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Chapter 1

Introduction

Living cells sense and respond to changes in their surroundings by
networks of molecules that detect environmental cues and process that
information. Arguably the simplest biological signaling network is the
chemotaxis system of Escherichia coli, which has become a paradigm for the
molecular understanding of biological signaling and a model system for
quantitative experimental and theoretical studies of sensory responses. In
this thesis we performed physiological studies of E. coli and the closely
related species Salmonella typhimurium, investigating the signaling and
behavioral strategies that arise as a consequence of the design and
implementation of the chemotaxis signaling circuit.
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Chapter 1

1.1. Environmental sensing and intracellular signaling networks

Living organisms exhibit a number of -characteristics that
distinguish them from lifeless matter. The fundamental unit of life is the
cell: the smallest structure capable of basic life processes, such as growth,
metabolism and reproduction. A cell can represent a living organism itself,
or it can be a part of a multicellular organism. A defining feature of living
organisms is their ability to sense and respond to changes in their
surroundings. Organisms detect environmental cues using sensory systems,
which can be represented by complex organ structures or molecular
receptors that transfer the information into the cell, where the information
is processed and a response is generated. Possible responses include
changes in the gene expression or behavioral responses that commonly
involve movement of the organism.

Cells have developed networks of molecules that link the input
from the receptors to behavioral output #. These molecular circuits are
usually composed of multiple proteins, and each of them has a specific role
in the signal transduction process. Some proteins act as transmembrane or
soluble receptors that sense the signals; others are messengers or response
regulators, the functions of which are to transfer the signals to the protein
or protein complex that will generate the behavioral response. Other
proteins that act as structural or interaction platforms, and can also take
part in regulation of the signaling process, are the signaling scaffold
proteins 2. Sensory pathways in eukaryotes usually rely on serine,
threonine or tyrosine protein kinases, whereas prokaryotic sensory
pathways most often involve histidine-aspartate phosphorelay systems that
involve a dimeric histidine kinase and a response regulator protein 2%
Despite the complexity of biological signaling networks in terms of their
molecular organization, they can often be described in terms of functional
modules *°, which facilitates characterization of the dynamics of their
function.

Bacteria provide an ideal ground for studying signaling networks
from their genetic structure, protein-protein interactions, systems-level
function, to behavioral outputs. The availability of genomic information
3100160179257 and ease of genetic manipulations ¢ facilitates the discovery and
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Introduction

functional analysis of bacterial network components. Bacteria are amenable
to microscopy and functional studies of their signaling systems, and
reproduce rapidly, allowing experimental studies of processes that occur in
different time scales, such as intracellular and intercellular signaling,
behavioral responses and evolutionary processes. In particular, the
chemotaxis circuit of E. coli, arguably the simplest and best characterized
bacterial signaling network, has served as an important paradigm in the
understanding of biological signaling 9242, The E. coli chemotaxis circuit
is used as a model system in this thesis.

1.2. Tactic responses

A cell or an organism orients in gradients of chemical or physical
stimuli in the environment by altering the direction of its movement. This
behavioral response is called taxis, and depending on the type of stimulus
it can be classified into different categories (Table 1.1). The tactic response
can be monotonic, towards increasing or decreasing values of the stimulus
(attractant or repellent response) 2* or non-monotonic, towards an
optimum intermediate level of the stimulus .

Taxis Stimulus Organisms/ cells

Chemotaxis, including ~ Chemicals (organic and Bacteria 266, unicellular eukaryotes 1%,
aerotaxis, pH taxis inorganic), including Oz, H*  nematodes 2%, sperm cells 74, macrophages 7
Redox taxis Redox potential Bacteria 28

Thermotaxis Temperature Bacteria 219, nematodes 177, amoebae 105
Phototaxis Light Bacteria 28, protozoans

Gravitaxis Gravity Protozoans %7

Rheotaxis Fluid flow Bacteria %7, fish 13, sperm cells 172
Osmotaxis Osmotic pressure Bacteria 5

Galvanotaxis Electrical current Bacteria ¢, protozoans ¢

Magnetotaxis Magnetic field Bacteria ¢

Table 1.1. Examples of tactic responses. Groups of organisms or cells that exhibit
these tactic behaviours are shown in the last column.

Bacteria can sense and respond to various chemicals (nutrients +17°,

toxins 77, protons 2%, oxygen ' etc.), as well as other stimuli (temperature 2,
redox potential 2, blue light 8, fluid flow ¥, osmolarity 5, electric and
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Chapter 1

magnetic fields ¢ etc) via their chemotaxis signaling systems 245210,
Motility of microorganisms was observed as early as 17% century by
Anthony van Leeuwenhoek; however the first systematic investigations of
directed chemotactic migration of bacteria were made by Wilhelm Pfeffer
in the end of the 19 century '"'. Pfeffer studied the attractant response of
Bacterium termo (rod-shaped bacteria, isolated from putrid fluids) towards
meat extract. In the same time Theodor Engelmann described the directed
migration of Bacterium termo towards oxygen 7.

Chemotaxis of bacteria is involved in more complex behaviors and
processes, such as biofilm formation, symbiotic associations and
pathogenicity 2. The development of surface-attached biofilms depends on
motility and chemotaxis of bacteria 23255, Chemotaxis is also important for
some symbiotic associations, such as the association between nitrogen-
fixating bacteria and legume plants “. Motility and chemotaxis play an
important role in invasion and colonization of the host in many bacterial
species, such as Helicobacter pylori ', Vibrio anguillarium % and Vibrio
cholerae  #. Understanding bacterial chemotaxis can facilitate the
development of biomedical strategies, such as using bacteria to controllably
deliver therapeutics to the different tissues in the body ¢!

Molecular investigations of bacterial chemotaxis and motility began
in the 1960’s with the pioneering work of Julius Adler V1. Adler applied
behavioral assays, biochemical and genetic approaches to study the motile
response and the underlying molecular mechanisms of E. coli chemotaxis
1246, He demonstrated that chemotaxis of E. coli does not require
metabolism or transport of the sensed compound, but instead the response
is generated by recognizing the chemical itself by a specific system for
recognition and response. Adler’s work initiated the contemporary studies
of bacterial chemotaxis, which were greatly expanded in the seventies by
the groups of Daniel Koshland, Jr., Melvin Simon, and Howard Berg .
Bacterial chemotaxis has been a subject of increasing scientific interest in
the following decades. The chemotaxis system of E. coli has become a
preferred model system for theoretical and experimental studies of sensory
responses 120121,223225260 - Other studies of bacterial chemotaxis highlighted
the diverse mechanisms of the chemotactic signaling and behavior in
various prokaryotic organisms 254281283,
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Introduction

1.3. Motility and chemotaxis of enteric bacteria

E. coli and its closely related species Salmonella typhimurium swim
using organelles called flagella. Each flagellum is a semi-rigid helical
filament of repetitive protein (flagellin) units that is several micrometers
long but only ~20 nm in diameter, and rotates with rates on the order of
100 Hz 1. The flagellar filaments exist in different polymorphic forms with
distinct curvature and twist %!. The filaments are linked by a hook to the
flagellar motor: a remarkably complex structure consisting of about 50
protein components, which expression is tightly regulated 1522, The
flagellar motors of E. coli and S. typhimurium are driven by proton flux: the
free energy stored in the electrochemical proton gradient across the
cytoplasmic membrane is converted into mechanical work ¢4 The protons
move through force-generating units, called Mot complexes, which are
anchored to the peptidoglycan layer to form the stator of the flagellar
motor complex, and interact with a ring of FliG units (rotor) on the
cytoplasmic side to drive rotation 2. The proton-driven flagellar machinery
enables bacteria to swim at speeds of 15-100 pm/min 2.

Each bacterium has several flagella, usually 5-8 per cell. When all
the flagella rotate counterclockwise (CCW) the flagella form a bundle that
propels the cell forwards, i.e. the cell “runs”. If one or more flagella change
the direction of their rotation to clockwise (CW) the flagellar bundle is
disrupted and the bacterium changes its swimming direction, i.e. the cell
“tumbles”. In this way bacteria swimming in a homogeneous environment
perform a random walk % (Figure 1.1A). Typical run time for E. coli is ~1s,
whereas a tumble lasts ~0.1 s 1. The direction of the motion during a run
fluctuates due to rotational diffusion of the bacteria 2.

If the bacteria are placed in a gradient of a chemoattractant, the
frequency of the tumbling events decreases ¥, leading to prolonged runs
and therefore the bacteria move in the direction of increasing
chemoattractant concentrations (Figure 1.1B). Alternatively, increasing of
the concentration of a chemorepellent leads to more frequent tumbles:
bacteria change their direction more often, searching for a more favourable
environment. Thus bacteria perform temporal comparisons, determining if
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Chapter 1

the conditions are getting better or worse: if they are getting better the
bacteria keep swimming, otherwise they change direction.

The flagellar motility of E. coli and S. typhimurium is just one of
many types of bacterial locomotion that exist in nature. Other flagellated
bacteria use different motility strategies, e.g. Vibrio alginoliticus have a
single flagellum and change direction by flicking its flagellum leading to
“run, reverse and flick” swimming rather than “run and tumble”
swimming observed in E. coli »'. Bacterial species that move on surfaces
often use gliding or twitching that can involve type-IV pili extending from
the poles, bind to the surface and pull the cell forward .

A. B.

S~ run

tumble
é_..-f"

Figure 1.1. Schematic representation of a bacterial trajectory in absence and
presence of a gradient of chemoattractant. The trajectory is represented in 2D for
simplicity. The straight fragments represent runs, which are separated by tumble
events (changing direction). (A) Random walk in a homogeneous environment. (B)
Biased random walk in the presence of a chemoattractant gradient (represented in
grey scale, a darker color corresponds to a higher concentration). The runs are
prolonged in the direction of the gradient.

Various chemotaxis assays have been developed to evaluate the
chemotaxis performance of E. coli and other microorganisms in spatial
gradients of chemoeffectors 24782515627 Soft-agar assays are commonly used
to evaluate the chemotaxis response to metabolizable chemoattractants 27°.
Bacteria are inoculated in a semi-solid agar containing the chemoattractant
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of interest, which also serves as a nutrient for the bacteria. The growing
colony of bacteria consumes the chemoattractant, and thus generates a
radial gradient of the chemoattractant that triggers an outward migration
of the bacteria ?°. Another commonly used assay for chemotaxis is the
capillary assay: a capillary that contains a chemoattractant is submerged in
a solution containing the bacteria; the bacteria that accumulate in the
capillary are subsequently counted to quantify the strength of the
chemotaxis response >'7!. Agar-based and capillary-based assays evaluating
the negative response to chemorepellents have also been developed 2*°.

Quantitative studies of bacterial motility and chemotaxis have been
greatly facilitated by the development of microfluidics technology, which
allows generating precisely controlled gradients of chemoeffectors and
observing the behavior of bacteria in these gradients at high spatial and
temporal resolution 8. Microfluidic experiments in combination with
theoretical and computational studies of the chemotactic response, enabled
investigations of the behavioral strategies used by bacteria, and explaining
the observed strategies using the information for the underlying control
physiology of the chemotaxis response 137156158,

1.4. Molecular organization of the chemotaxis system

The frequency of clockwise rotation of the flagellar motors of E. coli
and S. typhimurium is determined by the activity of the chemotaxis
signaling network (Figure 1.2) 2¢. Chemoeffector molecules are detected by
transmembrane chemoreceptors, called methyl-accepting chemotaxis
proteins (MCPs). Bacteria express MCPs with different specificities and
affinities for ligands. The most commonly used laboratory strains of E. coli
K12 and S. typhimurium LT2 have five and nine chemoreceptor species
respectively 3129154170, However, variations exist even within each species:
e.g. uropathogenic strains of E. coli lack two out of five chemoreceptors
present in E. coli K12 33, MCPs exist as dimers and are coupled to the
dimers of the histidine kinase CheA via scaffolding proteins: CheW in
E. coli ¢ and CheW and CheV in S. typhimurium 1862, Each monomer of
CheA transfers the y-phosphoryl group of an ATP molecule, bound to its
kinase domain to a His residue on the opposing monomer. This phosphoryl
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group then can be transferred to an Asp residue of the response regulator
CheY, which transduces the signal to the flagellar motors and biases the
direction of their rotation. In the absence of phosphorylated CheY, the
flagellar motors rotate counterclockwise 7. Phoshorylated CheY molecules
bind to FliM molecules in the switch complexes of the flagellar motors,
biasing the rotation of the motors towards the clockwise direction *. The
phosphataze CheZ accelerates CheY dephosphorylation and allows a rapid
termination of the signal '*'. CheA also transfers its phosphoryl groups to
other molecules of the chemotaxis system that has phospho-receiver
domain: the methylesterase / deamidase CheB 2 and the scaffolding
protein CheV 0 (although CheV phosphorylation has not been shown
experimentally in S. typhimurium).

An increased concentration of chemoattractant (or decreased
concentration of chemorepellent) inhibits the CheA autophosphorylation
activity, thus the concentration of phosphorylated CheY decreases and
respectively the probability of switching the flagellar motors to clockwise
direction decreases, causing prolonged runs. The methyltransferase CheR
methylates the receptors at multiple sites increasing their ability to
stimulate CheA autophosphorylation. In this way the CheA
autophosphorylation returns to prestimulus level even in the continued
presence of chemoattractant, i.e. the bacteria adapt to the stimulus. Another
enzyme, the methylesterase / deamidase CheB removes methyl or glutamyl
groups from the chemoreceptors, reducing their ability to induce CheA
autophosphorylation. Thus, CheR and CheB introduce a negative feedback
in the chemotaxis system 242, There is also phosphorylation-dependent
negative feedback on the activity of CheB: CheA phosphorylates CheB,
stimulating its methylesterase activity .

Additional chemotaxis proteins that are not present in the E. coli and
S. typhimurium: the phosphatases CheX and CheC, and the deamidase
CheD, exist in other bacterial species ?!. The number of chemoreceptor
genes also vary significantly between different bacterial species: from 1 in
Mezorhizobium loti to >60 in Magnetospirillum magnetotacticum 2.
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Figure 1.2. Molecular organization of the bacterial chemotaxis network. The
transmembrane chemoreceptor clusters regulate the autophosphorylation activity
of the kinase CheA (A), coupled to the receptors via scaffolding proteins CheW (W)
and CheV (V) (CheW exists in both E. coli and S. typhimurium, whereas CheV is
present in S. typhimurium but not in E. coli). CheA phosphorylates the response
regulator CheY (Y), whereas CheZ (Z) accelerates its dephosphorylation.
Phosphorylated CheY interacts with the flagellar motor (M) biasing its rotation in a
clockwise direction. The adaptation enzymes CheR (R) and CheB (B) are involved
in reversible methylation of the chemoreceptors at multiple sites. CheB
methylesterase activity is activated by phosphorylation by CheA. The ligand input,
kinase output and methylation feedback are indicated with [L](#), a(t) and m(t)
respectively. Components that do not exist in E. coli but exist in other bacteria are
indicated in gray: the scaffolding protein CheV (V), the phosphatases CheC (C) and
CheX (X), and the deamidase CheD (D) .

1.5. Functional organization of the chemotaxis system

The chemotaxis signaling pathway of E. coli is very well understood
at the molecular level: structural and biochemical data are available for
every step of the pathway 2*. Thus, it has provided an ideal system for
quantitative theoretical and experimental studies, which enabled better
understanding of functional properties of chemotaxis and other sensory
systems such as signal amplification, perfect adaptation, and wide dynamic
range 14,78,113,114,137,158,185,186,192,222,225,226,232,234,240-242,260,263-266 For eXample,
experiments and computational modeling showed that cooperative
interactions between the clustered chemoreceptors can explain the high
sensitivity of the chemotaxis response of E. coli 42165,
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A coarse-grained model that describes the chemotaxis system as a
modular system (Figure 1.3) has been recently developed %, and it has
been shown to explain consistently the experimental data for E. coli’s
signaling response to time-varying chemoeffector stimuli 2?. In this model
the molecular details are omitted and the chemotaxis system is simplified
to two modules: a receptor module, representing the activity of the
receptor-kinase complexes, which detect signals from the environment and
generate excitatory response, and an adaptation module, representing the
methylation-dependent feedback by CheR and CheB to maintain the
steady-state activity of CheA independent of the background concentration
of the stimulus 2®. The system-level dynamics of the chemotaxis signaling
response is described by three dynamic variables: the concentration of the
chemoeffector, [L](t), the activity of the kinase representing the output of
the system, a(t), and the methylation level of the chemoreceptors, m(t). The
timescales for ligand binding (7)), kinase response (w), and receptor
methylation (m) are well separated: m>>z>>n. The pathway kinetics is
studied at the methylation timescale 2%, which is most relevant to the
bacterial motility since the typical run time is ~1 s. The ligand binding and
kinase response timescales are treated with a quasi-equilibrium
approximation 260,

The three dynamic variables are linked by two transfer functions.
The transfer function G of the receptor module, G([L],m) = a, takes [L](f)
and m(t) as inputs to produce an output a(t), connecting the linear pathway
downstream of the kinase toward motor output. This transfer function
represents the cooperative modulation of CheA activity by chemoreceptors.
G can be expressed by using a two-state model, in which the dependence
on m and [L] can be accounted for specifying a functional form of the free
energy difference, fi, between active and inactive receptor clusters:

G(m,[L]) = (1 + eft)_l,

where fi is an additive function of two linearly independent terms:
fo([Lhm) = N(F (LD + fin(m)),

where fi([L]) depends on the ligand binding and is characterized by the
dissociation constants Ka and Ki of the active and inactive receptors, fm(1m)
depends linearly on the methylation level of the receptors and determines
the kinase activity in the absence of ligand, and the amplification factor N
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corresponds to the number of ligand-binding receptor dimers in a
functional receptor cluster 22620,

The transfer function F of the adaptation module, F(a) = dm/dt,
converts a(t) to rate of change of methylation level, dm/dt, and integrates it
over time 2. This transfer function represents the net methylation rate
(methylation rate-demethylation rate) driven by the activities of CheR and
CheB. Perfect adaptation of the kinase activity, i.e. adapting to the same
level ao at steady-state, regardless of the background ligand concentration
210728 is a property embedded in the design of the chemotaxis signaling
system as F(a) has a single fixed point at a=a0 2. Note that imperfect
adaptation has also been observed for some chemoeffectors, and explained
with the finite number of methylation sites possessed by the
chemoreceptors 132163,

The model of reference 2 is used in this thesis to explain the
experimental results obtained for both E. coli and S. typhimurium, which
have very similar chemotactic networks .

_Adaptation module

I ngt

F(a)

m()|

[L1(2) a(t)

—{ G([Llm)

»Output

Receptor module

Figure 1.3. Modular organization of the bacterial chemotaxis network. The block
diagram represents the functional modules rather than molecular components of
the network (adapted from reference 226). The dynamic variables are viewed as
inputs or outputs (represented along wires) of two discrete functional modules
(represented as boxes). The input-output relationship of the receptor and
adaptation modules are described by functions G([L],m) and F(a) respectively.
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1.6. In vivo fluorescence resonance energy transfer (FRET) studies of the
chemotactic signaling response

Understanding of the quantitative features of the chemotaxis
signaling has been greatly facilitated by the development of experimental
techniques that enabled following the signal processing dynamics in live
bacteria 224242264, Most of these methods rely on fluorescence resonance
energy transfer (FRET) between components of the chemotaxis pathway,
which permit monitoring the activity-dependent interactions between these
components in real time in live cells 2.

