequency range the shot noise of the measurements sets the lower bound of measurable kinase
117  activity fluctuations. For the chemotactic cells adapted in buffer, the measured PSD increased
118 dramatically at lower frequency (roughly B&w), reaching a low frequency plateau at 0.015 Hz.

119  Cells expressing TEF or Tac?F showed essentially identical behavior. Similar increase of
120 the PSD at low frequency was observed for cells adapted to either 10 or 25 uM MeAsp, although
121  the amplitude of this increase was smaller than for the buffer-adapted cells. In contrast, the
122 receptorless strain showed nearly constant noise level over the entire frequency range.

123  The PSD was further used to calculate the average time autocorrelation function of the single-
124  cell ratio (Figure 1D), which reflects the characteristic time scale of activity fluctuations. For
125 cells adapted in buffer, the autocorrelation time constant was 9.5 £ 0.5 s (as determined by a
126  single exponential fit of the correlation function), which is similar to the characteristic time of
127 the pathway activity fluctuation previously deduced from behavioral studies [17, 22]. Same
128 characteristic time was observed in the MeAsp-adapted cells, although the amplitude of the
129  correlation was considerably smaller in this case. Interestingly, on the longer time scale the
130 autocorrelation function becomes weakly negative, indicating an overshoot that is likely caused
131 by the negative feedback in the adaptation system [58]. No autocorrelation was observed for the
132 receptorless cells, again confirming that the autocorrelation is due to fluctuations of the pathway
133 activity.

134
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Figure 1. Single-cell measurements of the pathway activity in ChéRCheB' cells. (A) Time course of the
population-averaged YFP/CFP ratio for the Ch€ReE strain expressing the FRET pair CheY-YFP and CheZ-
CFP and Tar as the sole receptor. Cells immobilized in a flow chamber under steady flow (see Materials and
Methods) were initially adapted in buffer and subsequently stimulated by addition of indicated concentrations of a
non-metabolizable chemoattractant MeAsp (blue arrows). The red arrow represents the removal ofBYl@isp. (

course of the YFP/CFP ratio for representative single cells during the experiments depistedhie Mmeasurement

traces have been shifted along the y-axis to facilitate visualiza@rRPdwer spectral density (PSD) of the ratio
measurements for single cells expressing Faor TaRE%Fin buffer (dark and light blue curves) and & cells

adapted to 10 uM (orange curve) or 25 UM MeAsp (red curve), as well as for the receptorless strain in buffer (black
curve). D) The corresponding time autocorrelation functions of the single-cell ratio. The error bars represent
standard errors (SEM), and the sample sizes are 103 (receptorless strain), 203 ifThuffer), 265 (T&F°Fin

buffer), 69 (10 uM) and 219 (25 uM) single cells coming from at least three biological repeats in each case.

Activity fluctuations in adaptation-deficient cells
We next tested whether the observed fluctuations could be solely explained by the action of the

adaptation system, by measuring the single-cell pathway activity in a strain lacking CheR and
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CheB. Given the observed dependence of the fluctuation on the level of the pathway activity, we
first tested theAcheRcheBstrain that was engineered to express Tar receptor in one-modified
state (TaP=5), which closely mimics the average modification state and intermediate activity of
Tar in CheR CheB cells adapted in buffer [53, 59]. Expectedly, these cells showed a
pronounced response but no adaptation to MeAsp, both at the population and single-cell level
(Figure 2A). To our surprise, however, pathway activity in®fr cells showed pronounced
fluctuations despite the lack of adaptation system. In the strain expressiti§=Tas the sole
receptor, no fluctuations were observed in buffer, wher&@fais highly active and has low
sensitivity to stimulation [59, 60]Nevertheless, fluctuations were again observed when the
activity of Ta=®Fwas partly inhibited by stimulating cells with an intermediate level of MeAsp
(Figure 2B,C). In both cases, fluctuations were completely abolished upon saturating attractant
stimulation, confirming their specificity.

