
VU Research Portal

Variation and fluctuations in a bacterial signaling network

Keegstra, J.M.

2018

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Keegstra, J. M. (2018). Variation and fluctuations in a bacterial signaling network. [PhD-Thesis - Research and
graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/b55c3797-5ee9-4667-8bff-e27f780eee50


Summary

Many important biological processes are influenced by molecular fluctuations
(often called ‘noise’), since they often depend on a limited number of chemical
reaction events. Stochastic effects in gene expression have been widely studied
and it has been established that in a population of cells with the same DNA
sequence, and grown under identical conditions, cells show diversity in the protein
copy number. However, there are many of open questions remaining into the
consequences of such differences in protein levels to more complex phenotypes
such as signalling systems. How does the network architecture of signalling
systems shape the variability in output parameters? Have networks always evolved
towards a state in which diversity in signal processing within a population is
minimal? And since these molecular interactions within the network are in
principle also probabilistic, is it also possible to measure these additional sources
of noise produced the network itself?

In this thesis, we have addressed such questions of variety and fluctuations in
a simple biochemical network, namely the chemotaxis pathway in Escherichia
coli, a textbook example of cellular signalling and behavior. The pathway enables
bacteria to control its flagellar motor rotation in response to chemical stimuli
and operates only by protein-protein interactions. Single-cell experiments have
focussed on measuring the output at the level of the bacterial flagellar motor and
have been instructive in establishing behavioural variability, but since this motor
itself is a stochastic two-state switch it can obscure upstream signalling dynamics.
FRET microscopy has been successful in characterizing the signalling dynamics
in population-averaged experiments, but in which information on diversity and
fluctuations are lost. We have developed a protocol to apply FRET to measure
signalling dynamics in single bacteria over extended times. The efforts to optimize
this protocol are explained in chapter 2. We found that the attachment method is a
critical step in obtaining a high signal-to-noise and can be further increased by
allowing for FRET acceptor maturation after harvesting with up to ∼ 25 %. Using
the single-cell FRET method, we have studied cell-to-cell variability and temporal
fluctuations in bacterial chemotaxis, which is described in chapters 3-6.

In chapter 3, we present in vivo measurements of phenotypic diversity or cell-
to-cell variability of the chemotaxis pathway of E. coli. In isogenic populations
simultaneously experiencing identical stimuli, we found considerable variability in
adaptation times. In mutants deficient in adaptation, strong variability is observed
not only in the steady-state network output, but also in the sensitivity and gain of
response to identical ligand stimuli that was likely due to stochastic expression of
the dominant chemoreceptors Tar and Tsr. We found, using mutant strains with
altered network topologies, that variability in the steady-state network activity is
reduced by the phosphorylation feedback loop of the adaptation system mediated
by the methylesterase CheB. Without this feedback loop, which is dispensable for
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precise adaptation, the network variability is not only enhanced but demonstrates
likely detrimental bimodality. These results demonstrate how gene expression
variability can influence the design of protein signaling networks.

Two chapters, chapter 4 and 5, are mainly concerned with variability in time
of a single cell. These fluctuations are not caused by differences in portein copy
numbers due to stochastic gene expression, but rather fluctuations of the protein
interactions within the network itself. In chapter 4, we describe measurements
of fluctuations due to stochastic kinetics of chemoreceptor methylation and
demethylation by the adaptation enzymes. We found that the timescale of
these fluctuations (∼ 10 s) agrees well with previously performed motor-level
experiments, but the fluctuation magnitude (∼ 45 % as standard deviation over the
mean of the signal) was much larger than expected. In chapter 5, we find evidence
that this discrepancy can be explained, at least in part, by the existence of another
noise source that is independent from the (de)methylation activity. In a fraction of
the population of non-adapting cells (∼ 10 %) these fluctuations take the form of
stochastic two-state switching. We found that these fluctuations can be observed at
intermediate activity bias, which can be controlled by added attractant or genetic
modifications in the chemoreceptor. We found a characteristic timescale for the
two-state switching of ∼ 100 seconds. To our knowledge, these measurements
were the first direct measurements of signalling fluctuations in a protein-signaling
network. The observation of two-state switching in vivo only has been observed
in systems that consist of much smaller number of components (by at least one
order of magnitude). Together, these results show that stochastic activity of
protein complex reveal important insights into the mechanistic functioning of
these complexes.

In chapter 6, we explore the origins of two network-level properties of the
chemotaxis network. We focus on a limited number of genetic mutations contain-
ing only one or a few amino acids in one of the chemosensory array components.
These mutants have been implicated in population-averaged experiments with
different network-level signaling properties, such as reduced signal cooperativity
or reduced ligand response timescales. However, these properties are described
by nonlinear functions and hence similar population-averaged behaviour may
have very different underlying single-cell responses and we describe single-cell
FRET measurements that confirm cooperativity and response swiftness level of
single cells. These results indicate that mutations in single amino acids can have a
profound impact on signalling properties of the entire network.
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