FRET assays rely on a nonradiative distance-dependent energy
transfer from one fluorescent molecule, called donor, to another fluorescent
molecule, called acceptor ?7. FRET measurements are widely used in
biology to study interactions between proteins or parts of the same protein
since the FRET technique is non-invasive, and allows observations of these
interactions in real time 17.181207.239242277 [ vivo labeling with fluorescent dyes
is difficult in bacteria due to their small size and low permeability of the
cellular envelope; thus the most commonly used approach for bacterial
FRET studies is genetically fusing fluorescence proteins (donor and
acceptor) to the protein pair of interest. The efficiency of energy transfer,
Errer, depends strongly on the distance between the donor and acceptor
fluorophores: Egger = R§/(R® + R§), where R is the distance between the
fluorophores and Ro is the Foster radius, representing the distance at which
the energy transfer between the donor and the acceptor have 50% efficiency
242 Ro for the cyan and yellow fluorescence protein pair (CFP/YFP) in the
bacterial cytoplasm is 4.9 nm, and very little energy transfer occurs if the
donor and the acceptor are >10 nm apart 2.

The most widely used FRET assay for studying the chemotactic
signaling dynamics in E. coli utilizes a FRET pair consisting of CheZ-CFP
and CheY-YFP fusion proteins, serving as a donor and acceptor
respectively 1851223924228 (Figure 1.4A). The steady-state concentration of the
phosphorylated CheY (CheY-P), and the concentration of the CheZ-CheY-P
complex respectively, is determined by the balance between the
phosphorylation of CheY by CheA and dephosphorylation of CheY-P by
CheZ. These two enzymatic reactions have equal rates at steady-state, thus
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the activity of the kinase CheA, a(t), is proportional to the concentration of
the protein complex CheZ-CheY-P. This concentration, which can be
determined by FRET, therefore serves as a measure of the kinase output a(t)
on time scales that are shorter than the relaxation time of CheY
phosphorylation cycle.

Upon a step addition of attractant (or a removal of repellent) the
FRET level decreases, indicating a decrease in the kinase activity
(Figure 1.4B). A step addition of repellent (or a removal of attractant)
induces an opposite effect (Figure 1.4C). In adaptation-proficient bacteria,
the kinase activity recovers toward the pre-stimulus level due to the
activity of the methylation / demethylation pair of enzymes, CheR and
CheB.

The described FRET system can be used to monitor the signaling
activity of the chemotaxis pathway of single cells or populations of cells,
attached to a coverslip, using fluorescence microscopy %2 In this thesis, we
implemented population-based FRET measurements, which provide better
sensitivity and temporal resolution compared to single-cell FRET
measurements. Since the fluorescence emission is collected from hundreds
of cells, attached to a coverslip, using sensitive photomultiplier tubes, we
used relatively low intensities to excite fluorescence so as to minimize the
photobleaching and photodamage to the cells, while achieving high
signal-to-noise ratios. Input profiles smoothly varying in time were
achieved by mixing a concentrated solution of chemoeffector with motility
buffer using a fluid-mixing device of a design described in reference 2.
Using different time-varying inputs (temporal steps, up and down ramps,
or sinusoids) has allowed characterization of both the receptor and
adaptation modules of the chemotactic signaling system of E. coli %%, and in
this thesis we have explored in a similar manner the response of
S. typhimurium.
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Figure 1.4. Description of the FRET system and typical responses to a
chemoattractant and a chemorepellent. (A) Schematic representation of the FRET
system used in this thesis. (B) and (C) From top to bottom: changes in the yellow
(Y) fluorescence channel, cyan (C) fluorescence channel, Y/C ratio and Y/C ratio
corrected for baseline drift: (B) at 0 s a chemoattractant (200 uM cysteine) is added,
removed after 400s; (C) at 0 s a chemorepellent (200 uM cystine) is added, removed

after 500

S.
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Introduction

1.7. This thesis

The scope of this thesis has been to understand the design and
implementation of the sensory system controlling the chemotaxis response
of the enterobacteria E. coli and S. typhimurium. We characterized the input-
output relationships of the chemotactic signaling response using FRET and
studied the behavioral responses of bacteria in spatial gradients using
microfluidics. We identified novel response strategies (Chapter 2), and
performed a complete systems-level comparison of chemotactic signaling
and behavior of S. typhimurium and E. coli (Chapter 3). We furthermore
studied the response to previously uncharacterized chemoeffectors
(Chapter 4) and the function of previously uncharacterized chemoreceptors
(Chapter 4, Appendix A) and scaffolding proteins (Chapter 5), as outlined
below.

In Chapter 2 we showed the first experimental proof that a sensory
system implements a fold-change detection (FCD) strategy, i.e. responding
faithfully to the shape of the input profile irrespective of its absolute
intensity. We used in vivo FRET measurements on immobilized populations
of E. coli to study the response-rescaling properties of chemotactic signaling,
and showed that the entire time series of the response during stimulation
with complex temporal waveforms depends only on fold-changes in input
and not on its absolute level. Intensity-independent responses to spatial
gradients were also observed using microfluidics-based assay of swimming
bacteria. By theoretical analysis we identified a set of sufficient conditions
for FCD.

In Chapter 3 we performed a FRET-based systems-level
characterization of the chemotactic signaling transfer functions of
S. typhimurium LT2, a closely related species to the model organism E. coli
K12. The comparison of chemotactic signaling in the two species revealed
conserved and divergent features. S. typhimurium showed a lower apparent
cooperativity of its response to the chemoattractant a-methylaspartate
(MeAsp), and a faster kinetics of adaptation. We evaluated the
consequences of the differences in the signaling on the chemotactic
behavior in spatial gradients created in microfluidic platforms. We were
able to predict the behavioral response of bacteria from the transfer
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functions of their sensory response, which could provide a basis for
studying organism’s behavioral strategies at the level of physiological
measurements. In Appendix B we set the foundations of a future
comparative physiology study of the chemotactic properties of natural
E. coli strains.

In Chapter 4 and Appendix A, we studied the chemotactic signaling
response of S. typhimurium to the cystine / cysteine redox pair. In Chapter 4
we used in vivo FRET to show that the previously uncharacterized
chemoreceptors McpB and McpC mediate a repellent response to the
oxidized form, cystine, in S. typhimurium 14028, whereas Tsr and Tar
mediate an attractant response to the reduced form, cysteine. In Appendix
A, we measured the dose-dependent response to both cysteine and cystine,
and discovered McpB/C-independent responses to cystine in
S. typhimurium LT2 that are likely to be redox-dependent.

In Chapter 5 we tested the role of the phosphorylatable scaffolding
protein CheV in the chemotaxis system of S. typhimurium. We observed
CheV-dependent methylation-independent weak partial adaptation to
MeAsp. Imaging revealed that the CheV molecules form clusters localized
predominantly at the cell poles, and the number of the receptor clusters
decreases in cheV knockout, and to a lesser extent, in the phosphorylation-
deficient CheV mutants.

In Appendix C, we explored another phospho-dependent
interaction: the phosphorylation-dependent feedback on CheB
methylesterase activity on the kinetics of chemoreceptor methylation. We
found that the strong nonlinearity in the transfer function characterizing
the adaptation module in E. coli could be a consequence of the
phosphorylation feedback on CheB activity.

In Chapter 6, we summarized our findings, and proposed
experiments (including preliminary data) that can provide a continuation
of the research topics explored in this thesis.
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Chapter 2

Response rescaling in bacterial
chemotaxis

Sensory systems rescale their response sensitivity upon adaptation
according to simple strategies that recur in processes as diverse as single-
cell signaling, neural network responses, and whole-organism perception.
Here, we study response rescaling in Escherichia coli chemotaxis, where
adaptation dynamically tunes the cells” motile response during searches for
nutrients. Using in vivo FRET measurements on immobilized cells, we
demonstrate that the design of this prokaryotic signaling network follows
the fold-change-detection (FCD) strategy — responding faithfully to the
shape of the input profile irrespective of its absolute intensity — hitherto
demonstrated only in eukaryotic cell sensory systems. Using a
microfluidics-based assay for free swimming cells, we confirm intensity-
independent gradient responses at the behavioral level. By theoretical
analysis, we identify a set of sufficient conditions for FCD in E. coli
chemotaxis, which lead to the prediction that the adaptation timescale is
invariant with respect to the background input level. Additional FRET
experiments confirm that the adaptation timescale is invariant over a
~10,000-fold range of background concentrations. These observations in a
highly optimized bacterial system support the concept that FCD represents
a robust sensing strategy for spatial searches.

This chapter has been published:

Lazova, M. D., Ahmed, T., Bellomo, D., Stocker. R., and Shimizu, T. S., Response
rescaling in bacterial chemotaxis. Proc Natl Acad Sci U S A 108 (33), 13870 (2011).
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2.1. Introduction

Maximizing the information content of perceived signals is a non-
trivial problem for biological systems, as it requires adaptive tuning of
sensory responses to match the statistics of input signals '®. Remarkably,
strategies for inferring the likely distribution of inputs from recent
experience appear to be ‘hard coded” in many adaptive sensory systems,
leading to well-defined relationships between the current response
sensitivity and recent background inputs 2. The most prevalent of such
relationships is Weber’s law, which prescribes that the magnitude of the
immediate sensory response, Ar, following a small step change in input, As,
is proportional to the ratio of the step size, As, to the background input
level, so, i.e., Ar(As, sg) = k As/sy, where k is a constant 8'. The underlying
sensing strategy exploits a scenario commonplace in nature, where both the
uninformative background intensity, so, and informative deviations from it,
As, are proportionately scaled by a common source of signal power that
fluctuates slowly in time - for example, sunlight which sets the brightness
of images at different times of day 2®. Weber’'s law ensures that the
response, Ar, remains invariant when both the stimulus, As, and the
background, so, are rescaled by the same factor jp ie. Ar(As,sy) =
Ar(yAs,ysp). This obviates the need to optimize the stimulus-response
relation at every level of signal power.

Recently, a response rescaling strategy that applies to a broader
class of input stimuli, called fold-change detection (FCD), has been
described in a number of eukaryotic cell sensory systems 5°.%2, FCD is
conceptually similar to Weber’s law — it yields invariant responses under
proportionate scaling of the stimulus with the background — but it applies
to the entire time series of the response, Ar(t), to a stimulus time series, As(t),
not only to the instantaneous response following a step stimulus. In
addition, FCD is not limited to small-amplitude stimuli, but applies also to
time-varying stimuli of arbitrary amplitude and waveform. Thus, the FCD
strategy prescribes scale-invariant responses to the complete input time
series, Ar(As(t),sg,t) = Ar(yAs(t),yso,t), and as such imposes more
stringent design constraints on sensory systems than does Weber’s law 2.
It has been hypothesized that FCD is a desirable property for sensory
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systems guiding spatial searches by motile organisms !, but whether and
how any naturally occurring spatial guidance system implements the FCD
strategy remains unknown.

Here, we study response rescaling in the signaling network of E. coli
chemotaxis, which guides this bacterium’s search for nutrients and is
arguably the simplest sensory network known to exhibit adaptation over a
broad dynamic range. Pioneering work by Adler and colleagues in the
1970’s 7, as well as more recent work 5, has demonstrated logarithmic
sensing behavior reminiscent of Weber’s law in E. coli’s chemosensory
system, which senses chemoeffector gradients as the bacterium samples its
environment by swimming. Gradient sensing is achieved through temporal
comparisons 2'® mediated by fast and slow molecular processes 2. On a
rapid timescale, chemoeffector binding to transmembrane receptors
produces an excitatory response, by modifying the activity of an
intracellular signal that is relayed to the flagellar motor. On a slower
timescale, enzyme-mediated covalent modification of the receptors restores
pathway activity towards the pre-stimulus level, while also rescaling the
sensitivity of receptors to ligand molecules 2.

The manner in which E. coli rescales its fast chemoreceptor response
has been characterized in some detail by fluorescence resonance energy
transfer (FRET) measurements of intracellular signaling. Using small-step
stimulation by chemoeffectors, the response sensitivity was found to
remain high at a nearly constant level over a broad range of background
concentrations 2!, confirming that Weber’s law holds at the level of the
rapid chemoreceptor response. Yet, biologically relevant inputs often vary
slowly over time, because the high diffusivity (D ~10° m?/s) of small-
molecule chemoeffectors leads to smooth concentration profiles in typical
environments. To test whether E. coli demonstrates FCD in rescaling its
chemotactic response to such smoothly varying inputs, we combine here
FRET experiments encompassing both timescales of intracellular signaling
with microfluidics-based assays of migration behavior. These experiments
demonstrate that the dynamic output of the chemotaxis pathway activity is
invariant under proportionate scaling of a time-varying stimulus with the
background over a broad dynamic range. Thus, the E.coli chemotaxis
system demonstrates FCD, as recently predicted on theoretical grounds %'.
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By analyzing a theoretical model of E. coli chemotaxis 2, we find that FCD
imposes more stringent constraints on the design of the signaling system
than does Weber’s law, and identify a set of sufficient conditions for FCD in
terms of the molecular parameters of the system.

2.2. Weber’s law and fold-change detection (FCD)

The output response of the chemotaxis system can be characterized
by a single variable, a(t), that corresponds to the activity of a central kinase,
CheA, controlled by clustered chemoreceptors. CheA activity determines
the concentration of the phosphorylated response regulator protein CheY,
which in turn controls cell swimming behavior 252 A FRET pair,
consisting of CheY, and its phosphatase, CheZ, fused to yellow and cyan
fluorescent proteins (YFP and CFP), respectively ??, provides a real-time
readout proportional to a(t) for timescales greater than the relaxation time
of the CheY phosphorylation cycle. In addition to enabling studies on
receptor sensitivity 7624024, this FRET system has been combined with time-
varying stimuli to measure the in vivo kinetics of the adaptation enzymes
CheR and CheB 2%, which provide negative feedback through covalent
receptor modification (reversible methylation at multiple sites) and
determine the slower timescale of the adaptation response, zn.

To study how the temporal response of chemotactic signaling
depends upon the background level, we conducted FRET experiments in
which bacteria, adapted to a background concentration [L]o of the non-
metabolizable attractant a-methyl-aspartate (MeAsp), were subjected to a
time-varying stimulus A[L](f). The stimulus was applied by modulating the
input in time, as [L](t) = [L]o + A[L](t), using a fluid mixing apparatus.
Figure 2.1A shows results from an experiment in which the stimuli, A[L]: (#),
differed in amplitude but the inputs, [L]i(t), had otherwise identical
waveforms, i.e. [L];(t) =[L]o;A(t), where [L]oi is the i-th background
concentration. The dimensionless waveform A(f) was held constant
between all stimuli in this experiment, so that the stimulus-to-background
ratio, A[L];(t)/[L]o; = (A(t) — 1), was invariant. For this scenario, we found
that the response time series, AFRET(t), was very similar over a broad
range of background concentrations ([L]o = 0.018-2.903 mM). In contrast, in
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the experiment of Figure 2.1B the sequence of stimuli, A[L]i(t), was the same
as the last four stimuli in the experiment of Figure 2.1A but the background
level was held constant at [L]o = 0.229 mM. In this case, the FRET response
to each stimulus in the sequence differed in both amplitude and waveform.
Thus, the response to time-varying stimuli is not determined by the
absolute difference from the background, [L](t) - [L]o, but rather by the fold
change over the background, [L](t)/[L]o, indicating that chemotactic
signaling in E. coli exhibits FCD.

] B e e

! [“V‘"'f’“f "L"PD”"0 w ““f‘“m‘* Amphtudu and wave form distor tlonq
w 4 ﬂﬂJ
mM) 2 |‘{'_‘ 10 min
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Stimuli rescaled with background Same stimuli at constant background

Figure 2.1. E. coli chemotaxis displays FCD. FRET response (top), AFRET,
normalized by the magnitude of the response to saturating stimuli (| AFRETs!), of
cells exposed to time-varying concentrations of MeAsp (bottom). (A) Response to
five stimuli, A[L](t), of identical waveforms and amplitudes scaled by the same
factor as the background concentrations [L]o: = (2.903, 0.478, 0.229, 0.109, 0.018) mM.
(B) The last four stimuli, i = (2, 3, 4, 5) were repeated while the background was
kept constant (0.229 mM). (The first stimulus, at i =1, could not be applied at this
background because [L]o + A[L]1(t) would reach negative values at [L]o1 =2.903 mM.)

2.3. Dynamic range of FCD in E. coli chemotactic signaling

To probe the dynamic range over which FCD holds, we compared
the temporal response profiles at different background concentrations in
experiments of the type shown in Figure 2.1A. One can use any function for
At) to test for FCD, which, by definition, holds for arbitrary input
waveforms. We chose an oscillatory waveform with a frequency v=0.01 Hz,
close to the characteristic frequency of the system’s adaptation kinetics,
vm = 0.006 Hz (at 22° C; 22¢), with a Gaussian amplitude modulation to probe
both the low-amplitude regime, where the stimulus-response relation is
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expected to be linear (i.e., AFRET o A[L]), and the high-amplitude regime,
where the stimulus-response relation saturates (i.e., AFRET - AFRETsat).
Figure 2.2 shows the FRET response time series over a ~30,000 fold range of
background concentrations. We identified four concentration regimes. For
[L]o<0.018 mM (Figure 2.2A), the response amplitude increased with the
background concentration. We detected two adjacent but distinct regimes
where FCD holds locally: at intermediate ([L]o=0.018-0.229 mM;
Figure 2.2B) and high ([L]o=0.815-10.345 mM; Figure 2.2C) background
concentrations, responses were invariant in both amplitude and waveform.
We hereafter refer to these regimes as FCD1 and FCD2, respectively, and to
the low concentration regime, where the response amplitude depended on
the background level (Figure 2.2A), as “no FCD” regime. At very high
concentrations (>10.345 mM; Figure 2.2D), osmotic stress perturbs the
chemoreceptors 2 and this regime is not considered further.

AFRET A AR B Al C D
AERET| °| TN VN herer PR [] 4 ™~
sat 1 min 1(} u ' i) AR Y .
a0 = v ¥
0.6 noFCD(4) —— e : Osmotic stress (D)
e
AFREL, 02 _ _—* 3
"0.001 0.01 0.1 1 ' 10 100
L]y (mM)

Figure 2.2. Dynamic range of FCD. (A-D) FRET response to a stimulus waveform
(Figure 2.4B, blue curve) for different background concentrations [L]o = (A) 0.001
and 0.005 mM; (B) 0.018, 0.064 and 0.229 mM; (C) 0.815, 2.903 and 10.345 mM; (D)
36.871 mM. Two replicates for each concentration are shown. (E) Response
amplitude, AFRETin, for the same cases, computed as the peak in the linear
response regime (see panel B). Vertical bars indicate the concentration ranges used
in microfluidic gradient experiments (Figure 2.3).
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The two FCD regimes differ in the response magnitude, most
notably in the low-amplitude regime of the response, where
AFRET << AFRETsa (Figure 2.2B, C). Therefore, we characterized the
amplitude of the first negative peak, AFRETn (see Figure 2.2B), which was
always much smaller than AFRETs: and thus provides a good
approximation of the response within the linear regime of the stimulus-
response relation. AFRETin depends only weakly on background
concentration (Figure 2.2E), with a <2-fold difference over a ~2000-fold
concentration interval ([L]o=0.005-10.345 mM). Interestingly, this
dependence of amplitude on background concentration closely resembles
the previously reported *! step-response sensitivity of chemoreceptors
(defined as (Aa/aq)/(A[L]/[L]y), where ao is the steady-state kinase
output), suggesting that the dependence arises within the fast timescale
chemoreceptor response.