Thus, at the intermediate level of pathway activity where the receptors are highly sensitive to
stimulation, signaling fluctuations can be observed even in absence of the methylation system.
Their PSD rose above shot noise at low frequency (roughly asééd-igure 2C). Nevertheless,
these methylation-independent fluctuations were slower than those observed in the€a&BR

strain (compare Figure 2C with Figure 1C), with a typical time scale of 34 + 4 s (determined by

single exponential fit of the curves of Figure 2D).
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172 Figure 2. Pathway activity fluctuations in AcheRcheB cells. (A) Time course of the population-averaged (black)

173 and typical single-cell (colors) YFP/CFP ratios for feheR cheBtrain expressing T3" as the sole receptor, in

174 buffer and upon stimulation with 30 uM MeAsp, as indicated by the blue arrows. The red arrow represents the
175  return to buffer condition. Measurements were performed as in FiglBe$ame as (A) but for thacheR cheB

176  strain expressing TaF°F as the sole receptor and upon stimulation with 30 pM and then 100 uM ME)SSD

177  of the single cell ratio for TAF=Ein buffer (blue) or in 30 uM MeAsp (cyan), T&FFin buffer (orange), in 30 pM

178 MeAsp (red) or in 100 uM MeAsp (yellow)D] Corresponding time autocorrelation functions of the single cell
179  ratios. Error bars represent standard errors (SEM), and the sample sizes are 653 pldfer), 65 (Taf=-, 30

180  pM), 471 (TaPE®E buffer), 404 (T&#°F, 30 uM) and 136 (T&F?E 100 puM) single cells coming from at least three

181  biological repeats in each case.

182

183  Role of receptor cooperativity in signaling noise
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To investigate whether the observed fluctuations depend on cooperative interactions between
chemotaxis receptors, we utilized a recently described CheW-X2 version of the adaptor protein
CheW, which carries R117D and F122S amino acid replacements disrupting the formation of the
receptor arrays without abolishing signaling [61]. IndeeficlzeRcheBstrain expressing CheW-

X2 and TaPc@F showed basal activity and response to MeAsp which were similar to the
respective strain that has the native CheW (Figure 3A and Figure 3 — Figure Supplement 1).
Nevertheless, this strain showed no long-term fluctuations in the pathway activity, even when its
activity was tuned to an intermediate level (Figure 3B,C). Similarly, the array disruption allowed
signaling (Figure 3D) but abolished the long-term activity fluctuations in CI@RE cells

(Figure 3E,F). These results demonstrate that long-term fluctuations in activity observed either
with or without the receptor methylation system require cooperative interactions between

receptors.
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Figure 3. Fluctuation analysis in CheW-X2 cells(A) Population averaged FRET ratio for adaptation deficient
strain carrying CheW-X2 and TH*F as the sole receptor. The cells, which have a high activity in buffer, were first
exposed to 100 pM MeAsp, which fully inhibited kinase activity, and then to 10 uM MeAsp to bring them to
intermediate activity level.B) Typical single cell FRET ratios for the same experiment as (A). The measurement
traces have been shifted along the y-axis to facilitate visualizati@nP¢wer spectral density of the ratio
fluctuations in CheW-X2\cheRcheBstrain (red) compared to the one in the equivalent strain carrying native CheW
(black — same data as Figure 2C). Disruption of signal amplification through cooperativity eliminated the
fluctuations. Error bars represent SEM, with sample sizes 404 (black) and 208 (redpeg)iSagme as (A-B) in
CheR CheB strain carrying CheW-X2 and T as the sole receptor. The activity in buffer is intermediate level,
300 pM MeAsp completely inhibited the kinase activify) Power spectral density of the ratio fluctuations in this
strain (red) compared to the native CheW case (black — same data as Figure 1C with re¢&pfprBreor bars
represent SEM, with sample sizes 202 (black) and 191 (red) @el3.Disruption of signal amplification through

cooperativity eliminated the fluctuations.

11


https://doi.org/10.1101/123935
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/123935; this version posted April 4, 2017. The copyright holder for this preprint (which was not

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Fluctuation dissipation relation for receptor clusters

To better understand the origin of the observed fluctuations and their relation to receptor
cooperativity, we considered the fluctuation dissipation theorem (FDT). It postulates that in
systems at equilibrium, thermal fluctuations of a quantity are related, via the temperature, to its
response to a small externally applied perturbation [62]. In out-of-equilibrium biological
systems, the process generating the fluctuations can be characterized by introducing an effective
temperaturel.¢(w), which in this case describes the energy scale and frequency content of the
underlying out-of-equilibrium noise generating the fluctuations [63-66].

Such a fluctuation dissipation relation for the activity of a single receptor team can be used to
predict a relation between the PSD and the average FRET response to stimulation. We first
considered the simpler case AatheRcheBcells, using an lIsing-like model [51, 67, 68] to
describe cooperative receptor interactions in a team (see Material and Methods),..For

signaling teams of strongly coupled signaling units in a cell, this yields:

sp(@) = =2 3L 22(A)(1 — (4)) Re(§(w)) + €3, (1)
whereg is the normalized pathway respondeis the number of effective cooperative units in a
team, (4) is the average activity around which fluctuations ocRug the YFP/CFP ratid? =
AA + u [54], ande? is the measurement shot noise. Importarglgould be experimentally
determined by measuring the FRET response to stepwise attractant stimulafggn) as
AR(t)/AR(+0) (Figure 4A). The values af could be estimated from experimental data (Figure
1A and 2A-B) aslzz_ = 0.1 andAgzz, = 0.09.
For AcheRcheRells, we observed thme(g(w)) — the real part of the Fourier transformgof

was proportional tasg(w) for (A) =0.5, at low frequencies (Figure 4B), as predicted by

12
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Equation 1, also yielding the shot noige~ 10~3. Furthermore, the PSD of these cells followed

the scaling(A)(1 — (4)) predicted by the FDT, as evident for subpopulations of cells sorted
according to their activity (Figure 4 — Figure Supplement 1). Thus, our model appears to
accurately describe the observed long-time activity fluctuationsleRcheRells, suggesting

that these fluctuations could in principle be explained as the consequence of white noise driving
an equilibrium system with the measured latency in the response to stimulation (Figure 4A).
Notably, this latency in response has been previously observed and attributed to slow changes in
packing of receptors within clusters [52]. Consistent with this interpretation, the CheW-X2
AcheRcheBstrain with disrupted receptor clustering showed no response latency (Figure 3 —
Figure Supplement 2) and no long-term activity fluctuations (Figure 3B,C).

Equation 1 further allowed us to estim@tg, the energy scale of the white noise driving activity
fluctuations in the adaptation-deficient cells, which was nearly independen{fogure 4D).

For TaPE®F at our expression levely ~ 14 allosteric units [56, 59, 69, 70] yieldé&d ¢/

Nieams = 5.51073kT. To accurately count the number of signaling teams, the dose-response
curve ofAcheRcheBCheW-X2 expressing TarF (Figure 3 — Figure Supplement 1) was fitted
using the MWC model, yielding a cooperativity number of2N Since in this strain
chemosensory complexes are believed to consist of two trimers of receptor dimers coupled to
one CheA dimer [47, 61], this result suggests thagffectively accounts for the number of
trimer of dimers (TD) in the signaling team. Assumikg,,. ~ 10* receptor dimers under our
induction level [42, 59], we obtaiV;.gms = Nrar /3N = 240 and kTes ~ 1.3 kT (Figure

4D). Thus, thermal fluctuations coupled to the long-term dynamics of the receptor cluster should

in principle be strong enough to generate the observed activity fluctuations.
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Figure 4. Fluctuation dissipation analysis of the pathway activity(A) Normalized response function g(t) in the
adaptation deficient case, evaluated\theR cheB+ Ta®=@F responding to a change from buffer condition to 30

UM MeAsp. B) The PSD of the activity in adaptation deficient strains at activity 0.5 (black) was proportional

to the response function in the frequency donmi(g(w)) in the low frequency range, and adjusted to Eq. 1 (red).

(C) The PSDs in adaptation proficient cellsdat= 0.5 (black) were adjusted to Eq. 2, providing an estimate of the
response function in adaptive cells (red)) Evaluated FDT ratios in both cases were constant, in the range of
frequency where measurement noise is negligible. In all panels, error bars represent SEM, with sample sizes 540

(AcheR chepand 203 + 265 (ChéRCheB) single cells in at least 5 biological repeats.

Interestingly, we also observed that fluctuations were unaffected by the expression level of the
receptors (Figure 4 — Figure Supplement 2). In the FDT framework, this would be the case only

if N/Nieams= 3N?/Nrar is constant. This indeed appears to agree with previous observation that the
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cooperativity rises with expression level of ¥at* in a way thatN?/Nrs remains unchanged

[59].

In presence of the adaptation enzymes, an effective fluctuation dissipation relation could be
predicted in the same theoretical framework, additionally including adaptation described
according to the classical two-state models of receptors [13, 69, 71], as

N(A)(1—(A)) .o Re(g(w))+ wrp |1§(w)|?
Nteams 1+2wRp Re(g(w))‘l' (wrBld(w)])?