2.4. FCD in population behavior of swimming E. coli

If the chemotactic signaling response is invariant under rescaling of
temporal gradients by the same factor as the background level, a
swimming E. coli cell might do equally well at climbing different spatial
gradients when these are similarly rescaled. A single bacterium’s trajectory
is difficult to follow experimentally over extended times. However, the
spatial distribution of an ensemble of cells is readily imaged over long
periods. If FCD holds on the behavioral level, the spatial distribution of the
population is predicted to evolve identically in different chemoeffector
gradients, as long as bacteria are pre-adapted to concentrations scaled by
the same factor as the fold-change in the gradients” magnitude.

To test this prediction, we studied the migration of swimming cells
in spatial gradients of MeAsp, established in a microfluidic system
(Figure 2.3A) of a type described before 752115, The device, consisting of
polydimethylsiloxane (PDMS) and agarose, creates and maintains a steady
linear MeAsp gradient. Bacteria are introduced into a W=600 um wide
“test channel” patterned in the PDMS layer, which has one face open to the
underlying agarose layer. A linear gradient is pre-established within the
agarose by flowing buffer with different MeAsp concentrations in the two
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flanking channels, higher in the “source channel” and lower in the “sink
channel” (Figure 2.3A). A gradient mirroring that of the underlying agarose
layer rapidly develops within the test channel, because of its small depth.
We followed the migration of cell populations in the test channel by video-
microscopy. Typical images of cell trajectories demonstrate that bacteria are
initially uniformly distributed (Figure 2.3B, upper panel), but subsequently
accumulate on the side closest to the source channel (Figure 2.3B, lower
panel). Analysis of sequences of images yielded the bacterial distribution,
B(x), along the gradient.

We tested seven different gradients, each time rescaling the
steepness of the gradient by the same factor as the mean concentration, [L]n
(the shaded bars in Figure 2.2E). Figure 2.3C shows the temporal evolution
of the spatial distributions of bacteria, B(x). The left column corresponds to
[L]m = 0.005 mM, within the “no FCD” regime. As expected from the low
amplitude of the FRET response in this range (Figure 2.2E), the chemotactic
accumulation was weak. For [L]m within each FCD regime (middle and
right columns) the entire temporal evolution of B(x) was invariant, despite
the ~12-fold variation in [L]m among experiments. The accumulation was
stronger within the FCD1 regime than within the FCD2 regime, consistent
with the difference in sensitivity measured by FRET (Figure 2.2E).

The invariance of the distributions is demonstrated more
quantitatively in Figure 2.3D, where we plot the time series of a
dimensionless figure of merit, chemotactic migration coefficient (CMC) .

The latter is defined as CMC(t) = %, where(x)(t) = [ xB(x, t)dx is

the population-averaged spatial coordinate of the bacteria, x (along the
chemoeffector gradient), measuring the mean displacement of the
population from the center of the channel. The CMC(t) time series are
nearly identical for gradients within each FCD regime (Figure 2.3D). Taken
together with the FRET data, these results demonstrate that within each
concentration regime where intracellular signaling responses are invariant,
the chemotactic performance in spatial gradients is also invariant. Thus, the
FCD property extends from intracellular signaling to the behavior of
swimming cells.
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Figure 2.3. FCD demonstrated for swimming cells. (A) Schematic of the
microfluidic device used to create a steady linear MeAsp gradient, of magnitude
VIL] (see text). (B) Spatial distribution of chemotactic cells at the start of an
experiment (top) and 19 minutes after establishment of a V[L] = 0.15 mM/mm
gradient along —x (bottom). (C) Time evolution of the bacterial distribution in
gradients of differing magnitude, but identical fold-change. In each experiment,
bacteria were pre-adapted to a concentration [L]m such that V[L]/[L]m was constant
(2/3 mm). The values of [L]w (0.005, 0.120, 0.229, 0.430, 0.815, 2.903, and 10.345 mM)
are also indicated in Figure 2.2E. (D) Time series of the absolute value of the
chemotactic migration coefficient (ICMCI; see text).

2.5. Mechanistic requirements for Weber’s law and FCD

To gain insight into the mechanistic requirements for FCD, we
analyzed a coarse-grained model of the chemotaxis network that has
successfully explained a large body of quantitative experiments on
chemotactic signaling 2. This model was shown to satisfy the general
mathematical requirements for FCD, but those conditions alone do not
fully constrain the possible molecular mechanisms 2*!. Here we identify
specific relationships between molecular parameters that lead to FCD-type
response rescaling predicted to yield observable consequences. From a
functional perspective, this model can be described as a negative feedback
loop (Figure 2.4A) in which the ligand concentration, [L](f), is the input, the
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receptor-kinase activity, a(t), is the output, and the average receptor
methylation level, m(t), is the feedback signal. The relationships between
these variables are mediated by two transfer functions: F(a), representing
enzyme-driven methylation kinetics, and G([L]m), representing
cooperative kinase activation by chemoreceptors. The dependence of
G([L],m) on ligand concentration and methylation level is through a free
energy difference, fi([L]m), between active and inactive states of the
receptor-kinase complex, described by an allosteric two-state model of the
Monod-Wyman-Changeux (MWC) type 7.

(L1(2)

Output

max

B N == C  AY@®/aly,,|

------------------

Figure 2.4. Requirements for FCD response rescaling. (A) Block diagram of the
integral feedback network of E. coli chemotaxis. The receptor-kinase transfer
function G([L],m) constantly compares the ligand input [L](f) with the methylation-
feedback m(t). Through another transfer function F(a), the output a(t) controls the
rate of change of m(t), yielding an integral-form feedback, which guarantees exact
adaptation given appropriate conditions on F(a). (B-C) Waveform distortions for
sinusoidal (B) and impulse (C) stimuli, [L](t)/[L]o (blue curves), for a three-fold
change in the response timescale, m(a), upon adaptation from one input level
(green curves) to another (magenta curves). (B: Inset) Small-amplitude portion of
the response (blue boxed region), with each response normalized by its amplitude.
Note that the phase shift in the response in (B) and shape change in the impulse
response in (C) are due to the difference in zn.

36



Response rescaling in bacterial chemotaxis

This model was previously used to explain Weber’s-law-type
response rescaling for step stimuli %, which yielded a set of sufficient
conditions on mechanistic parameters of this model. We find here that
requiring FCD imposes an additional constraint on the design of the
chemotaxis network, beyond those necessary for Weber’s law, yielding the
following as sufficient conditions for FCD:

I. Exact adaptation: the steady-state output, a, = const
II. Logarithmic coupling of ligand input, [L], to the free energy, fi:
0f¢/01In[L] = const
III.  Linear coupling of methylation feedback, m, to the free energy, f::
dft/0m = const

All three of these constancy conditions must hold under changes in
[L]o. Exact adaptation (condition I; orange in Figure 2.4A) requires that the
dynamics of the kinase activity, a(t), has a unique globally stable fixed point.
This is guaranteed by the integral feedback architecture of this pathway 2,
provided that the transfer function, F(a), is determined uniquely by the
kinase activity, a, and crosses zero only once with a negative slope 2. The
remaining two conditions are constraints on the total free energy, which
can be decomposed as f;([L],m) = N(f,(IL]) + fn(m)), where f,([L])
represents the contribution from ligand binding, f,,(m) represents that
from methylation, and N is the size of the cooperative receptor cluster.
Logarithmic input coupling (condition II; blue in Figure 2.4A) means that
the ligand effect on the total free energy, f:, is proportional to the logarithm
of ligand concentration. In MWC-type allosteric models, the assumption
that both ligand-binding and the active <> inactive transitions are
thermally driven means that the ligand effect on activity depends on the
distinct dissociation constants for the active and inactive states, Ka and K,
through the relation f;([L]) = in(1 + [L]/K;) — In(1 + [L]/K,) . Therefore
condition II is satisfied for MWC models when the ligand concentration is
in the range K; < [L] < K, (where f; ([L])~In[L]), given that the receptor
cluster size, N, is also constant. Linear feedback coupling (condition III;
pink in Figure 2.4A) signifies that the methylation effect on the total free
energy, fi, is directly proportional to the current methylation level, m.
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Of these three conditions for FCD, conditions I and II are sufficient
for Weber’s law for step stimuli 2. Thus, the only additional requirement
for FCD is condition III, that the slope of the methylation-dependent free-
energy must be a constant, i.e. fm(rm) must be a linear function of m. Such a
linear dependence was discovered in FRET experiments using step stimuli
26, where the function f,,(m) = a(m* — m) yielded good fits to the data
with a = 2 and m" = 0.5. The requirement for a constant a can be understood
intuitively by examining the dynamics of this model, predicting that the
characteristic timescale of adaptation, zm (defined as the relaxation time for
the decay of the response, Aa(t), after a small step change in the input) is
inversely proportional to a: 7, = (Nao(1 — ag)aF ’(ao))_l. Thus, changes in
a are expected to lead to distortions in the output waveform. In
Figure 2.4B, C we illustrate the consequences of breaking this condition by
numerical integration of a model that satisfies conditions I and II, but not
condition III. For both smoothly varying stimuli (Figure2.4B) and
impulsive stimuli (Figure 2.4C), the response, Aa(t), to the same input
waveform, A(t)(= [L](t)/[L],), differs for two distinct feedback coupling
coefficients @ and a” (as could result from a nonlinear fm(1m) when adapted
to two different background concentrations). Thus, conditions I and II are
not sufficient for FCD, even though this system will demonstrate response
rescaling to step stimuli according to Weber’s law.

2.6. Invariance of the chemotactic adaptation timescale

Our analysis of the requirements for FCD implies that the
adaptation timescale, m, is constant within each of the two FCD regimes
identified in the FRET data (Figure 2.2). However, this observation does not
rule out the possibility that zm depends on the background concentration
over a broader range than each FCD regime. We reasoned that appreciable
changes in 7m would be observable as distortions in the output waveforms
because this timescale directly determines the characteristic cutoff
frequency, v, = (271,,)7%, for the linear signal filtering performed by the
chemotaxis pathway 2262%0. Therefore, we compared the output waveforms
between the two FCD regimes, as well as the “no FCD” regime, by
superimposing the FRET response time series shown in Figure 2.2,
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averaged within each of the three regimes (Figure 2.5A). The linear filtering
analysis applies only for the small-amplitude regime of output, so inferring
properties of m from output waveform comparisons is only valid for the
initial interval prior to saturation. When normalized by [AFRETinl,
responses within this interval (boxed region in Figure 2.5A) from all three
regimes collapse onto a single output waveform (Figure 2.5A, Inset). Since
large changes in m would result in distortions of the output waveform, this
collapse suggests the adaptation timescale, z, is essentially invariant over
the entire ~10,000-fold range of background concentrations spanned by
these three regimes (Figure 2.4B inset).

To test more directly the invariance of mm, we subjected cells to
exponential sinusoid inputs, [L](t) = [L]gexp[A,sin(27wvt)], perceived as
pure sinusoids with amplitude Ar and frequency v under logarithmic input
coupling 226260, We recorded the response phase delay ¢p by fitting another
sinusoid, a(t) = ay + |4|cos(27vt — ¢,), to the FRET response time series.
At a fixed background concentration, the dependence of ¢p on v was
shown 2¢ to follow that expected for a linear filter, ¢,(v) =7—
tan™*(v,/ V), so any dependence of 7, = (27V;,)"! on [L]o can be detected
as a change in ¢p upon stimulation at frequency v. We measured this
dependence at v=0.006 Hz (Figure 2.5B). The change in ¢», if any, was very
small (~0.027 per decade), corresponding to a <20% increase in zn over
a >1,000-fold increase in [L]o. Thus, both the time- and frequency-domain
data strongly indicate that the adaptation timescale remains constant over a
broad range of background concentrations!¥.
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Figure 2.5. Invariance of the adaptation timescale over a ~10,000-fold range. (A)
Overlaid view of output waveforms for the different background concentrations,
separately averaged within the “FCD1”, “FCD2” and “no FCD” regimes. The
boxed region indicates the linear regime of the response. (Inset) The linear-regime
response is invariant when rescaled by |AFRETin| (Figure 2.2B). (B) Phase delays,
¢, for responses to exponential sinusoids with v =0.006 Hz and At = 0.2, for [L]o=
0.001, 0.005, 0.018, 0.064, 0.815 and 2.903 mM.

2.7. Discussion

We have shown that response rescaling in E. coli follows not only
Weber’s law at short times after stimulation, but also FCD over the entire
response time series, in agreement with a recent theoretical prediction 2.
Unexpectedly, we identified two distinct FCD regimes which share a
common adaptation timescale, but differ in their response amplitudes. As
noted in a previous study of receptor sensitivity 2#!, a plausible explanation
for these changes in the response amplitude for MeAsp is that more than
one receptor species is involved in the response to MeAsp. Future
experiments using mutant strains with altered receptor complements could
shed light on this question (see Chapter 3).

The manner in which bacteria respond to temporal gradients is
captured most succinctly by the system’s response to impulsive stimuli
(Figure 2.4C), whose characteristic biphasic shape demonstrates how inputs
from different times in the past are weighed to produce the output at every
instant. The particular shape of this time-dependent response function is
expected to be under strong selection, as it determines how time
derivatives are computed by the bacterium and, as such, encodes the basic
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chemotactic strategy. The optimal response function for a given
environment will depend on the typical distribution of nutrient sources
and the shapes of the concentration fields they generate by diffusion. Much
theoretical work has been devoted to the effects on chemotaxis of different
response functions under a variety of environmental conditions #:505563214,
based on the impulse response obtained in classic experiments 3028 that
measured the response of flagellar rotation in cells tethered to a surface
through their flagella. Our observation that the adaptation timescale is
invariant with respect to the background level of input (Figure 2.5)
validates the approach of using impulse response functions of the same
shape to study gradient responses over the entire range of [L]o tested here,
provided that the dependence of the amplitude of response on [L]o
(Figure 2.2E) is taken into account.

How might FCD benefit a chemotactic bacterium? Shoval et al. %!
suggested that FCD could be advantageous in searching for nutrient
sources. Their argument is based on the observation that typical
environmental gradients generated by diffusion or convection from a
source can have complex spatial profiles, but their characteristic shapes —
when divided by the source strength — are invariant, i.e. the time-
dependent spatial profile of the chemoeffector can be decomposed as
[L1([L]g, %, t) = [L]oA( X, t), where [L]o is the chemoeffector concentration at
the source and A( x,t) is a dimensionless profile that depends on the spatial
coordinate, x, and time, t, but not [L]o. In this context, FCD enables a
bacterium to focus on the shape of the profile as a signal encoding the
source location, irrespective of the source strength. Such a strategy could be
optimal when “any source is a good source”, that is, the payoff for reaching
even a weak nutrient source exceeds that for discriminating between the
richness of nutrient sources. The search for nutrient patches by bacteria in
the ocean, where microscale sources of dissolved organics are far between
and highly variable in intensity 2*2, represents a tangible example of such a
scenario. Comparatively little is known about the natural habitats of enteric
bacteria such as E. coli, but the fact that this species, noted for its highly
optimized physiology, demonstrates FCD invites further studies about
phases in its life cycle and ecology that favor this robust search strategy.
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Our results provide the first experimental demonstration of FCD in
a sensory network guiding a spatial search, and of the consequences of
FCD on organism- and population-level behavior. Given the arsenal of
experimental and theoretical tools available for characterizing this minimal
sensory network and its behavioral output, bacterial chemotaxis can serve
as an ideal model system for further studies of FCD-type response rescaling,
from the level of molecular mechanisms to its physiological and ecological
implications.

2.8. Materials and methods
In vivo FRET measurements and data analysis

FRET microscopy of bacterial populations was performed 2%2. The
FRET donor-acceptor pair (CheZ-CFP and CheY-YFP) was expressed from
a plasmid pVS88 0 in a A(cheY-cheZ) E. coli RP437. Cells, attached to a poly-
L-lysine-coated coverslip, were situated at the top face of a bespoke flow
cell 7, and kept under constant flow (~ 2 ml/min) of motility buffer (10 mM
potassium phosphate, 0.1 mM EDTA, 1 uM methionine, 10 mM lactic acid,
pH 7), generated by a peristaltic pump (Rainin Dynamax RP1). Cells were
subjected to time-varying input modulations, generated by mixing a
concentrated solution of the chemoeffector a-methyl-DL-aspartate (MeAsp;
Sigma Aldrich) and motility buffer by a fluid mixer of a type described
before %22, The output concentration [L](f) from the mixing chamber was
controlled by modulating the in-flow rate, , of the concentrated MeAsp
using a computer-controlled syringe pump (Harvard Apparatus,
PHD2000), whereas the in-flow rate of the motility buffer, , was kept
constant. Thus, [L](t) = [L]" a(t)/[a(t) + B], where [L]" is the MeAsp
concentration in the syringe.

In the experiments shown on Figure 2.2 the background
concentrations [L]o were equally spaced on a logarithmic scale by a factor
¥ = (K;K,)'/*, centered about [L],,, = (K;K,)'/?, where Ki and Ka are the
dissociation constants for the inactive and active receptor states
respectively. Cells, adapted to the i-th background, [L]o; = y‘[L];/,, were
subjected to an input [L];(¢) = y'S(¢t), where S(t) = [L];/,A(t), and in the
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experiments of Figure 2.1, 2.2, and 2.5A, A(t) = exp(Ae“{"Z(t_tc)2 sin 2mut),
that is a sinusoidal waveform with frequency v multiplied by a Gaussian
pulse envelope with a peak of amplitude e* at time t and a decay
parameter o. The frequency v = 0.01 Hz was chosen to be close to the
characteristic frequency, v, of the system’s adaptation kinetics 2. Thus,
changes in the adaptation kinetics would reveal themselves as phase shifts
in the response. On the other hand, because receptor responses occur on
much faster time scales, changes in receptor sensitivity would affect only
the response amplitude, and not its waveform.

An upright microscope (Nikon FN1) was equipped with an oil
immersion objective (Nikon CFI Plan Fluor, 40x/1.3). The sample was
illuminated by a metal halide arc lamp with closed-loop feedback (EXFO X-
Cite exacte) through an excitation bandpass filter (Semrock, FF01-438/24-25)
and a dichroic mirror (Semrock, FF458-Di01). The epifluorescent emission
was split by a second dichroic mirror (Semrock, FF509-FDi01) into donor
(cyan, C) and acceptor (yellow, Y) channels and collected by two photon-
counting photomultipliers (Hamamatsu H7422P-40) through bandpass
filters (Semrock FF01-483/32 and FF01-542/27 for the C and Y channels,
respectively). Detector output from the two channels were recorded
through a data acquisition card (National Instruments) installed on a PC
running custom-written software.

After background subtraction, the ratio between the acceptor and

donor channel (R =Y/C) was used to compute the change in FRET
Rpre+AR—Rg Rpre—Ro

Rpre+AR+|AY/AC|  Rpre+|AY/AC| ’
where where AR = R — R, is the ratio change, Ro is the acceptor to donor

efficiency upon stimulation: AFRET =

ratio in absence of FRET, Rpre is the acceptor to donor ratio before
stimulation, and |AY/AC!| is the constant absolute ratio between the
changes in the acceptor and donor signals per FRET pair (IAY/AC|=0.6) 24.
Under the conditions of the measurements R, + [AY/AC| > AR. Thus
AFRET~AR, and we expressed AFRET for simplicity in arbitrary units of
AR. AFRET(t) was normalized to the absolute magnitude of the response to
saturating step stimuli |AFRETstl, to compensate for variations due to
different absolute signal levels between the experiments.
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Microfluidic experiments and data analysis

Microfluidic chemotaxis experiments were performed in a
hydrogel-based gradient generator (Figure 2.3A) 7, inspired by a design
pioneered by Wu and colleagues 2. A 1 mm thick agarose layer was
sandwiched between a glass slide and a polydimethylsiloxane (PDMS;
Sylgard 184, Dow Corning) layer. The microdevice consisted of three
parallel channels, each 600 pum wide. Two 100 um deep feeder channels
(“source” and “sink” channels) were patterned in agarose and one 50 um
deep test channel in PDMS. The test channel was fabricated using standard
soft lithography techniques ?2. The agarose layer was made from a 3%
(w/v) solution of Ultra Pure Agarose (Invitrogen) in motility buffer, heated
for 30 s in a 1250 W microwave oven and poured over a silicon wafer with
positive reliefs of the feeder channels. After being allowed to gel at room
temperature, the agarose layer was cut to size and used immediately or
stored in motility buffer. Flexible polyethylene tubing (Cole-Parmer) and
metal connectors (New England Small Tube Corp) were used to connect the
inlets of the source and sink channels with two 0.5 ml glass syringes
(Hamilton Company), driven by a syringe pump (PHD 2000, Harvard
Apparatus), and the inlet of the test channel with a 1 ml plastic syringe
(BD), operated manually.