S;((D) = Zleeffl + Eg; (2)

wherewgg = N(A)(1 — (A)) k,(kgr + kg((A)) ) is the activity-dependent rate of adaptation (see
Material and Methods). The experimental(w) for CheR CheB cells was adjusted to
Equation 2, using the functiof(w) computed foricheRcheBthe prefactores andwgg being
adjustable parameters. The adjusted curve and the experimental PSD were in excellent
agreement for the whole range of frequencies (Figure 4C). The estimated value of the
methylation-dependent memory wag = 1/wgzg = 7.1s, consistent with previous estimates

[22], and the effective temperature wa8.;; = —3.7 kT, assumingl = 0.09 and other
parameters as in thecheRcheBcase. We further considered that the adaptation enzymes are
much fewer than their receptor substrates — only 15% of the receptors can be (de)methylated at
any given time, since only 140 CheR and 240 CheB molecules [42] act on an assistance
neighborhood of 7 and 5 receptor dimers respectively [43]. Given that the energy consumed by
one methylation reaction isH,,~30 KT [72], our estimate of the effective temperature in CheR
CheB' cells is consistent with random methylation events being the main driving force behind
the activity fluctuations KT.¢ — kT =~ —0.15AH,,). Importantly, the sign okTes for CheR

CheB cells was negative, consistent with energy dissipation occurring during methylation-
driven activity fluctuations [72-74]: Adaptation actively translates activity changes into receptor

free energy gains — since (de)methylation events increase the energy of the receptors, before their
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activity eventually actuates [74] — the opposite of the passive behavior of the receptors. This
reversal of causality translates into a negative effective temperature on the time scales
considered, where adaptation is the dominant cause of activity changes. Within our model, the
loss of slow fluctuations upon disruption of clusters in ChéReB' cells (Figure 3F) could be
easily explained by the dependencespfw) on the sizeN of signaling teams (Equation 2),
meaning that reduction ®f to 2 should largely abolish fluctuations in activity even in presence

of the methylation system.

Discussion

The bacterial chemotaxis pathway has been extensively used as a model for quantitative analysis
of signal transduction [10, 37, 46]. One fascinating feature of the chemotaxis pathway is the
amplification of chemotactic signals through cooperative interactions within teams of clustered
receptors, where ~10-20 receptor dimers show concerted transitions between active and inactive
states [48-51, 75, 76]. Another much celebrated property of the pathway is robustness against
external and internal perturbations, which largely relies on its methylation-based adaptation
system [13, 14, 16, 40, 60]. At the same time, the stochastic activity of the adaptation enzymes
was also proposed to induce variability in the signaling output on the time scale of tens of
seconds [17, 18, 30], which might enhance environmental exploration [18, 23, 25, 27, 28].

Here we combine experimental and mathematical analyses to demonstrate that both, the
adaptation system and receptor clustering contribute to the signaling noise in the chemotaxis
pathway. Our single-cell FRET measurements reveal that large pathway activity fluctuations

occur both in presence and in absence of the adaptation system, clearly showing that the
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stochasticity of receptor methylation is not the sole cause of the pathway noise. The observed
fluctuations could be analyzed using the fluctuation dissipation theorem (FDT) and deviations
thereof. Multiple factors were accounted for, which apparently contribute to the overall pathway
noise: (i) an input white noise, (ii) the amplification of this noise by cooperative interactions
among receptors, (iii) the delayed response function of receptor clusters, and (iv) the dynamics of
the methylation system.

Our analysis suggests that, in adaptation deficient strains, the input noise likely originates from
thermal fluctuations of receptor activity, and it is converted into long-term pathway activity
fluctuations because of the latency observed in the response of clustered receptors. This observed
latency of response is consistent with the previous work that attributed it to changes in packing
of receptors within clusters [52]. Indeed, in our experiments it was abolished by mutations that
disrupt clustering. Notably, on the studied range of time scales the proposed contribution of the
high-frequency ligand binding noise [77] to overall fluctuations must be very small, since the
observed power spectral densities depended on activity but not on the absolute ligand
concentration. Our analysis also suggests that an effective subunit of the allosteric signaling
teams corresponds to one trimer of dimers, rather than a dimer itself as assumed in previous
computational models [59, 71]. This might be explained by the finite receptor-kinase coupling
within signaling teams, and it is consistent with a previous biochemical demonstration that a
trimer is necessary to activate CheA [78]. Notably, it could be easily reconciled with the
previous formulations of the MWC models by rescaling the free-energy change per methylated
glutamate by a factor of three.

In presence of the adaptation system this first source of noise seems to be added to the noise

coming from the stochasticity of methylation events. The adaptation system not only shifts the
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frequency spectrum of fluctuations but also eliminates the latency of the response to stimuli, thus
likely accelerating the response through its negative feedback activity. However, receptor
clustering is required for the observed activity fluctuations even in presence of the adaptation
system, likely because of signal amplification and accelerated adaptation dynamics within
clusters [61]. Thus, although the receptor methylation system is clearly important for shaping the
overall pathway noise, the resulting picture of the signaling noise in the native chemotaxis
pathway is more complex than previously suggested. Altogether, our analysis shows that at least
two sources of noise, with fairly comparable strengths, get first processed though a slow
responding amplifier (the chemoreceptor cluster) and then fed back through the methylation
system, resulting in complex colored fluctuations of the pathway activity and therefore of the
swimming behavior.