A constant flow rate of 1 pl/min was maintained in the feeder
channels, with two different concentrations of a-methyl DL aspartic acid
(MeAsp; Sigma Aldrich) in the source and sink channel. Diffusion from the
source to the sink, which are L =1 mm apart (edge-to-edge), establishes a
gradient across the agarose in ~20 min, and the concentration in the test
channel reflects that in the underlying agarose. Because of the small height
of the test channel, H =50 um, after introduction of the bacteria a gradient
mirroring that of the underlying agarose rapidly develops in the test
channel, within a time H?2D <10s (assuming a typical small-molecule
diffusion coefficient for MeAsp, D =5x10" m?s?). The gradient within the
test channel was previously verified to be linear, with a magnitude equal to
69% of the gradient predicted assuming an exactly linear decay between
source and sink channels 7. The MeAsp concentrations in the source and
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sink channels were varied between 0.005and 10.345 mM, to generate
gradients between 0.003 and 6.9 mM/mm.

After a suspension of E. coli RP437 (ODsw ~ 0.5) was manually
injected in the test channel by suction, the inlet and outlet of the test
channel were sealed with coverslips to prevent residual flow and
evaporation. Chemotaxis experiments were conducted using a computer-
controlled inverted microscope (TE2000-E, Nikon), equipped with a CCD
camera (PCO 1600, Cooke). Bacteria were observed at test channel mid-
depth, using phase contrast microscopy and a 20x objective. The
subsequent chemotactic behavior of cell populations was followed by video
microscopy 2. Sequences of 200 frames sequence were captured at 10
frames per second every 2 min, from 1 to 39 min after injection of bacteria.
Image analysis, using IPlab and MATLAB, was performed to determine
bacterial positions in each frame. First, each frame was subtracted from the
following one, to focus only on motile cells. Then motile bacteria were
located in each frame as peaks in a monochrome intensity field. Bacterial
positions were determined over all frames in a movie and binned to yield
the the cell distribution B(x) along the direction of the gradient.

FCD requires linear feedback coupling

In the model of Tu et al. 2, the dynamics of the chemotaxis pathway
is captured by two equations:

w=F@, M

which describes the rate of change of the average receptor methylation
level, m, as a function of the activity of the receptor-kinase complex, a, and

a=G(LLm) = G(f.([L],m)) = (1 + efeltIm)) ™" @)

which determines the receptor-kinase activity at every moment in time,
given the current level of ligand input, [L], and methylation feedback, m,
via the free energy difference between the active and inactive states,

f:(L],m) = N(f.(LD + fn(m)), 3)

where N is the number of ligand-binding receptor units cooperatively
associated with each kinase molecule. If the free-energy contribution from
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methylation feedback, fm(m), is removed, the remaining ligand-dependent
part of this model for receptor kinase activity, equation (2), is formally
equivalent to the Monod-Wyman-Changeux (MWC) model of allosteric
proteins, widely used in biochemistry 76, and is also a limiting case of the
Ising model of statistical physics 72120165, As in the classical MWC model 7,
the effect of ligand depends on the active and inactive states for the
receptor having distinct affinities for ligand, leading to the expression

f,(IL]) = In 2/ @)

1+([L]/K A
where Ki and Ka are the dissociation constants for the inactive and active
receptor states, respectively. The methylation-dependent free energy, fm(m),
is a feature that is not present in the classical MWC model, but has been
shown experimentally to be well-approximated by a linear function,

where a is the slope of fm(1m), and m* is the offset methylation level at which
fm(m) =0.

This model for E. coli chemotactic signaling is thus completely
described by the MWC parameters N, Ki and Ka, which have been
estimated in numerous studies utilizing data from FRET experiments with
step stimuli 76120165166226240264 and the shapes of the functions F(a) and fm(m),
which were recently characterized by experiments with time-varying
stimuli 2%. The picture that emerges from these studies is that both f.(In[L])
and fm(m) are linear over a broad range. The linearity of fu(In[L]) in the
range Ki<<[L] << Ka follows from equation (4) with a large ratio between
Ka and Ki values obtained in MWC-model fits to step-response data 16622,

It has been shown previously 2 that for Weber’s-law-type response
rescaling for step stimuli, this model requires: I exact adaptation, satisfied
by equation (1), and II a significantly extended linear regime of f.(In[L]),
which is achieved by the aforementioned large separation between the two
dissociation constants: Ki=0.018 mM, Ka =2.903 mM for MeAsp binding to
the aspartate receptor Tar 122, Here, we demonstrate that FCD requires, in
addition to I and II, a third condition, namely III that the methylation-
dependent part of the receptor free energy, fm(m), is also linear.

Consider a system adapted to a background concentration [L]o at
time fo. Because the output time series a(t) is determined solely by the free
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energy, fi, according to equation (2), demonstrating invariance in this free
energy as a function of time, fi(f), under multiplication of the input
[L](t) = [L]o + A[L](t) by a scalar constant y suffices to prove FCD. Due to
exact adaptation, the adapted state activitya([L]o, ty) = ag, and hence also
fi(to), is independent of the background level of input, [L]o. On the other
hand, solving equation (3) for the m makes clear that the adapted-state
methylation level mo does depend on [L]o,

mo([L]o) = fn?l(ft(to)/N _fL([L]O))/ (6)

where f;;1(f) represents the inverse function of fm(m). Expressing the free-
energy response time series as Af;(t) = f;(t) — f:(ty), we can write

Afe(t) = Afin(m(®) + Af([L1(1)) @)
where Afy(m(8)) = fin(M(©)) = fu(mo); A, ([L10) = £(L1®) = £, ([Lo).
Within the range Ki<<[L]<<Ka, Af;([L]1(¥)) = Af(Y[L1(¥)), where v is
constant, becausef;([L])~In[L] in this range (equation 4). Requiring the
time evolution of the total free energy, Afi(t), to be invariant in equation (7)
therefore requires the time evolution of Afm(m(t)) to also be invariant, i.e.,

A fm(m(t)) = fn (mo + Am(t)) — fm(mg)=constant, at any time, f, (8)
where Am(t) = Am([L](t); t) = m(t) —my([L]y) is the time-dependent
response to [L](t) in the methylation level m. But if FCD holds, Am(t) is itself
invariant under multiplication of the input by a factor jy that is,
Am(yL](t); t) = Am([L](t);t), because it evolves according to the time
integral of equation 1: Am([L](t);t) = ftto F(a([L](t); t))dt , and
a(ALI(t);t) = a([L](t); t) as required by FCD. On the other hand, mo
depends explicitly on [L]o according to equation (6). Taking the derivative
of equation (8) with respect to mo, we see that FCD also requires

fn(mo + Am([L](); 1)) — fin(mg) = 0 )
For equation (9) to be true for an arbitrary input time series [L](t), the local

slope of fm(m) must be the same everywhere, that is, fm(1) must be a linear
function.
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Alternative proof for the linear feedback coupling requirement

A more general and elegant proof of the linear fm(1m) requirement for
FCD has been communicated to us by Prof. Dr. Eduardo Sontag. This
approach appeals to a general theorem for FCD developed in refs. ' and
20, which, applied to the system of equations. (1) and (2), requires that, for
FCD to hold, there must exist a function R(p,m) that solves the following
partial differential equation (a) with boundary condition (b):

(a) 3_51 (p,m)F(a) = F(a) for all p, a, m;

(b) G(p[L], R(p, m)) = G([L],m) for all p, a, m.

OR
’ om
R(p,m) = m + r(p) for some function r(p). This in turn implies from (b)
that:

fi®ILD + fu(m +71®)) = fL(IL]) + fn(m) for all [L], m, p. (10)
Taking d/dp in equation (10), we have

[LIfL ®ILD + 7' () fn(m + 7(p)) = O for all [L], m, p. (11)

And therefore, unless fi is constant, there is at least some p = po such that
r'(po) # 0. (Because for some po and [L]o, [L]of; (po[L]o) # 0.) Now taking a
derivative /0m in equation (11), we have ' (p) fn(m + r(p)) = 0 for all m,
p, so that, in particular, f,,,(m + q) = 0 for all m, where q = r(p,). It follows
that f,,(m) = 0, s0 fm(m) is linear.

From (a) it follows that for all p, m (p,m) =1, which gives

FCD implies an invariant adaptation timescale

Linearizing the equations (1) and (2) about the steady-state activity,

ao, we get

dﬁ—;n = F'(ay)Aa, (12)
da da

Aa —%Amﬁ'mA[L], (13)

Adaptation kinetics can be characterized by the relaxation of
activity after the application of a brief pulse of ligand, where the
chemoeffector jump, A[L], has returned to zero (i.e. the relaxation of the
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slow overshoot in Figure 2.4C). Differentiating equation (13) with respect to
time, and substituting equation (12) yields

dA d P
d_: = %F (ag)ha = —-Aa/ty, (14)
where we define

— 1 d -1 /] ad af afm . ! -1
Tm = — (F (ap) ﬁ) =— (F (ag a_;ltaf_t%) = (—aNao(l —ap)F (ao))

(15)
as the characteristic timescale of adaptation.

By inspecting this solution (equation 15), we can verify that the
conditions for FCD imply an adaptation timescale that is insensitive to the
background ligand concentration, [L]o. Condition I (exact adaptation)
ensures that the steady-state activity, ao, and the methylation kinetics F(a)

are both invariant. Condition II (logarithmic input coupling) demands that

d of, . . . -
SIS VU constant, which means that N is constant within the range
dln[L] dIn[L]

d
Ki<<[L] << Ka, where ah{[LL] reduces to unity. Finally, condition III (linear

feedback coupling) ensures that the remaining factor on the right hand side
of equation (15), a, is also constant, confirming that z is invariant under
changes in [L]o.

Waveform distortion due to changes in the adaptation timescale

We illustrated, through simple numerical simulations, the
consequences of a violation of the invariance of the adaptive timescale zn
(or equivalently of the feedback coupling coefficient a).

Figure 2.4B shows the time response to a sinusoidal waveform with
Gaussian amplitude modulation (see Materials and methods). The
responses depicted in Figure 2.4B were obtained by numerical integration
of equations (1-3). The parameters were chosen as in 226: N=6, a,=1/3, mo=0.5,
Ki=0.018 mM, Ka=2903mM. The function F(a) was described by a
Michaelis-Menten equation with a variable gain

F(@) = Ve (1 - a)/(Kg +1-a) = Vg(@)a/(Kz +a)
Vs(@) = V(0) (1+6(a - ap) =2r;) (16)
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where Kr and Ks are the Michaelis constants, and Vr and Vg(a) are the
maximal velocities of the methylation and demethylation reactions
(catalyzed by CheR and CheB respectively). Vs(a) is a piecewise linear
function, the value of which remains Vs(0) for values of a below as, and
above asincreases with a slope rs/(1-a8) up to a maximal value (1+r8)V5(0),
implemented by use of a step function, defined as &(x) =1 for x>0, &Ax) =0
otherwise. The parameters in equations (16) are as reported in 2%
Vr=0.010s", Kre=0.32, Ks=0.30, V8(0)=0.013 s, as=0.74, r8=4.0 The
stimulus has a background concentration [L]o= (KiK4)"? =0.229 mM and
spans a time interval of 600s. The parameters of oscillatory waveform A(t)
are A=0.69, 6=0.0112, v=0.01 Hz, t.=325. The feedback coupling
coefficient @ was set to 2 (magenta curve) and 6 (green curve).

Figure 2.4C shows the response time series for an impulsive
stimulus. For an ideal impulse input, [L](t) = &t), where Jt) is the Dirac
delta function, such a response can be described as demonstrated in 2 by
the function

1 -t 1 _t
AY(t = 0) =AYy |—e "Tm ——e Tz

Tm TZ
AY(t<0)=0 (17)
where AYy = —cgk, TTZTZ > 0and ¢, = —Nay(1 —ay). The time constant z

represents the dephosphorylation time, and k. is an effective phospho-
transfer rate from CheA to CheY 2%. In Figure 2.4C, we choose ka=10, N =6,
a0=1/3, 7. =10s. The adaptation time scale 7m was set to 3 s (magenta curve)
and 9 s (green curve).
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Network-level variability in bacterial
chemotaxis

Most of our current knowledge about the bacterial chemotaxis network
comes from studies of the model organism Escherichia coli. However, recent
genomic studies have revealed that topologies of the chemotactic signaling
networks demonstrate a great diversity across prokaryotes. We have
studied the network-level properties of chemotactic signaling in response
to the attractant a-methyl-aspartate in Salmonella typhimurium, which
shares a homologous chemotactic network with E. coli. Using in vivo
fluorescence resonance energy transfer (FRET) measurements with time-
varying inputs, we revealed that the parameters of S.typhimurium’s
receptor and adaptation transfer functions are different from those of
E. coli’s. The response to oa-methyl-aspartate shows three-fold lower
apparent cooperativity and three-fold faster adaptation kinetics. The
manner in which receptor sensitivity is modulated as a function of
background concentration also differs between the two species, with
S. typhimurium demonstrating a broader range over which the response is
invariant to the absolute level of input (fold-change detection, FCD). We
observed the migration of S. typhimurium populations in spatial gradients
of attractant, created in microfluidic devices. We demonstrated differences
from E. coli in the chemotactic drift velocity, which we relate to the
underlying control physiology. Our study demonstrates how dynamical
features of cell signaling networks can be evaluated in the context of
organism behavior and evolution using a quantitative physiology approach.

51



Chapter 3

3.1. Introduction

The bacterial chemotaxis system, which allows bacteria to sense and
respond to changes in chemical concentrations in the surrounding
environment, is one of the best understood intracellular signaling networks.
It is well characterized at the molecular level 238266, and the network-level
dynamics of the model species Escherichia coli has been unravelled by
numerous experimental and theoretical studies 120137,166192226240,241,260,
However, the chemotaxis system of E. coli represents a streamlined
example of bacterial chemotaxis: recent advances in genomics and
bioinformatics have revealed that the topologies of the chemotactic
networks in other species, even of closely related bacteria, demonstrate a
great diversity 2*?1. Moreover, chemotactic performance varies even
among different strains of E. coli ', suggesting that the chemotactic
signaling dynamics has been fine tuned in the recent evolutionary history.

We investigated the chemotactic signaling and behavior of
Salmonella typhimurium: a pathogenic species that diverged from the
common ancestor with E. coli 120 to 160 million years ago %0, Although
S. typhimurium and E. coli coexist both in their host and non-host habitats,
they have different lifestyles ##; therefore it is likely that their chemotactic
responses have been subject to distinct evolutionary optimization. The
chemotaxis genes of E. coli and S. typhimurium are similar enough to permit
swapping of components on a gene-by-gene basis: deletions in one species
are complemented by the homologous genes from the other ®. However, no
systematic comparison of the dynamic features of chemotactic signaling of
these two species has been performed to date.

At the molecular level, chemoeffector sensing and chemotactic
signal transduction are achieved in a similar manner in the two species 243266
(Figure 3.1). Chemoeffectors are detected by clustered transmembrane
chemoreceptors, which form homodimers and are coupled to a histidine
kinase (CheA). The kinase phosphorylates a response regulator CheY,
which transduces the signal to the flagellar motors and bias the direction of
their rotation. The dephosphorylation of CheY is accelerated by a
phosphatase CheZ. Adaptation is achieved by a pair of enzymes with
opposing actions, CheR and CheB, which provide a negative feedback by
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reversible methylation of the chemoreceptors at multiple sites. Differences
between chemotaxis protein species of E.coli and S.typhimurium are
observed at the level of the receptor-kinase complex. In addition to the
receptor types common for both species: Tar, Tsr, Trg and Aer, there are
five S. typhimurium-specific receptors Tcp, Tip, McpA, McpB and McpC
86206267282 and one E. coli-specific receptor: Tap > (Table 3.1). Coupling of
chemoreceptors to kinase molecules in E. coli is achieved by a single
scaffolding protein, CheW. A second type of scaffolding protein, CheV,
exists in S. typhimurium %27, although no direct evidence that CheV couples
chemoreceptors to CheA in S. typhimurium has been reported °. CheV
shares regions of homology in its N-terminal domain with CheW, and in its
C-terminal domain with CheY, and it likely can be phosphorylated by
CheA 1. Although most of the chemotactic proteins can be swapped
between E.coli and S.typhimurium, some functional differences exist
between these proteins: for example, Tar from E. coli but not from
S. typhimurium is able to sense maltose '*.

(L1(t)
L

\R G/

Figure 3.1. Molecular representation of chemotactic signaling network.
Components that differ between S. typhimurium and E. coli are shown in color.
Mixed chemoreceptor clusters regulate the activity of the kinase, CheA. Scaffolding
proteins (CheW, CheV) couple the receptors and kinase molecules. The response
regulator CheY that transduces the signal to the flagellar motors is phosphorylated
and dephosphorylated by CheA and CheZ respectively. Receptors are methylated
and demethylated / deamidated at multiple sites by the enzymes CheR and CheB
respectively, and CheB activity is also feedback-regulated by phosphorylation from
CheA. CheV is also likely to be phosphorylated by CheA 1.

53



Chapter 3

MCP Species Chemoeffector(s) Reference(s)
Tsr* E. coli, S. typhimurium  Serine, glycine, oxygen, cysteine, redox 170202
Tar* E. coli, S. typhimurium  Aspartate, cysteine, maltose (E. coli), Ni* 1802
Trg E. coli, S. typhimurium  Ribose, galactose 12
Aer E. coli, S. typhimurium  Oxygen, redox potential 30,202
Tap E. coli Dipeptides e
Tcp* S. typhimurium Citrate, phenol 282
Tip S. typhimurium Unknown A
McpA  S. typhimurium Unknown 86,267
McpB*  S. typhimurium Cystine iy
McpC  S. typhimurium Cystine 137

Table 3.1. Chemoreceptors (MCPs) in S. typhimurium and E. coli.
*Receptor contains the conserved C-terminal pentapeptide motif (NWET/sF).

The E. coli chemotaxis system can be described as a modular
network: a receptor module detects environmental cues and generates an
intracellular response, and an adaptation module maintains the kinase
activity at a steady state indifferent to the background concentration of
chemoeffector 1722 (see Chapter 2, Figure 2.4A). In a coarse-grained model
20, the essential system-level properties of E. coli chemotaxis signaling are
described by three dynamic variables: chemoeffector concentration [L](t)
(input), receptor-controlled kinase activity a(tf) (output), and average
methylation level of the receptors m(t) (memory), linked by two transfer
functions 2. The transition between the active and inactive state of the
receptors is  described by an allosteric model of the
Monod-Wyman-Changeux (MWC) type 7¢. The transfer function, G([L],m),
represents the cooperative modulation of kinase activity by chemoreceptors,
determined through the free energy difference, fi([L],m), between the active
and inactive states of the receptor-kinase complex. The second transfer
function, F(a), represents enzyme-driven methylation kinetics (see
Materials and methods).

Both transfer functions of the chemotactic signaling response to the
non-metabolizable chemoattractant a-methyl-aspartate (MeAsp) have been
characterized in E. coli, using a fluorescence resonance energy transfer
(FRET) system 2% that provides a real time readout of the output kinase
activity, a(t). This FRET assay uses a donor-acceptor pair between the
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phosphatase CheZ and the response regulator CheY, fused to yellow and
cyan fluorescent proteins (YFP and CFP) respectively 220240242 The
measured FRET value is proportional to the intracellular concentration of
the complex formed between CheZ and phosphorylated CheY,
[CheZ-CheY-P], which is determined by the balance between CheY
phosphorylation by CheA and its dephosphorylation by CheZ, which have
equal rates at steady state. Therefore, the kinase (CheA) activity, a(t), is
proportional to [CheZ-CheY-P], and this FRET pair provides a real-time
readout of the chemotaxis pathway output a(t) on time scales slower than
the relaxation time of the CheY phosphorylation cycle.

Measurements of the amplitude of the initial rapid FRET response
to step stimuli allowed characterization of the sensitivity 2 and
cooperativity 7624 of the E. coli receptor module. The methylation kinetics
has been studied in E. coli by applying temporal exponential ramp stimuli
matching the adaptation time scale 2. The frequency response of the
chemotaxis system has been characterized by monitoring the FRET
response to oscillatory input signals 22°. Response dynamics has been also
measured at different background concentrations of chemoeffector,
showing that E. coli chemotaxis follows the fold-change detection (FCD)
strategy, that is, it responds faithfully to the shape of the input profile
irrespective of its absolute intensity 323! (see Chapter 2). The high degree
of conservation between S. typhimurium and E. coli chemotaxis proteins 106
permits the utilization of the same FRET assay to probe properties of
S. typhimurium chemotaxis signaling, as exemplified in Chapter 4 3,

The behavioral performance of E. coli in spatial chemoeffector
gradients has also been investigated 782815276, Microfluidic technology
facilitated studies of the quantitative properties of bacterial chemotaxis
performance by enabling the generation of precisely controlled gradients of
chemoeffectors, and observations of bacterial behavior at high spatial and
temporal resolution 8 For example, cell tracking in controlled
microenvironments allowed quantification of population-scale transport
parameters in E. coli °, and diffusion-based microfluidic devices have been
developed to generate steady gradients of arbitrary shape 7. Such devices
were used to observe E. coli distributions in linear gradients rescaled by
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their mean concentration and showed that the FCD property holds also in
the behavioral chemotactic response 1%7.

We examined here the chemotaxis system of S. typhimurium, using
FRET and microfluidic experiments and the modeling framework
developed for E. coli chemotaxis. We find that the quantitative parameters
that characterize these two transfer functions of the chemotaxis response in
E. coli and S. typhimurium are not conserved. The chemoreceptor response
to MeAsp of S. typhimurium is less cooperative and the sensitivity of the
response has a different dependence on the background level of
chemoeffector. S. typhimurium shows faster kinetics of receptor methylation,
and differences in network-level adaptation properties lead to a higher
characteristic frequency below which S. typhimurium can compute time
derivatives of the input signal. We show that the differences in the control
physiology affect the transient and steady-state chemotaxis performance.
Using receptor-mutant strains, we demonstrate that the differences
between S. typhimurium and E. coli chemotaxis properties can be ascribed to
differences in the receptor population composition, as well as the
characteristics of the individual receptors. Our comparison of the
dynamical features of S. typhimurium and E. coli chemotactic signaling and
behavior is of fundamental interest as it provides a snapshot of the
evolution of bacterial chemotaxis.

3.2. Receptor-kinase response in S. typhimurium

To test S. typhimurium’s receptor sensitivity to MeAsp, we applied
sequential steps of MeAsp, A[L], to populations of cells adapted to a
background level [L]o, and measured the amplitude of the initial rapid
excitatory response, AFRET:. Figure 3.2A illustrates an example of such an
experiment. Like in E. coli, the adaptation to MeAsp in S. typhimurium is
perfect: the steady-state kinase activity of adapted cells is the same as the
kinase activity prior to stimulation 224! (Figure 3.2B, see also FRET
response time series in Figure 3.2A). However, the steady-state kinase
activity, ao, in S. typhimurium, a3t =04, is higher than ao for E. coli
measured under identical conditions (a5¢ = 0.33) 2%, (The superscript  is
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used for E. coli components and parameters and the superscript  — for
S. typhimurium components and parameters throughout the text.)

We adapted S. typhimurium populations to 14 different background
levels, [L]o, and constructed dose-response curves of the kinase activity, 4,

as a function of the total attractant concentration
[L] = [L]o + A[L] (Figure 3.2C). The sigmoid dose-response curves we fit by
[L]"H

a Hill function, a = a; + (ap—a;) where Kiz is the ligand

[L]nH"'[Kl/z]nH’
concentration of the half-maximum of the response, nu is the Hill
coefficient, and a1 and an are the lowest and the highest kinase activity in the
dose-response curve. The Kiz values, which provide an estimate for the
receptor sensitivity, scale proportionately with the background level over a
1000-fold concentration range (0.03-30 mM [L]o): logKizoclog[L]o with a
slope =1 (Figure3.2D). In contrast to E. coli, where the apparent
cooperativity of the response is not constant but peaks in the range
[L]o=(0.02 - 3) mM, where nu>2 1624 S typhimurium shows a low and
nearly constant apparent cooperativity of its MeAsp response: nu =1.3+0.2
across the entire range of tested background concentrations (Figure 3.2E). It
has been previously shown that within the concentration range 0.02 - 3 mM
[L]o the instantaneous chemotactic kinase response of E. coli follows
Weber’s law 7124 (see Chapter 2), i.e. it is proportional to the ratio of the
change in ligand concentration, A[L], to the background concentration of
ligand, [L]o: Aa([L],[L]o) = kA[L]/[L]o. The proportionality constant k is
called the Weber-Fechner constant, and in the limit of small A[L], is

equivalent to k = da 200, From fits to the data of Figure 3.2C, we
amlLlliz)=(e),
da . . . .
showed that TInlL] for S. typhimurium is nearly constant in the range

[L]=[L]o

[L]o=(0.03-30) mM (Figure 3.2F). Thus, the S. typhimurium chemotaxis
network also follows Weber’s law, and this property holds over a
concentration range spanning three orders of magnitude.
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Figure 3.2. Dose-response measurements in wild type S. typhimurium. (A) FRET
response (top) to step changes in [L] (bottom). (B) Precision of adaptation to
different MeAsp concentrations. Adaptation precision is determined as the ratio
between the prestimulus value of the kinase activity and the new constant value of
kinase activity, reached after adaptation. Perfect adaptation (adaptation precision
of 1) is indicated by the gray line. (C) Dose-response data of the kinase activity, 4,
to steps of MeAsp, applied to cells, adapted at different background concentrations
of MeAsp, [L]o. Fits using the MWC model of equations (1), (2), and (3) are shown
with parameters N =2, Ki=0.026 mM and Ka =27.889 mM. (D) Concentration of
half-maximum response (Ki2) and (E) Hill coefficient (n1) and at different [L]o for
S. typhimurium (red) and E. coli (blue, data from 2¥). In (D), a linear fit with a slope
0.97+0.1 of Ki2 valuesof S. typhimurium is shown. Lines in (E) indicate nu for [L]o=0
for S. typhimurium (red, 1.1+0.1) and E. coli (blue, 1.2+0.1) (F) The local slope of the
kinase activity with respect to the logarithm of ligand concentration for
S. typhimurium at a = ao and [L] = [L]o, demonstrating Weber’s law (see text).
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The effect of receptor cooperativity on the transfer function
a=G([L], m) is well described in E. coli by an MWC-type allosteric model,

a=G(Llm) = G(f,([Ll,m)) = (1 + efelm)™ (1)

where f: is the total free energy, expressed in units of ksT, of the receptor-

kinase complex. fi is an additive function of two linearly independent terms
260

fe(Ll,m) = N(fi(ILD + frn(m)) 2)
where N is the number of ligand-binding receptor units in a functional
cluster, fi([L]) represents the free energy contribution from ligand binding
and fm(m) is the contribution from receptor methylation (see Materials and
methods).

In E. coli, the ligand-dependent fraction of total free energy

fILD = n [, 3)

1+[L]/Ka

where Ki and Ka are the dissociation constants of the inactive and active
receptor states, respectively, is linear in log[L] over the concentration range
K, K [L] K K, , where Ki=0.018 mM, Kaf*=2903 mM, and the
cooperativity of the main receptor for MeAsp, Tar, is high (NEc=6) .
S. typhimurium’s dose-response curves are well fit by the aforementioned
functional form for a (equations (1), (2) and (3)), assuming fixed values for
N, Ki and Ka over the whole range of background concentrations 2, with
parameters Ki* =0.026 mM and Ka=27.889 mM and N* =2 (Figure 3.2C).
The three-fold lower N in S. typhimurium could be a consequence of the
larger number of receptor species (see Table 3.1), decreasing the number of
ligand-binding receptors per cluster, as it has been shown previously that
cooperativity increases in pure receptor populations in E. coli 2. Using
S. typhimurium cells expressing as the sole receptor species Tar®, we found
that the cooperativity of the response observed in pure Tar populations in
S. typhimurium also increases (Figure 3.3A).

The methylation-dependent free energy in E. coli is well-
approximated by a linear function, f,,(m) = a(m* —m), where the offset
methylation level m"=0.5 2¢ and the free energy contribution per
methylation increment a=2 ksT (see Materials and methods). Using
adaptation-deficient AcheR AcheB S. typhimurium cells, expressing as the
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sole receptor species Tar* at a fixed modification state (see Materials and
methods, Figure 3.3A) so as to fix the methylation-dependent free energy,
fm, we found that the change of fm per modification increment is linear,
similarly to E. coli (Figure 3.3B).

A. B.
T T T T T T 1
106 e S. typhimurium A9TAcheRA cheB |
+Tart ® EEQE
0.8 f ®QEQE - 0
t » QEQQ —
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Figure 3.3. Effect of Tar modification in S. typhimurium. (A) Dose-response
curves for Tar$ with a different number of glutamines (Q) per monomer (a
modification that mimics methylated glutamate Em), expressed in adaptation
deficient A9T AcheR AcheB S. typhimurium cells, in which all nine receptors are
deleted from the chromosome. Tars expression was induced with 1.4 uM sodium
salicylate. Fits using the MWC model of equations (1), (2), and (3) are shown with
parameters N =12, Ki=0.026 mM and Ka = 27.889 mM. (B) Methylation-dependent
free energy fm of Tar® as a function of the number of glutamines (Q) at the four
modification sites per monomer, i.e. the methylation increment. The blue line is a
linear fit to data from 22 for Atar Atap Atsr E. coli, expressing Tarf in different
modification states.

3.3. Methylation-level adaptation in S. typhimurium

The dynamics of the adaptation module of E. coli was recently
mapped by FRET measurements using temporal exponential ramp stimuli
of the form [L](t) = [L]oe™, where r is the ramp rate, ¢t is the time, and [L]o
is the background concentration of MeAsp, to which the cells were pre-
adapted before applying a stimulus L(#) 2. Upon sustained temporal
exponential ramp stimulation the methylation feedback signal eventually
cancels the change in the ligand input signal exactly, leading to a kinase
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output, ac, that is constant in time 2. The dependence of the constant
output ac as a function of the ramp rate r represents the sensitivity of the
steady-state kinase activity to sustained gradients, and the shape of the
feedback transfer function

= =F(a) )

can be inferred from the curve a«(r), which we refer to here as the gradient-
sensitivity curve. The changes in the ligand-dependent and methylation-

dependent free energy cancel each other, i.e. Yo Y _ o gf (ar)=0

at ' dt
fm .
. is the free energy change per methylation

increment, thus F(a.) = 2 can be obtained from the gradient-sensitivity

(see reference 22%), where a =

curve by inverting a.(r) = F"'(r/a), i.e. rescaling the abscissa and
inverting the axes about (r =0, ac = a0) 2.

We probed the gradient sensitivity of S. typhimurium, applying up
(r>0) and down (r<0) exponential ramp stimuli to cells, adapted to
[L]o=0.229 mM MeAsp (a concentration that belongs to the region of
maximal sensitivity for E. coli, and was used for analogous experiments in
E. coli 22°), using a computer-controlled fluid mixer %22, Figure 3.4A shows
an example of up- and down-ramps (r=+0.01), in which constant kinase
activities ac are reached. We plotted ac as a function of the ramp rate to
obtain a gradient-sensitivity curve (Figure 3.4B). The slope Aac/Ar near r =0
is less steep than that of E. coli by a factor of approximately three:
Aa/Ar=-11s for S.typhimurium, whereas for E.coli under identical
conditions Aac/Ar=-30 s 2¢. Thus, a. responds more sensitively to shallow
gradients in E. coli than in S. typhimurium.

From the gradient-sensitivity curve, we obtained the feedback
transfer function F(a), which reveals the methylation kinetics for
S. typhimurium (Figure 3.4C). The shape of F(a) in S. typhimurium is similar
to that in E. coli. It is a non-linear monotonically decreasing function, which
has a single fixed point at a = a, with ao given by F(ay) = 0. The conditions
(i) F'(ap) <0 and (ii) da/dm > 0 show that this fixed point is stable 2.
Thus, regardless of the background ligand concentration [L]o, the kinase
activity always returns to the same steady-state level ao. The slope near
a = ay determines how fast the system relaxes to the steady state after
small changes in a. Thus, this slope provides a measure for the strength of
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the methylation-dependent negative feedback in the chemotaxis system. A
shallow slope F'(a,) ~-0.01 (s)! was measured in E. coli 226, The three-fold

steeper slope F (ay) ~-0.03 (s)! that we measured in S. typhimurium under
identical conditions indicates that the methylation-dependent negative
feedback in S. typhimurium is three-fold stronger.
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Figure 3.4. Gradient-sensitivity curve and feedback transfer function F(a) in
S. typhimurium. (A) Kinase activity response of S. typhimurium (top) to exponential
ramp stimuli with ramp rate r = +0.01 s (bottom). (B) Gradient-sensitivity curve of
wild type S. typhimurium, evaluated by measuring the constant kinase activity ac
reached during exponential ramps with rate r. The slope of near r=0 is
Aac/Ar = -11s. The slope for E. coli (=-30 s) is shown by a blue line (data from
reference 2%¢). Dashed lines show the steady-state kinase activity (a0) in E. coli (blue)
and S. typhimurium (red) (C) The feedback transfer function F(a) of S. typhimurium
is mapped using the data from Figure 3.4B (see text). The slope near steady state
F(a) in S. typhimurium is =~-0.03(s)', whereas in E. coli the slope
F'(a0) = -0.01 (s)™ (blue line, E. coli data is taken from reference 226).
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3.4. Network-level adaptation in S. typhimurium

Calibration of the response functions of the receptor and adaptation
modules allows an estimate of the characteristic frequency, v, which sets
an upper bound on the frequency range over which the chemotaxis
network is able to take time derivatives of the chemoeffector input 2:

_ —aF (ag)Nao(1-ay)

- ©)
For E. coli N =6, F'(a0) =-0.01 (s)?, a0 =0.33, and a =2, yielding v = 0.004 Hz,
which is in good agreement with the value experimentally determined

m

using FRET measurements with exponential sinewave inputs, vim = 0.006 Hz
26, This characteristic frequency is a network-level adaptation property of
the chemotaxis system, as it involves parameters of both modules of the
network, and is inversely proportional to the adaptation timescale, z, of

the chemotaxis response 20
1
T = (6)

2T vy

From the calibration of the transfer functions G([L], m) and F(a)
(Figures 3.2, 3.3 and 3.4), we estimated the values for the transfer function
parameters for S. typhimurium: N =2, F'(a0)=-0.03 (s)', a0=0.4, and a=2.
Using equation (5), these values lead to a predicted value of the
characteristic frequency v = 0.005 Hz.

We tested experimentally the frequency response of populations of
S. typhimurium adapted to 0.229 mM MeAsp using temporal exponential
sinusoid inputs [L](t) = [L]pexp (A, sin(2muvt)) with a fixed input
amplitude AL=0.2, [L]o=0.229 mM, and frequencies v ranging between
0.002 and 0.05 Hz. For stimulus variation within the range Ki<<[L]o << Ka,
the change in ligand-dependent free energy Af;, = fL([L](t)) — fu([L]o)
follows the logarithm of the ligand concentration, and the kinase outputs to
exponential sinewave stimuli are pure sinusoids with frequencies v
matching the frequency of input modulation, and amplitudes Al and
phase delays ¢o dependent on the frequency of input modulation 2
(Figure 3.5A). Both |Al and ¢p can be solved for by linearizing equations
(1) and (4) around a = a,, which gives 2¢ ¢, (v) = —tan"*(1;,/v) and

|A| _ Nag(1-ag)

1+(vn/ V)2 L
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Figure 3.5B shows the frequency dependence of the phase delay,
oo/ 7, and normalized amplitude of the FRET response, |Al/lAmax| for
S. typhimurium, where Amax is the amplitude of the output sinewave with
maximal amplitude. Fits to the both amplitude and phase response data
revealed for S. typhimurium a characteristic frequency vm=0.017+0.002 Hz,
nearly three times higher than that of E. coli. Interestingly, the measured
value for w differs from that predicted (v~ 0.005 Hz, see above) from
measurements of the transfer functions of receptor and adaptation modules
of S. typhimurium.
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Figure 3.5. Frequency response of S. typhimurium. (A) Normalized FRET response
(top) to exponential sinewave stimuli with frequencies v=0.015 Hz and 0.024 Hz
and amplitude AL=0.2 and [L]o=0.229 mM (bottom). (B) Bode plot for wild type
S. typhimurium, showing the phase delay (top) and the normalized amplitudes
(bottom) of the output sinusoids as a function of the driving frequency v. The red
curve is a fit to S. typhimurium data and the blue curve is a fit to E. coli data from 2.
The characteristic frequencies for S. typhimurium (red) and E.coli (blue) are
indicated with dashed lines.
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3.5 Role of CheV on network-level properties of S. typhimurium
chemotaxis

The hybrid protein CheV, which has an N-terminal domain
homologous to the scaffolding protein CheW, and C-terminal regulatory
domain homologous to CheY and hence is likely to be phosphorylated,
exists in S. typhimurium but not in E. coli '° (see Chapter 5). Thus CheV
might be involved in the differences in the transfer functions F(a) and
G([L],m), as well as the frequency response we observed between the two
species. For example, CheV phosphorylation could provide a mechanism
for methylation-independent feedback in S. typhimurium, leading to faster
or slower network-level adaptation.

We measured the dependence of the rapid response to step changes
in [MeAsp] for different background concentrations of MeAsp in AcheV
S. typhimurium (Figure 3.6A), in the same manner by which we measured
this response in wild type S. typhimurium (Figure 3.2C). We fit these dose-
response data of the AcheV strain using the MWC model of equations (1),
(2), and (3), and obtained parameters N =2, Ki=0.015 mM and Ka =20.207
mM, which are very similar to those obtained from the data for the wild
type strain.