More generally, our study provides another example of the general relation between fluctuations
and response in biological systems [63-65, 79]. In these systems, the fluctuations are commonly
shaped by active, non-equilibrium processes, the properties of which can be inferred from the
deviations from the FDT. The approach of quantifying such deviations by means of an effective
temperature, or fluctuation dissipation ratio, has been used in a variety of out-of-equilibrium
systems [66], from glasses to biological systems. Although in some systgmgasses, this

ratio can have indeed properties normally associated with the thermodynamic temperature, in
biological systems it rather relates to the energy scale and frequency content of the underlying
out-of-equilibrium processes, as demonstrated in the earing system [64] or in the active transport
in eukaryotic cells [63, 65, 79]. For the chemotaxis pathway, our analysis indeed enabled us to
distinguish between passive and active sources of noise, and also provided energy scale for the

active process shaping the fluctuations that is well in agreement with the biochemical estimates.
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Thus, fluctuation analyses may in general provide a valuable tool for studying cell signaling

processes, from bacteria to mammals.

Material and Methods

Cell growth, media and sample preparation

E. coli strains and plasmids are described in Table S1 and Table S2, respectively. Cells carrying
plasmids that encode indicated receptors and the FRET pair were grown at 30°C overnight in
tryptone broth (TB) supplemented with appropriate antibiotics. The culture was subsequently
diluted 17:1000 in TB containing antibiotics, 2 uM salicylate (unless otherwise stated) for
induction of Tar and 200 uM isopropfdD-1-thiogalactopyranoside (IPTG) for induction of the
FRET pair, and grown at 34°C under vigorous shaking (275 rpm) to ag ©D.55. Bacteria

were harvested by centrifugation, washed thrice in tethering buffer (10 mM, KPO mM

EDTA, 1 pM methionine, 10 mM lactic acid, pH 7) and stored at least 20 minutes at 4°C prior to

the experiments.

Microscopy

Bacterial cells were attached to poly-lysine coated slides which were subsequently fixed at the
bottom of a custom-made, air-tight flow chamber, which enables a constant flow of fresh
tethering buffer using a syringe pump (Pump 11 Elite, Harvard Apparatus, Holliston,
Massachusetts, United States) at 0.5 ml/min. This flow was further used to stimulate cells with

indicated concentrations efFmethyl-D,L-aspartate (MeAsp). The cells were observed at 40x
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magnification (NA = 0.95) using an automated inverted microscope (Nikd&clipse, Nikon
Instruments, Tokyo, Japan) controlled by the NIS-Elements AR software (Nikon Instruments).
The cells were illuminated using a 436/20 nm filtered LED light (X-cite exacte, Lumen
Dynamics, Mississauga, Canada), and images were continuously recorded at a rate of 1 frame
per second in two spectral channels corresponding to CFP fluorescence (475/20 nm) and YFP
fluorescence (542/27 nm) using an optosplit (OptoSplit Il, CAIRN Research, Faversham, United
Kingdom) and the Andor Ixon 897-X3 EMCCD camera (Andor Technology, Belfast, UK) with
EM Gain 300 and exposure time of 1 s. For each measurement, the field of view was chosen to
contain both a small region of high density with confluent cells and a few hundred well-
separated single cells. During our approximately 30 min long measurements, the focus was

maintained using the Nikon perfect focus system.

Image processing and data analysis

The image analysis was performed using the NIS-Elements AR software. The CFP and YFP
images, each recorded by a half of the camera chip (256 x 5124 px = 0.40 pum), were
aligned with each other by manual image registration. A gray average of the two channels was
then delineated to enhance contrast and create binary masks with a user-defined, experiment-
specific threshold. Individual cells were detected by segmentation of the thresholded image into
individual objects, filtered according to size (3-50jumnd shape (excentricity < 0.86). This

step resulted in a collection of distinct regions of interest (ROIs) for each frame of the movie.
The ROIs were then tracked from frame to frame, using the NIS build-in tracking algorithm.
Only ROIs that could be tracked over the entire duration of the experiment were further

analyzed. The selected ROIs were then inspected manually and those not representing individual
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single cells well attached to the cover glass were discarded. Each individual measurement
contained on the order of 100 tracked single cells.