We also applied exponential sinewave inputs of different
frequencies to determine the characteristic frequency vm of the AcheV
S. typhimurium frequency response. Fits of both amplitude and phase delay
data (Figure 3.6B) gave vm=~0.016 Hz, which is very similar to the wm
measured for wild type S.typhimurium. Thus neither the higher
characteristic frequency of the response, nor the lower cooperativity of the
response of S. typhimurium compared to E. coli can be explained by the
presence of the S. typhimurium-specific protein CheV (see Chapter 5 for
further experiments on the effects of CheV in the chemotactic signaling of
S. typhimurium).
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Figure 3.6. Kinase response of AcheV S. typhimurium. (A) Dose-response data of
the kinase activity (a) to steps of MeAsp, applied to AcheV S. typhimurium cells,
adapted at different background concentrations of MeAsp, [L]o. Fits using the
MWC model of equations (1), (2), and (3) are shown with parameters N =2,
Ki=0.015 mM and Ka =20.207 mM. (B) Bode plot for AcheV S. typhimurium (black
points), showing the phase delay (top) and the normalized amplitudes (bottom) of
the output sinusoids as a function of the driving frequency v (see text). Red and
blue curves are fits to data for wild type S. typhimurium and wild type E. coli,
respectively. The characteristic frequencies for AcheV S. typhimurium (black), wild
type S. typhimurium (red) and wild type E. coli (blue) are indicated with dashed
lines.
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3.6. Differences in chemotactic performance of S. typhimurium and E. coli
in spatial gradients

The transfer functions of chemotactic signaling determine the
organism’s chemotactic performance ', thus it is of interest to ask how the
observed differences in receptor-kinase response and adaptation kinetics of
S. typhimurium and E. coli affect their chemotactic performance in identical
microenvironments. The behavioral response of E. coli was recently probed
in steady linear gradients of MeAsp with the magnitude of the gradient
V[L] rescaled by the mean concentration [L]o, i.e V[L]/[L], = const ¥.

We tested the S. typhimurium response in steady linear gradients of
MeAsp created in a similar manner using a microfluidic platform of a
design described in reference 7 (Figure 3.7A). The platform consisted of a
polydimethylsiloxane (PDMS) layer, in which “source”, “sink”, and “test”
channels were patterned, and one face opened towards an agarose
hydrogel. MeAsp solutions with different concentrations were flowed
through the source and the sink channels, such that V[L]/[L]y = 0.7 mm",
and [L]o was varied over the range 0.005 - 36.871 mM. Diffusion of MeAsp
within the agarose layer, sandwiched between a glass slide and the PDMS
layer, lead to establishment of a stable linear gradient in the agarose
hydrogel, which is rapidly mirrored in the test channel after injection of the
bacterial suspension 7 (Materials and methods).

We recorded the time evolution of the distribution of S. typhimurium
populations within the test channel using time-lapse video microscopy. We
determined the positions of the bacteria in the channel to yield the
distribution of the bacteria along the spatial coordinate x in time ¢, B(x, t).
(For simplicity we consider a one-dimensional system along coordinate x
throughout this study.) To estimate the strength of the chemotactic
response in different gradients, we computed the chemotaxis migration
coefficient (CMC), a dimensionless metric, for one hundred equally spaced
time frames for each experiment. CMC represents the mean displacement
of the population from the center of the channel ', normalized by the
channel half-width:

CMC(t) = W—;;’” )
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where W is the width of the test channel (600 pm) and (x)(t) is the
population-averaged spatial coordinate of the bacteria along the
chemoeffector gradient. We used the absolute value |[CMC|(t) to quantify
the dynamics of the chemotaxis response. Figure 3.7B shows the time
evolution of |CMCI for each of the eight tested gradients of MeAsp. For
each gradient, | CMCI increases until it reaches a steady state, | CMClss.

The steady-state |CMC| profile, |CMClss, as a function of the mean
concentration of the gradient, showed a characteristic inverted U-shape for
S. typhimurium (Figure 3.7C). |CMClss was high and nearly invariant
(ICMCI=0.3740.04) in the range [L]o=(0.064-10.345) mM, whereas for
smaller or larger [L]o, ICMClss decreases monotonically. In contrast, the
E. coli ICMClss profile showed two nearly flat plateaus, in the ranges
[L]o=(0.12-0.43) mM and (0.815-10.345) mM: these two plateaus
correspond to the concentration regimes in which the response of pre-
adapted bacterial populations to fold-changes in the input are invariant to
changes in the background, described earlier as “FCD regimes” %7
(Chapter 2). Our results show that the fold-change detection (FCD)
property, i.e. invariance of the response to relative gradients V[L]/[L],,
irrespective of the absolute magnitude of V[L] or [L],, holds in
S. typhimurium within a single FCD regime of background concentrations,
[L]o=(0.064 - 10.345) mM.

At steady state, the distribution of the bacteria is well described by

an exponential distribution B(x)ss = Bye*/%ss, where Bo is the cell density
at x=0, and Ags = (x)ss is the mean position of the bacterial population
(Figure 3.7D; see Materials and methods). Ags can be expressed as
A = Dg/vp, where vp is the drift velocity of the bacterial population, and Ds
is the random motility coefficient of the cells in an absence of attractant '%°.
From equation (7) it follows that
|ICMClss = 2 A5s/W — 1| = |2 Dg/(vpW) — 1| 8)
Thus (1/4)ss is proportional to vo and has a hyperbolic dependence on
|ICMClss, ie. (1/A)ss = 2/(2W — W|CMC|ss) = vp/Dg. We plotted (1/4)ss as
a function of the background level [L]o, for both S. typhimurium and E. coli
(Figure 3.7C Inset), and this also revealed a single plateau shape for
S. typhimurium and two plateaus for E. coli.
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In order to compare the transient chemotactic response between
S. typhimurium and E. coli, we calculated the times moand o, in which the
swimming populations of cells reached respectively 50% and 90% of the
steady-state |CMCI levels, ICMClss (Figure 3.7E and Figure 3.7E Inset
respectively). We calculated also moand =0 for E. coli, using the data of
reference 8. The two species show a large difference in the mean time to
reach steady state: (rs59) =105+ 38s for S. typhimurium, whereas
(t50) = 489 £ 248 s for E. coli. The respective (7o) values are 322 + 68 s
and 1157 + 335 s.

Recent theoretical studies by Yuhai Tu’s group have shown that the
drift velocity, vp, of numerically simulated bacterial populations is
phenomenologically well described by a simple relation, i.e
vp = CG/(1+ G/G.): it depends linearly on the gradient G, until it reaches
a maximal value vp™> beyond a critical gradient Gc 422, ypm> and Gc are
proportional to the square root of the methylation rate constant Kr 4
(corresponding to F'(ay) in our notation ), which could provide an
explanation of the smaller values of moand wo of S. typhimurium compared
to that of E. coli (we determined that the methylation rate in S. typhimurium
is three-fold lower than that of E. coli, see Figure 3.4). The dependence of
|CMClss on [L]o that reflects the dependence of vb on [L]o suggests that the
gradients that we used in our experiments have steepness smaller or
comparable to G.. The reason why 7oand mo, reflecting the transient drift
velocity, are nearly constant in S. typhimurium requires further
investigation. The larger spread in the moand mo values for E. coli might
reflect the larger variation in the drift velocities at different [L]o, expected
from the data shown on Figure 3.7C. Note that the E. coli data come from
single experiments per gradient ' whereas 3-5 repeats per gradient were
performed for S. typhimurium, which is also likely to explain the greater
spread in the E. coli data.
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Figure 3.7. Chemotactic behavior of S. typhimurium in steady linear gradients of
MeAsp. (A) Schematic cross-section of the diffusion-based microfluidics gradient
generator (see text). (B) 3D plot of the chemotaxis migration coefficient
|CMCI (¢, [L]o). The projections (gray) show the time evolution of the chemotactic
response. (C) Steady-state levels of |CMCI, |CMClss, for S. typhimurium (red) and
E. coli (blue) in rescaled gradients of MeAsp. Inset: inverse value of the decay
constant Ass taken from exponential fits to steady-state distributions B(x)ss of both
species (see (D)). (D) Examples of B(x)ss of S. typhimurium and E. coli for different
gradients (see legends). Exponential fits to B(x)ss from which Ass values are
obtained are shown in gray (note that not all the fits are well constrained). (E)
Times, o, in which the swimming populations of S. typhimurium (red) and E. coli
(blue) populations reached 50% of |CMClss in the rescaled gradients of MeAsp
with different mean concentration, [L]o. Inset: Times, mo, in which the same
populations reached 90% of |CMClss. The lines indicate the mean values of zoand
mo. Error bars in represent standard deviation from 3-5 repeats.
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3.7. Sensitivity modulation of S. typhimurium and E. coli chemotactic
response

We sought to explain the differences in the behavioral performance

of S. typhimurium and E. coli in terms of the differences in the underlying
9ft

Ol )=(11
modulation profile’ of the kinase response. The dependence of both the
change of kinase activity upon temporal ligand stimulation and drift
velocity of cells in spatial gradients is proportional to w([L]y), i.e.
Adaxy([L]y) and vp < y([L],) (see Materials and methods):

control physiology. We define w([L],) = as the ‘sensitivity

AlL
ba = —ag(1 - ag) (Ll T ©),
_ v2H(1=ag) W([L]o) din[L]
Yp = 2+ dx (10),

where a, is the steady-state kinase activity, v is the mean run speed, ris the
average run length, H is the Hill coefficient of the flagellar motor response
and 7 is the adaptation time scale of the chemotactic response 114115260,

Our FRET setup allowed us to determine experimentally the shape
of Y([L]o). We pre-adapted immobilized bacterial populations to different
background levels of MeAsp within the range [L]o=(0.001 - 36.871) mM,
and probed y([L]o) for both S. typhimurium and E. coli using exponential
sinewave stimuli with an amplitude A.=0.2 and frequency close to
characteristic frequency wm of the respective species (Figure 3.8A;
v=0.015 Hz for S. typhimurium and v=0.006 Hz for E. coli, see section 3.4).
The absolute amplitude | Al of the sinusoidal response can be expressed as
a function of y([L]o) by linearizing equations (1) and (4) around the steady
state a = a,y and solving for | Al:

_ w([Llp)ag(1-ae)
|A|([L]O) - \/W AL (11)
[A([L]o)

In the experiments shown on Figure 3.8, v = v, thus y([L],) = T
ao(l—ao)ﬁ

For both species the phase delay ¢p does not change over the tested
range of background concentrations (Figure 3.8B): it has a mean value of
(0.72+0.02)r for S. typhimurium and (0.78+0.02)r for E. coli, showing that the
adaptation timescale 7, (see equation (6)) is invariant with the background
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level over the entire range of tested concentrations. However, in both
species the amplitudes of the kinase response depend on the background
concentration, [L]o, leading to different shapes of y([L]o). For S. typhimurium,
W([L]o) forms a single peak, where a plateau of nearly constant amplitudes
is observed in the range [L]o=(0.064-2.903) mM (Figure 3.8C left). In
contrast, two adjacent plateaus of nearly invariant y([L]o), in the ranges
[L]o=(0.018 - 0.229) mM and (0.815 - 10.345 mM), are observed for E. coli
(Figure 3.8C right). The plateaus correspond to the FCD regimes of
invariant responses described in Chapter 2 ¥, although the transition
between the plateaus is somewhat smoother than in the data reported in
Chapter 2 197,

The sensitivity modulation y([L]o) is defined as the change of the
free energy ft with the logarithm of ligand concentration [L] at [L] = [L]o:

WIL1) = 512 = N (e - ) (12)

Llo+K; [Llo+Ka

Thus, the profile of y([L]o) for ligand binding to a single receptor species
has the shape of a single peak, where the width of the peak depends on the
separation between the dissociation constants of the inactive and active
receptor states, Ki and Ka, and the number of ligand-binding receptor units
per cluster, N, determines the height of the peak. We found that y([L]o) for
S. typhimurium could be well fit using equation (12) with parameters N =4,
Ki=0.014 mM, Ka =23 mM (Figure 3.8C left, dotted line). Surprisingly, N is
two-fold higher than that predicted from the measurements of the receptor
sensitivity using step stimuli (Figure 3.2). Using N =4, and the other
parameters obtained from the characterization of the chemotactic transfer
functions, the predicted characteristic frequency of S. typhimurium from
equation (5) is ~0.010 Hz. This value is still lower but closer to that
measured experimentally (~0.017 Hz).

In E. coli we observed two adjacent plateaus in both behavioral
(Figure 3.7C) and signaling (Figure 3.8C) data suggesting that y([L]o) has a
more complex shape. FRET measurements of receptor sensitivity in E. coli
using step stimuli 2#' showed that the serine receptor, Tsr*, likely also binds
MeAsp at high concentrations, with dissociation constants K~ 100 mM
and Ka2>>100 mM . Thus the second plateau could correspond to the
transition regime between Tar-dependent and Tsr-dependent peaks. Tsr-
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dependent responses are hard to measure experimentally because
concentrations of MeAsp >10 mM were reported to mechanically perturb
receptors in E. coli via the osmotic pressure they induce 2. However, a two
receptor species MWC model (see Materials and methods) fits well the
experimental data for E. coli’s y([L],) with parameters a0=0.33, Ni=N2=7,
Kn =0.005 mM, Ka1=0.7 mM, Kz =10 mM, Kaz=10* mM (Figure 3.8C right).
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Figure 3.8. Sensitivity modulation profile y([L]o) in wild type and mutant
strains. (A) An example of exponential sinusoid inputs with amplitude rescaled
with [L]o (v=0.015 Hz, [L]0=0.005, 0.229, and 10.345 mM) (left). For each input, the
normalized FRET output for WT S. typhimurium is shown (right). (B) Phase delays
of the output sinusoids for stimuli of the type shown in (A) with a driving
frequency of v = 0.015 Hz for S. typhimurium (WT — red, Atar - open points), and
v=0.006 Hz for WT E. coli (blue). The solid lines represent the mean values for
each strain. (C-E) ¥([L]o) in response to inputs of the type shown in (A) for (C) WT
S. typhimurium (red) and WT E. coli (blue), (D) Atar S. typhimurium (open points),
(E) Atar S. typhimurium, complemented with Tars (purple, NaSal induction level of
1.4 uM) or Tarfe (violet, 1.4 uM NaSal). The plateaus of invariant responses are
indicated by the shaded rectangles. Error bars represent standard deviation from
3-5 repeats. The fitted parameters are indicated within the text.
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3.8. Tar-independent MeAsp response in S. typhimurium

To test whether the shape of the sensitivity modulation profile
W([L]o) of wild type S. typhimurium is determined by a single chemoreceptor,
we probed the response of Atar S.typhimurium cells that lack the main
chemoreceptor for MeAsp, Tar (see Table 3.1). We used exponential
sinewave stimuli of the type shown on Figure 3.8A. Responses of Atar
S. typhimurium to MeAsp were detected starting at relatively low
background concentrations of MeAsp, [L]o, with a threshold ~0.229 mM
(Figure 3.8D). The steady-state kinase activity a0 was ~0.4, similar to that of
wild type S. typhimurium. We have not tested background concentrations
higher than 36.871 mM because the osmotic shock they induce is likely to
mechanically perturb receptors in S. typhimurium as has been observed in
E. coli 2. A fit using equation (12) with parameters N =3, Ki=0.743 mM,
Ka =36.388 mM is shown on Figure 3.8D (see section 3.9).

The phase delays of the output sinewaves remained nearly constant,
with a mean ~0.84+0.02, which is ~14% higher than the phase delay
observed for wild type S.typhimurium  (Figure 3.9B).  Since
@p = — tan"1(1,/v) 26, we calculated that the characteristic frequency of
the chemotactic response of Atar S. typhimurium is wn=0.004 Hz, ~4-fold
lower than that of wild type S. typhimurium (note that both strains have
a0~ 0.4). Thus, the Tar-independent response has a longer adaptation
timescale, i.e. smaller characteristic frequency, than that for Tar®.

The Tar-independent response to MeAsp could be mediated either
via chemoreceptors or alternative pathways 8. In the presence of the
methylation enzymes CheR and CheB, Atar S. typhimurium cells do adapt
perfectly to MeAsp steps (Figure 3.9A), whereas minor partial adaptation is
observed in AcheR AcheB knockout cells (Figure 3.9B; see also Chapter 5 that
discusses possible methylation-independent mechanisms of partial
adaptation in S. typhimurium). These results indicate that adaptation in the
Tar-independent response depends on the activities of CheR and CheB,
presumably by methylation / demethylation of chemoreceptors.
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Figure 3.9. Time series of the FRET response of Atar S. typhimurium strains. (A)
Response of CheR CheB + strain to 10 mM MeAsp. (B) Response of AcheR AcheB
strain to 10 mM MeAsp. The attractant is added and removed at 0 and 400 s, and 0
and 500 s, respectively (addition and removal are indicated with up and down
arrows).

3.9. Differences between the Tar receptors of E. coli and S. typhimurium
contribute to the different shape of the sensitivity modulation profiles

Differences in the population of chemoreceptor species (see
Table 3.1), or in the properties of the Tar receptors of E.coli and
S. typhimurium could affect the shape of the sensitivity modulation profile
W([L]o), which determines the background dependence of the kinase
response upon temporal modulation of ligand concentration, and drift
velocity of cells in spatial gradients. At the receptor-population level, high
concentrations of MeAsp are thought to be sensed not only by Tar, but also
by Tsr in E. coli 2, and we have found evidence for a pathway independent
of Tar in S. typhimurium (Figure 3.8D). The Tar-independent receptor
response in S. typhimurium does not manifest itself as second plateau in the
receptor-sensitivity profile y([L]o), as observed in E. coli. This reflects the
fact that the responsive concentration range of the Tar-independent
pathway in S. typhimurium is not well separated from that of the Tar-
mediated pathway, leading to partially overlapping sensitivity peaks for
the two pathways.

To test whether differences in the Tar receptor itself contribute to
differences in the sensitivity modulation profiles, we expressed in Atar
S. typhimurium cells either Tar% or Tarfc from a plasmid with sodium
salicylate (NaSal) inducible promoter (Figure 3.8E; for both strains ao = 0.2).
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Atar S. typhimurium, complemented with Tar*, showed a singly-
peaked sensitivity profile similar to that of wild type S. typhimurium. We
obtained fits of the data for wild type S. typhimurium, Atar S. typhimurium
complemented with Tar®, and Atar S.typhimurium with the two-species
MWC model, using the same parameters N2=3, Ke=0.74 mM, and
Kaz2=36.39 mM for species 2. For species 1, i.e. Tar, the parameters obtained
for wild type S. typhimurium are N1=5, Ku =0.020 mM, and Kai1 =1.20 mM,
and for the strain, expressing Tar® from a plasmid, N1=7, Ku =0.008 mM,
and Ka1=1.34 mM (N1=0 for Atar S. typhimurium). The lower Ni in wild
type is likely to be a consequence of lower number of Tars* 24,

Atar S. typhimurium, complemented with Tar?c, showed a sensitivity
profile with two plateaus (at (0.064-0.229) mM and (0.815-10.345) mM [L]o)
resembling more closely the response of E. coli. The data could be fit by a
two-species MWC model, using for species 2 the same parameters that we
used to fit the Atar S. typhimurium data (Figure 3.8D), i.e. N1=7, Kn =0.031
mM, Ka1=0.29 mM, N2=3, Kz =0.74 mM, Kaz=36.39 mM (Figure 3.8E left).
Note that the dissociation constants for species 1 differ from those for wild
type E. coli (N1=7, Ku =0.005 mM, Ka1 = 0.7 mM).

3.10. Discussion

We have provided the first, to our knowledge, systematic
comparison of chemotaxis signaling dynamics and behavior between
S. typhimurium and E. coli. Despite the similarity of their chemotaxis
systems at the molecular level, the two species show substantial
quantitative differences in their network-level chemotactic signaling
characteristics and behavioral responses.