All further analyses were carried out using MATLAB 8.4 R2014b (The MathWorks, Inc.,
Natick, Massachusetts, United States). For each tracked cell, the average CFP and YFP values
over the ROI were extracted as a function of time. These values were also extracted for an ROI
corresponding to the confluent population of cells. The matimf the YFP signal to the CFP

signal was computed for both the single cells and the population, with the population response
being used as a reference. Cells with a ratio change of less than 10% of the population response
were discarded as unresponsive. The PSD was computed over T=400-frames long segments as

R(0)R, ()
R——lzw>i; (3)

sr(w) = =
whereR,(w) is the discrete Fourier transform of the ratio of ¢edt frequencyw /2 , ﬁl* its
complex conjugate,.” represents a temporal average over the given time interval Jarah
average over all single cells considered. The error for the PSD was evaluated as
r(m%i’*(“’))', where N, is the number of cells. The time autocorrelation function is

NcT . ;

simply the inverse Fourier transform of the PSD.

Modeling activity fluctuations in the framework of fluctuation dissipation relation

Ising model for the chemoreceptor cluster

The chemosensory complexes are described using an Ising model, in which the receptors can be
in two states (OFF, which inhibits kinase, and ON, which actives kinase). The receptors and

kinases are coupled, and the free energy difference between ON and OFFAstate y§m) +

c

n(c) for a single receptor, withh(c) = In ((1 + )/(1 +a)) being the contribution of

KorF
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attractant binding angd(m) = k, — k;m being the contribution of the receptor methylation. The

Hamiltonian of the whole sensory clusterHis= H;,: + Zl,l'szak Af,, with a; being the
Boolean state of the receptor k aHg,, describing the coupling between and among receptors
and kinases. The interaction tefify,, does not need to be specified for the following analysis,
but it would be of the formHi, = —Juq (A — 0.5)S;;(4j — 0.5) = Jor i x(A; —
0.5)V;x(ay — 0.5) = J1r 2ux(a; — 0.5)W;(ar, — 0.5), where theJ are the coupling strengths
andS, V andW describe the network by determining whether two components are coupled and

A; is the Boolean activity of kinase

Phenomenological MWC description of the average response

Since analytical solutions for Ising models exist only in certain specific cases, an effective
Monod-Wyman-Changeux (MWC) description of the system, extended to include the observed
long-term response dynamics (see main text), was used to describe the average response of the
system. The MWC model is known to well describe the pathway response, similarly to the Ising
model [48, 50, 71, 80]. It considers that the cluster is divided in teams in Wlgltbsteric units

are coupled with infinite strength. Each team is then a two-state binary system, which can be
either fully active or fully inactive. The probability of observing a team in the active state is

given byA = with Af,, as above. The average methylation state of the team evolves

1+exp(N Afy)’
under the action of CheR and CheB accordinéiﬁo= kr (1 —A) - kg A, with k; and kg

being the rates of methylation and de-methylation, respectively [69]. In the classical MWC
formulation, the basic subunit of the allosteric team is a receptor dimer. In contrast, our analysis

suggests that, althoudthremains a measure of the extent of correlations, the allosteric subunits
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452 rather consist of three dimers, which might be due to the actual finite coupling between the
453  kinases and associated receptor dimers.

454

455  Phenomenological response function model for AcheRcheB cells

456  The dynamic susceptibility of the state of a single recepi¢t) in response to a perturbation

457  +e€ of the free energy differendsf, is defined agsa(t)) = f_too —€e(1) yo(t — 1) dt, Wwhere(-)

458 is an ensemble average. In the case of a constant perturbatstarting att = 0, (da(t)) =

459 —¢, fot)(a(r) drt. It is expected thaba(t)) = (§A(t)) on the time scales of our experiments. In
460 the MWC framework, the same perturbation reduces the average activiiy, by =

461  —N (A) (1 — (A)) €y, andy,(7) is then a delta function. In order to account for the long-term
462 response dynamics observed in the experiments, we constructed a phenomenological model in
463  which the activity can differ from the MWC expectation but evolves in time towards it, leading
464 to a more complex form ¢f,(r). The MWC model was assumed to describe the static
465  properties of the system, so  thét(4+ o)) = (6A(+)) = 6Aywe, which

466 yieldsfo+oo Xa(7) dt = N(A)(1 — (A)). We experimentally defined the functigfit), measured

467 as the response of AcheRcheB strain to step-like attractant stimulation, gdg) =

468  AR(t)/AR(4) = (§A(t))/(6A(4+)), which goes from 0 at= 0to 1 att = +oo.

469 The theoretical identification and the experimental definition were then combined to form the

470 phenomenological model of the dynamic susceptibility of a receptor iictteRcheB strain
471 as fot)(a(r) dt = NA(1 — A)g(t), which is expressed in Fourier space as

Ra(w) = NA(1 - Aiwg(w) (4)

472  Here the Fourier transform gfis defined as
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2(w) = j +Oox(t)e‘i“’t dt (5)

473
474  Phenomenological response function model for CheR+ CheB+ cells
475 We assumed that in presence of the adaptation system the receptor cluster responds to free
476  energy perturbations in the same way as in the adaptation-deficient cells, but this response
477 induces a methylation change adding up to the free energy perturbation. For a small sinusoidal
478  perturbation of the free energy differer§e), the resulting perturbations for the average
479 activity and methylation are then given in Fourier space by the set of equations

(6a(w)) = NA(L - Diwg(w)(—e(w) + ky (Sm(w))) (6)

iw(dm) = — (kg + kg) (da(w)) (7)

480 Defining X = NA(1 — A) andwgp = Xk, (kg + kg), this set of equations is easily solved
481 as

X3 iw §(w)

(ba(w)) = 1+ wgp g(w)

(—e(w)) (8)

482  We thus defined the dynamic susceptibility in this case as

X2 iw §(w)

1+ wgp §(w) ©)

Xa (@) =
483  Note that the\cheRcheB case is obtained againafz = 0.
484
485  Fluctuation dissipation relation

486 For the allosteric chemosensory complexes described by the Ising model, the fluctuation

487  dissipation relation associated to the stateof a chemoreceptor is given by(w) =
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488 —%Im Xa(w), wherey,(w) is defined as above [62], assuming the system is in equilibrium.

489  The power spectral density of the state of the receptor is then

Xg i g(w) )

=—2kT1 _
Sa() " (1 + wpp §(w)

Re(§()) + wgp |§(w)|?
1+ 2 wgg Re(§(w)) + (wpplg(@)])?

= —2kT X7 (7)

490 We then assumed that. neighboring receptors constitute a signaling team where all receptors
491 and associated kinases are in the same state (either OFF/inactive or ON/active) at a given time.
492  There are therefor®;.qms = Nrqr/N, teams. The PSD of the average activity of the cell is
493  thens, , (w) = sq(w)/Nieams. This yields the PSD of the YFP/CFP ratio, the fluctuations of
494 which are proportional to the ones &f; with the factor, sg(w) = 1% s, ,,,(w), leading to

495 equations 1 and 2, which also account for a constant value of ratio shotfioisethe case

496  where the origin of the noise is an out-of-equilibrium white noise, deviations to the equilibrium
497 FDT were quantified by introducing an effective temperaflyge normalized as the fluctuation

498  dissipation ratidi.¢/T, which characterizes the energy scale of the underlying noise in activity.
499 Note that although we expressed the fluctuation dissipation relation in terms of activity, which
500 allows us to directly compare the analysis with experimental data, this relation can be formulated
501 for any variable (e.qg., receptor conformation) that itself determines the activity.

502

503 Evaluation of 4

504 In the non-adapting TaF°F strain, the value ofz;_ was estimated as the difference, averaged
505 over all cells, between the YFP/CFP ratio in buffer, where the activity should be maximal (i.e.,

506 equal to one), and the ratio upon saturating stimulation with 100 uM MeAsk,zas=
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(R (0)) — (R(100 uM)). In the adaptation-proficient straindzsz,; was evaluated as the
difference between the ratio value during the brief stimulation with 100 pM MeAsp and the peak
of the ratio upon removal of the stimulation (assuming that this value corresponds to maximal

activity) averaging the ratio value over single cells.

Activity sorting
For TaRF<F receptors in non-adapting strains, we assumed that all the receptors are fully active

in buffer conditions and fully inactive upon stimulation with 100 uM MeAsp. The pathway

R(preStim—30uM)— R(30 uM)

— : — . The use of the
R (preStim—100 uM) —R(100 uM)

activity in each cell was thus evaluateddas= 1 —

two different prestimulus values in buffer enables to minimize the effect of FRET baseline
variation due to bleaching of fluorophores during image acquisition. Cells were then sorted
according to their activity and divided intoequal subpopulations, and for each subpopulation
the average PSB3;(w)), at average activitp of the subpopulation was evaluated for the set of
frequencies displayed in Figure 4 — Figure Supplement 1. This procedure was implemented for
several values af, namelyn = 10,9, 6,5 and 4, and the whole resulting data was used to plot