We used in vivo FRET combined with time-varying stimuli to
characterize both transfer functions of the modular network: G([L], m),
which determines how the receptor module detects chemoeffector signals
and generates the excitatory response, and F(a), which describes the
dynamics of the adaptation module that maintain the steady-state kinase
activity invariant to the background chemoeffector concentration. We
determined conserved features of the response between E. coli and
S. typhimurium: perfect adaptation to MeAsp, invariant adaptation time
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scale over a broad range of background concentrations, and linear
dependence of the modification-dependent free energy on the number of
modified glutamates. However, many quantitative features of the signal
detection and processing and behavioral responses differ between the two
species. We discuss below the mechanistic origin of each of these features.

The apparent cooperativity of the response to MeAsp is low and
constant in S. typhimurium over more than four orders of magnitude of
background concentrations (Figure 3.2), whereas the apparent
cooperativity in E. coli is not constant and nearly three-fold higher in the
background concentration range centered at the geometric mean of the
dissociation constants of active and inactive chemoreceptor Tar %241, This
weaker signal amplification at the level of the receptor-kinase complex in
S. typhimurium could be a consequence of a smaller number of ligand-
binding receptor units associated with each kinase molecule, e.g. because of
the larger number of receptor species in S. typhimurium, leading to a
smaller relative number of MeAsp binding receptors in the overall receptor
population. Indeed we showed that for pure Tar populations in cells that
express Tar as the sole chemoreceptor, the cooperativity of the response is
augmented (see Figure 3.3).

In S. typhimurium the time scales of adaptation, both evaluated at
the level of methylation kinetics by mapping F(a) using exponential ramp
stimuli (Figure 3.4), and at the level of the network by measuring the
frequency response (Figure 3.5), are three-fold shorter than those observed
in E. coli. The mechanistic origin of the faster adaptation to MeAsp of
S. typhimurium likely lies in the properties of the populations of adaptation
enzymes, CheR and CheB. However, using the parameters of the two
transfer functions obtained for S. typhimurium, we were not able to predict
the experimentally measured network-level adaptation timescale:
according to equations (5) and (6), the three-fold lower cooperativity factor
N of the response in S. typhimurium should cancel out the three-fold faster
methylation kinetics. Thus, additional factors not represented in the model
20 might contribute to the faster network-level adaptation timescale (i.e.
higher characteristic frequency of the response) in wild type S. typhimurium.
We ruled out the involvement of the S. typhimurium protein CheV in this
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discrepancy, by showing that it does not affect either the cooperativity or
the characteristic frequency of the response (Figure 3.6).

We observed differences between the sensitivity modulation
profiles of E. coli and S. typhimurium, which determine the kinase-activity
and drift-velocity dependence on the background level (see equations (9)
and (10)). We have demonstrated that both a Tar-independent response
and the properties of the Tar receptor itself contribute to the differences
between the sensitivity-modulation profiles of the two species (Figure
3.8D, E). The Tar-independent response in S. typhimurium could be
receptor-independent or mediated by one or more chemoreceptors. The
fact that only minor partial adaptation is observed in Atar AcheR AcheB cells
(Figure 3.9B) suggests that the Tar-independent response does involve
methylation / demethylation of chemoreceptors.

The model described in reference 2 assumes that each receptor
dimer binds a single ligand molecule. Bieman and Koshland 3 indeed
demonstrated that aspartate binds to E. coli Tar dimers with half-of-sites
negative cooperativity, i.e. if one of the binding sites in the dimer is
occupied, the second cannot bind aspartate. However, these authors also
showed that the negative cooperativity of S. typhimurium Tar dimers is
weaker, i.e. if one of the binding sites in the dimer is occupied, the second
binds aspartate with lower affinity. If the two sets of dissociation constants,
Kn, Ka1 and Kr, Kaz, of the two binding sites are separated sufficiently, the
actual cooperativity of the response could be higher than the apparent one
(N=2), determined using the standard MWC model, which assumes a single
binding site in each of N dimers in a complex.

Differences in the sensitivity profile between S. typhimurium and
E. coli can explain differences in the behavioral response between the two
species (Figure 3.7). Both the steady state chemotactic migration coefficients,
|CMClss, and the inverse values of the exponential decay constants Ass of
the steady-state distributions B(x)ss, (1/4)ss serve as a proxy for the drift
velocity vp. Thus, as expected from the measured sensitivity profiles for
S. typhimurium and E. coli and the vo dependence on the sensitivity profile
(equation (10)), ICMClss and (1/A)ss for S. typhimurium show a single broad
peak, whereas |CMClss and (1/A)ss for E. coli — two adjacent plateaus
(Figure 3.7C and Figure 3.7C Inset, note that the small difference in shape
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can be explained with the non-linear dependence of |CMClss on vp). These
profiles are in very good agreement with the profiles of kinase activity
measured with FRET (Figure 3.8C).

The single plateau in S. typhimurium and two plateaus in E. coli
observed at both the signaling (Figure 3.8C) and behavioral (Figure 3.7C)
levels can be considered as fold-change detection (FCD) regimes:
concentration ranges in which the entire time evolution of the response is
invariant upon multiplication of both the stimulus and the background by
a scalar constant 72! (see Chapter 2). The conditions for FCD regarding the
main MeAsp receptor Tar, namely perfect adaptation (i), logarithmic
sensing (ii) and linearity of the methylation-dependent free energy of the
receptor-kinase complex (iii) '¥’, were also shown to hold in both species.
Thus, the FCD property has been conserved in the two species, suggesting
that it might provide a selective advantage to the bacteria.

What are the ecological implications of the observed differences in
S. typhimurium and E. coli chemotactic signaling and migration behavior?
The two species descended from a common ancestor, so the observed
differences must reflect the consequences of natural selection in the
relatively recent evolutionary history of the two species. Both species have
two habitats: host (animals, primary habitat) and non-host (water, soil etc,
secondary habitat) 274, S. typhimurium actively cycles between host and non-
host environments, whereas E. coli has a low rate of survival in non-host
environments and lower probability of colonizing a new host 106274,
Although such natural environments are not well characterized and
therefore difficult to reproduce in experiments, differences in chemotactic
characteristics might reflect the optimization of chemotaxis in enteric
bacteria to different conditions. Future ecological studies in enteric bacteria
could shed light on the ecological significance of the differences in
chemotaxis that we have observed between S. typhimurium and E. coli.
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3.11. Materials and methods
Bacterial strains and plasmids

The strains and plasmids used in this study are listed in Table 3.2.

In-frame chromosomal gene deletions were created using an allele
replacement procedure, based on a modification of Datsenko and Wanner’s
method 62, that does not leave a scar. It is based on an insertion cassette that
contains the lethal ccdB gene under the control of a L-rhamnose-inducible
promoter. This cassette is later removed by selection on rhamnose-minimal
plates 2%. Salmonella’s resident plasmid pSLT contains ccdA and ccdB genes
and thus interfere with the positive selection strategy described above.
Therefore it was displaced prior to allele replacements using Kitl0 from
Salmonella Genetics Stock Collection (SGSC): a plasmid pLL6, which is from
the same compatibility group as pSLT, is transformed in the strain of
interest, pSLT is cured, and pLL6 is subsequently removed using
temperature selection 8.

Salmonella  Tar (Tar®) designed by PCR
amplification of genomic farS using primers that include Asel and BamHI
restriction sites for ligating into Ndel and BamHI restriction sites on the
sodium salycilate-inducible plasmid pKG116 (Asel and Ndel create
compatible ends; this strategy was selected because of the presence of an
Ndel site within tar® sequence). Tars: mutants, in which glutamates in the
methylation sites are replaced with glutamines, are created using site-
directed mutagenesis using overlap PCR.

constructs were

Plasmid Gene(s) Resistance Induction Source
pVS88 cheZ-ecfp / cheY-eyfp | ampicillin IPTG 240

pKG116 | Cloning vector chloramphenicol Sodium salicylate | J.S. Parkinson
pVS123 | tarfe [QEQE] chloramphenicol Sodium salicylate | 24

pML18 | tars [QEQE] chloramphenicol Sodium salicylate | This work
pML20 | tarS' [QEQQ)] chloramphenicol Sodium salicylate | This work
pML21 tarst [QEEE] chloramphenicol Sodium salicylate | This work
pML22 tarst [QQQQ] chloramphenicol Sodium salicylate | This work
pML23 | tarS' [EEEE] chloramphenicol Sodium salicylate | This work
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Strain Relevant genotype Source
LT2 wild type S. typhimurium (official Salmonella
designation, Salmonella enterica serovar | Genetic Stock
Typhimurium) Center
TSS500 LT2 AcheY AcheZ This work
TSS515 LT2 AcheV AcheY AcheZ This work
TSS878 LT2 Atar AcheY AcheZ This work
TS51038 LT2 Atar AcheR AcheB AcheY AcheZ This work
14028 wild type S. typhimurium ATCC strain R.M. Harshey
TSS863 14028 A9T, i.e. Atar Atsr Atcp Atrg AmcpA | This work

AmcpB AmcpC Aaer Atsr AcheR AcheB
AcheY AcheZ::Kan

RP437 E. coli wild type for chemotaxis 195

VS104 RP437 AcheY AcheZ 24

Table 3.2. Strains and plasmids used in this work. A and :: refer to deletion of, or
deletion / substitution within the indicated gene, respectively. Kan refer to
substitution with kanamycin-resistance cassette.

Growth conditions

Cells were grown at 250 rpm at 33.5°C in a rotary shaker to mid-
exponential phase (ODsw ~ 0.5) in tryptone broth (TB; 1% tryptone, 0.5%
NaCl, pH 7.0) supplemented with appropriate antibiotics (100 pg/ml
ampicillin, 34 ng/ml chloramphenicol) and inducers (150 uM IPTG, sodium
salicylate, NaSal, with concentrations, indicated in the text). Cells were
harvested by centrifugation, washed twice and resuspended in motility
buffer (10 mM potassium phosphate, 0.1 mM EDTA, 1 uM methionine, 10
mM lactic acid, pH 7), and stored at 4°C for 1-5 h prior to the experiment.

In vivo FRET measurements and data analysis
FRET microscopy of immobilized bacterial populations was
performed as described earlier 2%2. The FRET donor-acceptor pair -

CheZ-CFP and CheY-YFP - was expressed from a plasmid pVS88 2. FRET
fusion proteins were expressed in AcheY AcheZ strains.

81



Chapter 3

Cells were attached to a poly-L-lysine—coated microscope coverslip,
seated at the top face of a flow cell ¥, and kept under constant flow of
motility buffer, generated by either a peristaltic pump (Rainin Dynamax
RP1) or syringe pump (Harvard Apparatus, PHD2000). The flow cell was
mounted on an upright microscope (Nikon FN1), equipped with an oil
immersion objective (Nikon CFI Plan Fluor, 40x/1.3). The sample was
illuminated by a metal halide arc lamp with closed-loop feedback (EXFO X-
Cite exacte) through an excitation bandpass filter (Semrock, FF01-438/24-25)
and a dichroic mirror (Semrock, FF458-Di01). The epifluorescent emission
was split by a second dichroic mirror (Semrock, FF509-FDi01) into donor
(cyan, C) and acceptor (yellow, Y) channels and collected through emission
bandpass filters (Semrock FF01-483/32 and FF01-542/27 for the C and Y
channels, respectively) by two photon-counting photomultipliers
(Hamamatsu H7422P-40).

Signal intensities of the donor and acceptor channels were recorded
through a data acquisition card (National Instruments) installed on a PC
running custom-written software. After subtraction of coverslip
background, the ratio R between the two channels, R = Y/C provided an
indicator of FRET activity robust to fluctuations in excitation intensity. The
change in FRET efficiency upon stimulation, AFRET, was computed at
every time point from the donor and acceptor fluorescence AFRET =

Rpre*AR=Ry  Ryre—Ro
Rpre+AR+|AY/AC|  Rpre+|AY/ACY
the acceptor to donor ratio in absence of FRET, Rpr is the pre-stimulus
acceptor to donor ratio, and |AY/ACI(=0.6 for our setup) is the constant
absolute ratio between the changes in the acceptor and donor signals per
FRET pair 2. However, under our FRET measurement conditions,
Ryre +|AY /AC| > AR; thus AFRET~AR. For simplicity we expressed AFRET
in arbitrary units of AR throughout the study.

AFRET(t) was normalized to the absolute magnitude of the response
to addition of a saturating attractant step, |[AFRET24%|, to compensate for

variations between different experiments. The steady-state kinase activity,
|AFRET&E®

where AFRET{;{"°"¢
|AFRETS44| +|AFRETIEMOVe| sat

response to removal of a saturating attractant step after the cells have been

where AR = R — Ry, is the ratio change, Ro is

a0, was calculated as ay = is the

82



Network-level variability in bacterial chemotaxis

completely adapted. The kinase activity a =ao+Aa , where Aa =
AFRET

|AFRET344|+|AFRETEMOv|

In dose-response measurements to the non-metabolizable
chemoeffector a-methyl-DL-aspartic acid (MeAsp; Sigma Aldrich) bacteria
were adapted to a background level of MeAsp, [L]o,and by using a fluidic
switch (Hamilton, valve HV 3-2) that could rapidly select between input
flow channels with different concentrations [L], cells were exposed to a
sequence of steps of addition and removal of MeAsp of increasing

[L]™H

[L]nH+[K1/2]nHI
ligand concentration of the half-maximum of the response, nu is the Hill
coefficient, and a1 and an are the lowest and the highest kinase activity in the
dose-response curve, was fit to each dose-response curve.

To subject the cells to input modulations, smoothly varying in time,

is the kinase activity change in every point in time.

magnitude. A Hill function, a = a; + (ap—a;) where Kir is the

the control of the temporal profile of chemoeffector stimulus was achieved
by mixing a concentrated solution of chemoeffector and motility buffer in a
fluid mixer of a type described before 2?°. The mixing chamber was a
cylinder with internal volume Vmix=100 pl, with two input channels and two
output channels. The in-flow rate, £, of the concentrated MeAsp was
modulated wusing a computer-controlled syringe pump (Harvard
Apparatus, PHD2000). The in-flow rate of the buffer, £ (£>>f1), was kept
constant (~2 ml/min) throughout the experiment. Thus, the output

chemoeffector concentration [L](t) = [L]*%, where [L]" is the MeAsp
1 2

concentration in the syringe. [L](t) is proportional to /i as long as the latter
is varied smoothly over time scales much greater than the mixing time,

T . = Vinix
X Bi+B,”

Microfluidics experiments and data analysis

Microfluidics experiments were performed in a hydrogel-based
gradient generator device with a design identical to “Design 1” described
in reference 7. The device consisted of three parallel channels, each 600 pm
wide, with 200 um spacing between the channels. Both the flanking
channels (“source” and “sink”) and the “test” channel (150 um deep) were
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patterned in a layer of a polydimethylsiloxane (PDMS) (Sylgard 184). The
PDMS layer was placed on top of a 1-mm-thick agarose hydrogel layer (3%
wt/vol agarose in motility buffer), which was positioned on top of a glass
slide. Outlets of the source and sink channels were connected by metal
connectors and flexible polyethylene tubing to two plastic syringes of 3 ml,
driven by a syringe pump (Harvard Apparatus, PHD 2000). A constant
flow rate of 1 pul/min was maintained with two different concentrations of
MeAsp in the source and the sink. Diffusion between the two feeder
channels, separated edge to edge by a distance L=1 mm, leads to an
establishment of a gradient across the agarose in ~ 20 min.

Before injection, bacteria were pre-adapted for at least 15 min to the
mean concentration of the source and the sink channels (i.e. the mean
concentration in the test channel, [L]mean). After injection of bacterial
suspension and immediate termination of the residual flow using T-shaped
switch (Hamilton, valve HV 3-2), a gradient mirroring that in the
underlying agarose layer is rapidly established in the test channel (the
height of the test channel is H=150 um, and the diffusion coefficient for
MeAsp is assumed to be the typical one for small molecules in water,
D=5x10"1"m?2s1).

The linearity of the gradient in the test channel of this devise was
previously verified 7. In each gradient the ratio between the concentrations
of MeAsp in the source, [L]soure, and in the sink, [L]sin, was kept constant
(Table 3.3), and therefore the steepness of the expected linear gradients also
remained constant. The magnitude of the actual gradient was estimated to
be ~ 40% of the predicted gradient 7.

The distribution of the bacteria within the test channel was observed
using phase-contrast microscopy. Bacteria were observed close to the
agarose layer with an inverted microscope (Nikon Eclipse), using a 20x
objective (phase-contrast, ELWD). Movies were recorded using an Andor
Neo sCMOS camera, controlled by Nikon NIS-Elements control software at
10 frames per second for 15 min, and the image acquisition started 10-30 s
after injection of the bacteria. Image analysis was performed using
MATLAB. Immotile cells were removed by subtracting a mean image from
each frame, followed by locating the positions of the motile cells.
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Subsequent binning yielded the cell concentration profile, B(x, t), along the
direction of the gradient x at each time point t.

[Llsink, | [Llmean, | [Llsource, | Predicted gradient Actual gradient Relative
mM mM mM ﬂ, mM/mm ﬂ_ mM/mm gradient
dx “ L A g /mm
[Llmean dx”
0.002 0.005 0.008 0.007 0.003 0.5
0.006 0.018 0.030 0.024 0.010 0.5
0.021 0.064 0.107 0.085 0.034 0.5
0.076 0.228 0.380 0.304 0.122 0.5
0.271 0.814 1.357 1.085 0.434 0.5
0.968 2.903 4.838 3.871 1.548 0.5
3.449 10.35 17.24 13.795 5.518 0.5
12.29 36.87 61.45 49.161 19.665 0.5

Table 3.3. Concentrations of MeAsp and gradients used in the microfluidics
gradient generator.

The strength of the chemotaxis response was evaluated by the

absolute value of the dimensionless chemotactic migration coefficient

-w/2|

(CMCQO): [cMC|(t) = %, where W (=600 um) is the width of the test

channel, and (x)(t) is the population-averaged spatial coordinate,
fOW xB(x,t)dx, of the bacteria along the chemoeffector gradient .

The distribution of the bacteria is characterized by advection-
diffusion equation aB;’:'t) = DgV?B — V(vpB), where Ds is the random
motility coefficient measuring the diffusivity of a population of bacteria
resulting from their random walk behavior, and vp is the drift velocity of
the bacterial population 5. At steady state, aBg't) =0 ; thus

B(x)gs = Bye™*/%ss, where Bo is the cell density in the channel edge (x =0)
and Ags = (x)gs, where (x);s is the mean steady-state position of the
bacterial population in the channel. Ag5 can be expressed as Ags = Dg/vp %5,
therefore |CMC|gs = |2 Ags/W — 1| = |2 Dg/(vp W) — 1].
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Single receptor species MWC model for chemotaxis signaling

The dynamics of the E. coli chemotaxis pathway is captured by two
equations 2, which link the three dynamic variables: input [L](¢), output
a(t) and memory m(t):

= =F(a), (13)

a=G(L],m)= G(ft([L],m)) = (1 + eff([L]'m))_l, (14)

The differential equation (13) expresses the rate of change of the
feedback signal, m, as a function F of the current signal output, a. Perfect
adaptation follows as the function F(a) has a single stable fixed point at
a = ay with steady-state kinase activity ao given by F(ay) = 0. The receptor-
kinase activity, a, relaxes much rapidly ?*, so its value at each moment in
time is given by the algebraic equation (14). A variant of the Monod-
Wyman-Changeux (MWC) allosteric model 762 has been used to prescribe
a specific form of the function G, which denotes the dependence of the
kinase activity, a, on the current level of ligand input, [L], and methylation
feedback signal, m, via the free energy difference between the active and
inactive states of the receptor-kinase complex,

fe([Llm) = N(fL(ILD + fin(m)), (15)
where N is the number of ligand-binding receptor units cooperatively
associated with each kinase molecule. As in the classical MWC model 176,
the effect of ligand depends on the active and inactive states for the
receptor having distinct affinities for ligand, leading to the expression

fi([L]) = In /Kt (16)

1+[L]/K 4’
where Ki and Ka are the dissociation constants for the inactive and active
receptor states, respectively. From equation (16), it follows that f. is linear
in log[L] within the range K; < [L] < K, when the ratio between Ka and Ki
values is large 16622,
A feature that is not present in the classical MWC model ¢ is the
methylation-dependent free energy, f,,,(m). FRET-based studies in E. coli 22
showed that it is well-approximated by a linear function,

fm(m) = a(m” —m), (17)
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where «a is the slope of fu(m), and m* is the offset methylation level at which
fm(m) =0. a =2 and m" = 0.5 yielded good fits to E. coli experimental data.