(sg(w)), as a function of.
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Figure 1 — Figure Supplement 1. Additional typical FRET ratios in adapting strain.
Population averaged ratio (top) and corresponding single cell ratios (bottom), in two typical
experiments, with adaptation proficient strain expressing“Faras the sole receptor. Blue
arrows indicate stimulation with 25 uM MeAsp, and red ones return to buffer condition. Ratios

have been shifted to facilitate visualization.
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Figure 1 — Figure Supplement 2. FRET ratios in the receptorless strair{A) Population
averaged ratio is mostly constant and exhibit no change in kinase activity upon stimulation with
25 UM MeAsp (arrow).B) The single cell ratios were unresponsive and non-fluctuating. Only

shot noise, in a similar strength to the Tar positive strains, was observed.
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787  Figure 3 — Figure Supplement 1. Dose response to MeAsp of stralicheRcheB CheW-X2

788  expressing TaR=®F, (A) Example of the YFP/CFP ratio (R) decreasing as increasing amounts of
789  MeAsp were delivered to the cell®)(The activity averaged over two biological replicates was

790 estimated as (R(c) —iR) / (Rnax — Rmin), plotted as a function of MeAsp concentration ¢, and

791 fitted using the Monod-Wyman-Changeux model, assuming a free energy difference in absence
792  of ligand y(m = 2) = —1, yielding a cooperativity number N =1.73 and an inactive binding
793  constant lger = 3.92 uM. Fitting with a Hill function yields a Hill exponent H=1.4 and a
794  concentration of half response &£G 8.3 uM. Error bars indicate SEM. Measurements were
795 carried out on confluent populations of cells.

796
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798 Figure 3 — Figure Supplement 2. Response function for the straitcheRcheB CheW-X2

799  expressing TaR=<F as sole receptorThe strain was subjected to an increase of 10 pM MeAsp

800 to measure the response. The long term dynamics observed in WT CheW strain is absent, the
801 response being almost immediate (response time 4.5 + 0.5 s, similar to the time necessary to
802 achieve homogeneous concentration in the field of view). Error bars indicate SEM and sample
803 size is 120 single cells, in 3 biological replicates.

804

38


https://doi.org/10.1101/123935
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/123935; this version posted April 4, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

805

o

o

w
1

w/211 (mHz)

—6—25
—— 5
10

o 15
o 50
250

o
o
N
W
T

o

o

N
L]

0 0.2 0.4 0.6 0.8 1
306 AR(30 pM) / AR(100 uM) ~ A(30)

807 Figure 4 — Figure Supplement 1. Power spectral density computed on subsets of the cell

808 populations sorted according to their activity as a function of the average activity of the

809 subsets, for the indicated frequencies (dots) inAtleeRcheBstrain expressing Tare" The

810 lines correspond to best adjustments by (w)), = C(w)A(30)(1—A(30)) for each

811 frequency considered. The error bars correspond to SEM, sample sizes are as described in
812  supplementary methods, varying from 54 to 135 cells depending on the point, taken from at least
813 5 biological replicates.
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815

816 w/21T (HZ2)

817 Figure 4 — Figure Supplement 2. Effect of the receptor expression level on the noise in non-

818  adaptive strains.TheAcheR cheBtrain expressing Tar<F as the sole receptor, from a plasmid

819 under salicylate induction, was exposed to either 0.75 uM or 2 pM (standard experimental
820 condition in the main text) salicylate, resulting in a factor of two between the protein numbers in
821 the cell [59]. The power spectral density under 30 UM MeAsp, with average activity A =0.5, was
822 the same in both conditions. Error bars indicate SEM and sample sizes are 540 (2 uM) or 187
823  (0.75 uM) cells.
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827  Supplementary Tables

828 Table S1. Strain list

Strain Genotype Background | Ref.
VS181 A(tar,tsr,trg,tap,aet)(cheY,chez) RP437 [75]
VH1 A(tar,tsr,trg,tap,aet)(cheY,cheZ)A(cheR,cheB) RP437 [59]
VF7 A(tar,tsr,trg,tap,aet)(cheY,cheZ)A(cheR,cheB) RP437 [61]
cheW@R117D,F1225)
VF8 A(tar,tsr,trg,tap,aer)(cheY,cheZ) cheWR117D,F122S) RP437 [61]
829
830 Table S2. Plasmid list
Plasmid Genotype Antibiotic Induction Ref.
pVvS88 cheY-YFP/chez-CFP, | Ampicillin IPTG 200 puM, [75]
pTRC99a derivative 100pg/ml
pvS1092 | Tar-<, Chloramphenicol | Salicylate 2 uM, [75]
pKG110 derivative 17 pg/ml If not otherwise stated
pvsS1087 | Tar, Chloramphenicol | Salicylate 2 pM, [81]
pKG110 derivative 17 pg/mi If not otherwise stated
pVvVS1086 | Tar Chloramphenicol | Salicylate 2 uM, [82]
pKG110 derivative 17 pg/mi If not otherwise stated
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