Data from wild type E. coli taken at room temperature was well fit
by the following parameters: N=6, 20=0.33, Ki = 0.018 mM, Ka =2.903 mM 2.
The function F(a) was described by a Michaelis-Menten equation with a
variable gain

F@) =Vap e~ V@ (18)
where
V(@) = Vi(0) (1 + 6(a - as) =2ry), (19)

Ky and Ky are the Michaelis constants, and V; and Vz(a) - the maximal
velocities of the methylation and demethylation reactions (catalyzed by
CheR and CheB respectively), and Vz(a) is a piecewise linear function, the
value of which remains Vz(0) for values of a below ag, and above ag
increases with a slope li—ig up to a maximal value (1+15)V3(0),

implemented by use of a step function 8(a — ag), defined as 8(a —ag) =1
for a>as, 6(a —ag) =0 otherwise. For E. coli, the fit parameters are
Vr=0.010 s?, V(0)=0.013 s, Kr=0.32, Ks=0.30, as=0.74, r8=4.0 (all
concentrations are normalized, in units of the CheA concentration: Kr and
Ks are dimensionless) 2¢. For S. typhimurium, we fitted the data with
Vr=0.030 s, VB(0) = 0.030 s, Kr = 0.45, Ks = 0.30, as = 0.74.

Chemotactic drift velocity in shallow gradients

S. typhimurium and E. coli in liquid media either run smoothly, or
tumble, changing their swimming direction. We consider a bacterial
population executing run-and-tumble motility with a mean run speed v
and average run length 7, in a shallow gradient, i.e. a gradient V[L] that is
small enough that a change in the kinase activity, Aa, caused by a run of
length vt along the gradient is much smaller than the initial kinase activity
ay (Aa/ay < 1). The chemotactic drift velocity

T4—T_

Vg=v (20)

T+T_
where z and r are the average run times for bacteria swimming up and
down the gradient respectively. These run durations are determined by the
rotational bias of the flagellar motors:
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(W) = —2— (21)

Tew +Tecew
where 7w and wcw are the average clockwise (CW) and counter clockwise
(CCW) intervals, respectively. The rotational bias is controlled by the
kinase activity, 4, and is well-fit by a Hill equation:
al

e 22)

H
af+ay,,

(cw) =

where a1 is the kinase activity at which (CW) = 1/2, and H is the motor
Hill coefficient "5, From equations (21) and (22) follows that:

Teew = ya ™! (23)
where y = Tcwaf/z is a constant, assuming that 7w and a1 are not affected
by changes in a.

During each run, the kinase activity changes from a, to ay + Aa if
the run is in the direction up the gradient, and from a, to ay — Aa if the run
is in the direction down the gradient. Thus, using equations (20) and (23)
we can write

_ (1—Aa/aO)H—(1+Aa/a0)H
T 7 (1-Aa/ag)H+(1+Aa/ag)H

vy (24)

Considering our shallow gradient condition (Aa/a, < 1), we have
(1+Aa/ay)? = 1+ H (Aa/ay), which leads to a simple expression for the

drift velocity:
vy~ —vHZ (25)
0

Note that the simple derivation for v, given above neglects the fact
that Aa is not constant in time. Nevertheless, we can approximate Aa in
equation (25) by a time-averaged value Aa , expanding
Aa(t) = (%) t + 0(t?) and averaging over the run interval 7

Ag = L(r[da, 1% g~ %2
Ba=<fr |2+ e+ |de ~ S (x/2), (26)

where the last approximate equality is valid if % is approximately constant
over the time interval 7. To obtain % explicitly, we appeal once again to the

shallow gradient condition and linearize the two-state MWC model 2%

(equations (1) and (4)) about a=a, to obtain its rate of change in time,

da _ dAa(t) _ da 0df; dIn[L] (27)

at — dt _Aa(t)/rm-l_a_ftaln[u dx '

88



Network-level variability in bacterial chemotaxis

where ft is the total free energy of the receptor-kinase complex, and

-1
T = (% F ’(ao)) identifies with the adaptation timescale defined earlier

in equations (5) and (6). Further differentiation of equation (26) yields for

. . N d"tlq _nd"a
higher ~ time derivatives ——= =1, "=

prer for all n>=1 , so
Aa(1) —( )1:+0((r/7:m) ). Thus, the truncation of the series upon

averaging over the run interval 7 is valid whenever t < 7,,.

Combining equations (26) and (27), and considering that
T=19(1+Aa/ay) " and (1 + Aa/ay) =~ 1+ H (Aa/ay) for Aa/ay, < 1,we
obtain

da 0df; dIn[L] To

Aa = [—Aa(t)/rm + 3 omi’ ax 2(1+H(AIE) , (28)
which is a quadratic equation for Aa and has solutions Aa = —3/2 +
VB2 =5 with = 2(1+ %) and § = R a3(1— ag)v(to/2) "ot Further,

if S (14 o2 /(4HN(1 — ay)vty/2), then (8/2)? > & and the

nonnegatlve solut1or1 reduces to Aa ~ —§/, yielding

E ~ _aO(l_aO)lli([L]O)VTO . dln[L] , (29)
2+a dx

where y([L]o) is the sensitivity-modulation profile of the receptor module,
defined in equation (12).

Finally, using Aa from equation (29) for Aa in equation (25), we obtain an
expression for the drift velocity in the shallow-gradient limit:

v21oH(1—ap)P([L]o) dln[L]
Yp = . 2+T°O : dx (30)

Two receptor species MWC model for chemotaxis signaling

If the ligand is sensed by two different receptor species within the
same MWC cluster, ft can be written as

fo= Ny (in[FHEG] + Fon) + Mo (I [FHE5E] + fmz) (31)

1+[L]/Kaz

where (N1, Ku, Kai, fm1) and (N2, Ki, Kaz, fm2) are the number of ligand-
binding receptor units, the dissociation constants for the inactive and active
receptor, and the methylation-dependent free energy for the first and the
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second receptor species respectively. This leads to a sensitivity modulation
profile

w([L]y) = Nl( Llo [Llo )+N2( Llo [Llo ) (32)

[Llo+Kp1  [Llo+Ka1 [Llo+K12  [Llo+Kaz
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Cystine-induced repellent chemotactic
response of Salmonella: a potential
mechanism to avoid oxidative conditions

Chemoreceptors McpB and McpC in Salmonella typhimurium have been
reported to promote chemotaxis in LB muotility-plate assays. Of the
chemicals tested as potential effectors of these receptors, the only response
was towards L-cysteine and its oxidized form, L-cystine. Although
enhanced radial migration in plates suggested positive chemotaxis to both
amino acids, capillary assays failed to show an attractant response to either
in cells, expressing only these two chemoreceptors. In vivo fluorescence
resonance energy transfer (FRET) measurements of kinase activity revealed
that in wild-type bacteria, cysteine and cystine are chemoeffectors of
opposing sign, the reduced form being a chemoattractant and the oxidized
form a repellent. The attractant response to cysteine was mediated
primarily by Tsr, as reported earlier for Escherichia coli. The repellent
response to cystine was mediated by McpB /C. Adaptive recovery upon
cystine exposure required the methyl-transferase/-esterase pair, CheR /
CheB, but restoration of kinase activity was never complete (i.e. imperfect
adaptation). We provide a plausible explanation for the attractant-like
responses to both cystine and cysteine in motility plates, and speculate that
the opposing signs of response to this redox pair might afford
S. typhimurium a mechanism to gauge and avoid oxidative environments.

This chapter has been published:

Lazova, M. D. ¥, Butler, M. T. * Shimizu, T. S., and Harshey, R. M., Salmonella
chemoreceptors McpB and McpC mediate a repellent response to L-cystine: a
potential mechanism to avoid oxidative conditions. Mol Microbiol 84 (4), 697 (2012).
*authors contributed equally
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4.1. Introduction

Salmonella typhimurium and Escherichia coli show chemotaxis toward
amino acids and sugars, as well as oxygen and other stimuli that change
cellular energy levels (reviewed in 191021752%5266)  Chemotaxis can be
metabolism-independent or -dependent and requires processing of sensory
input from chemoreceptors through a signaling pathway wherein the
receptor-associated kinase CheA transfers phosphoryl groups to the
response regulator CheY, which ultimately modulates the rotational bias of
the flagellar motor. The steady-state level of the phosphorylated response
regulator is determined by the balance of its production by CheA and
destruction by a phosphatase CheZ. The activity of the receptor-kinase
complex is feedback-regulated by the methyltransferase CheR and the
methylesterase / deamidase CheB. The competing activities of CheR and
CheB, involving reversible receptor methylation at multiple sites, enable
cells to adapt to static chemical environments by restoring receptor-kinase
output towards its pre-stimulus state.

Binding of chemoeffector molecules to transmembrane
chemoreceptors, also known as methyl-accepting chemotaxis proteins
(MCPs), is sufficient to initiate the metabolism-independent chemotaxis
response. Ligand binding can be either direct or via a periplasmic binding
protein 1%, Reversible ligand binding to dimeric MCPs at their periplasmic
domains affects the receptors’ conformational state on both sides of the
cytoplasmic membrane, thereby propagating a signal into the cell. Upon
crossing the membrane, signal transmission is thought to proceed through
the regulatory HAMP domain ?!, the “methylation module” harboring the
reversibly modified residues, and the signal-output domain that regulates
the activity of CheA. Conserved pentapeptide motifs (NWE'/sF) at the C-
termini of a subset of MCPs (see Table 3.1, Chapter 3) reversibly bind CheR
and CheB 2. Another metabolism-independent chemotactic response
involves carbohydrate transport via the phosphoenolpyruvate-dependent
phosphotransferase system (PTS), which requires the CheA-CheY signaling
pathway and one or more chemoreceptor species 5%, Metabolism-
coupled chemotaxis includes redox taxis in response to changes in the
redox state of the electron transport system 2 and pH taxis in response to
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changes in the pH gradient across the cell membrane (proton-motive force)
124

In E. coli, chemotaxis is carried out by one of four MCPs: Tsr senses
serine 7%, Tar senses aspartate and maltose %, Trg senses ribose, galactose
and glucose ', and Tap senses dipeptides '**. Trg and Tap lack the
NWE"/sF motif and therefore require the presence of Tsr or Tar for efficient
methylation-dependent adaptation to their ligands %. An additional MCP-
like receptor, Aer, mediates responses to changes in oxygen concentration 3.
Aer lacks the adaptive methylation module as well as a large periplasmic
domain, and it senses changes in the redox potential using a cytoplasmic
PAS domain 3270, Structural and biochemical studies indicate that
chemoreceptors oligomerize as trimers of dimers, interacting at their distal
cytoplasmic tips 2. The principal trimer contact residues are identical in
Aer and the MCPs, suggesting that all the different receptors should be able
to form mixed trimers of dimers ®. Chemoreceptors cluster in subpolar
patches 1%, and there is direct experimental evidence for inter-dimer
methylation 4,

S. typhimurium lacks Tap but has additional transmembrane
chemoreceptors: Tcp that senses citrate and phenol 22, and two recently
identified receptors McpB and McpC with unknown ligand specificity %2¢7.
Two other chemoreceptor homologs with unknown function, Tip and
McpA, have also been described in S. typhimurium: Tip is a transmembrane
receptor with no recognizable periplasmic domain 2%, whereas McpA
appears to be cytoplasmic %. The mcpC gene is located immediately
downstream of aer. Both genes have distinct flagellar class 3 promoters, yet
insertions in aer are polar on mcpC (R. Harshey, unpublished results). The
relative RNA levels of the mcpB and mcpC genes, as determined by
microarray data, fall between those of the genes encoding the low-
abundance receptor Trg and the high-abundance receptor Tsr, and are
similar to the RNA levels seen for the tar gene 2. Both chemoreceptors
have a periplasmic sensory domain, a HAMP domain, a methylation
module, and receptor-trimer contact sites (Figure 4.1). However, they
display differences in the C-terminal pentapeptide sequence, which is
NWETF in Tsr and Tar. The pentapeptide EWVSF at the C-terminus of
McpB resembles NWETF at the critical positions W and F 228, but the
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pentapeptide DTQPA at the C-terminus of McpC has no similarity to the
NWETF sequence. In addition, the C-terminal “tail” of McpC is 26 residues
shorter than that of McpB (Figure 4.1).

The present study was undertaken to identify chemoeffectors
sensed by McpB and McpC, which mediate enhanced radial migration on
LB or tryptone soft-agar plates 27. Here we present experimental evidence
that McpB and McpC, when present as sole chemoreceptors, mediate a
chemotactic response to L-cystine. Whereas behavior in long-time motility-
plate assays shows an almost identical tactic response to both L-cystine and
L-cysteine, in wvivo fluorescence resonance energy transfer (FRET)
experiments with wild-type bacteria reveal responses of opposite sign to
these two chemicals that form a redox pair: cystine acts as a repellent and
cysteine as an attractant. Only cystine is sensed via McpB/C. The
attractant-like response to cystine in long-time behavioral assays is likely
from spreading due to increased tumbling caused by a repellent response
with imperfect adaptation. We discuss a possible role for the cystine
response in assisting the escape of S. typhimurium from cellular damage-
inducing oxidative environments.
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Figure 4.1. Alignment of some known chemoreceptors of S. typhimurium 14028

with McpB and McpC. Identified ligand-binding residues are highlighted within

ovals, whereas shared homologous regions with distinct functions are color-coded,
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4.2. McpB and McpC mediate a response to cystine and cysteine in soft-
agar assays

In an earlier study, progressive deletion of chemoreceptors in
S. typhimurium 14028 had shown that a strain missing seven of the nine
chemoreceptors (A7T) - Tsr, Tar, Trg, Tcp, Aer, McpB and McpC - does not
spread in Luria-Bertani (LB) or tryptone broth (TB) soft-agar swim plates;
however, a strain missing the first five receptors but retaining McpB and
McpC spreads significantly 2. We infer from these results that the two
other uncharacterized receptors - Tip and McpA - do not contribute to the
spreading observed in these plates. Indeed, the additional deletion of these
two receptors in a Atsr Atar Atrg Atcp Aaer strain did not affect the migration
phenotype as shown in Figure 4.2A (compare BC only* to BC only; strains
which still retain McpA and Tip are marked with an * hereafter; for
example, the strain that contains only mcpB and mcpC chemoreceptor genes
is referred to as “BC only”, whereas the strain that contains only mcpB,
mcpC, tip and mcpA chemoreceptor genes is referred to as “BC only*”). A
strain expressing McpC alone was also capable of promoting faster
spreading than the A7T strain, but slower than a strain expressing McpB
and McpC together; a strain expressing McpB alone migrated only
marginally faster than the A7T strain (Figure 4.2A, second row). McpC is
encoded downstream of the genomic locus encoding Aer. However, Aer
did not substantially affect the enhanced migration mediated by McpC
(compare BC only* to C only* and C, Aer only*; Figure 4.2A, second row).
The radial migration promoted by McpB / C was observed despite that the
plates were buffered to attenuate establishment of pH gradients,
suggesting that the response was to a chemical other than H*.

To identity chemoeffectors, we tested the response of the BC only*
strain in soft-agar swim plates containing minimal-glycerol media with
mixtures of amino acids, sugars, succinate / pyruvate (labeled ‘energy mix’;
their metabolism creates oxygen gradients), nucleosides, and vitamins (see
Materials and methods). Of the many potential attractants, only the
commercial essential amino acid mixture ‘MEM’ (arginine, cystine,
histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, tyrosine and valine) enhanced the migration response
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(Figure 4.2B), whereas a non-essential amino acid mixture did not (essential
and non-essential refer to requirement for growth of mammalian cells). To
further dissect which of the MEM components triggered chemotactic
spreading, we tested the individual amino acids present in the essential
MEM mix. Of these, only L-cystine (a dimeric amino acid, formed by
oxidation of two cysteine monomers covalently linked by a disulfide bridge;
referred to henceforth as simply cystine), elicited a migration response
(Figure 4.2C). When cystine was omitted from the MEM mix, the migration
rate of the BC only* strain was attenuated. In addition, we tested the
reduced form, cysteine, and found that it enhances migration in a manner
indistinguishable from cystine. Responses to serine and aspartate, which
serve as major attractant ligands sensed by the chemoreceptors Tsr and Tar,
respectively, are shown for comparison. The AmcpB AmcpC strain (referred
to as “ABC”), which retains seven chemoreceptors, showed the expected
response to serine and aspartate (Figure 4.2C; bacteria have migrated to the
edge of these plates) but did not respond to cystine or cysteine in this assay.
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A LB Swim

Wild C, Aer
Type BC Only* B Only* C Only* Only*

B Minimal Swim - BC Only*

MEM AAMix Sugar Mix Energy Mix Nucleosides Vitamins No Addition

C  Minimal Swim
MEM Mix
MEM Mix - Cystine Cystine Cysteine Serine Aspartate

BC Only*

ABC

Figure 4.2. Response of S. typhimurium 14028 strains to chemoeffectors in soft-
agar swim plates. (A) Top row: WT, BC only*, B only*, C only*, C/ Aer only*, A7T%,
and BC only strains were inoculated at the center of LB swim plates and incubated
at 37°C for 7 h. Second row: Plates were incubated for an additional 16 h at room
temperature, by which time the BC only* strains colonized half the plate. (B) The
BC only* strain was inoculated in minimal-glycerol swim media containing either
the commercial MEM essential amino acid mix or the indicated nutrient mixes and
incubated at 37°C for 22 h. (C) BC only* and ABC strains were inoculated in
minimal-glucose swim media containing the essential MEM mix or indicated
amino acids and incubated at 37°C for 22 h. The MEM mixes in this experiment
were reconstructed to reflect the composition of the commercial mix.
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4.3. Capillary assays do not show an attractant response to cystine

In E. coli, pioneering experiments by Adler and colleagues using
capillary assays 70, established cysteine as an attractant sensed by Tsr,
whereas in the same assays cystine elicited no response. Cysteine was also
reported to be an attractant for S.typhimurium 1%, Because
oxidation / reduction reactions interconvert these two amino acids, it is
unclear whether these redox species are stable over the many hours over
which motility-plate assays are conducted, and the enhanced migration
conferred by McpB and McpC could be due to cystine, cysteine, or a
mixture of the two. We therefore performed capillary assays, which are
completed within a much shorter time (<1 h), to test the response to these
amino acids 3. We ascertained that both amino acids maintained their
structure in freshly prepared solutions using mass spectrometry (see
Materials and methods). The response of four S. typhimurium 14028 strains
- wild type (WT), ABC, BC only* and Tar only* - is shown in Figure 4.3,
with the response to aspartate serving as a control (Figure 4.3A). Neither
BC only* nor any other of the tested strains accumulated significantly in
capillaries containing cystine, indicating the lack of an attractant response
(Figure 4.3B). However, WT and ABC strains showed an attractant response
to cysteine (Figure 4.3C). These observations suggest that neither cysteine
nor cystine is an attractant sensed by McpB / C under the conditions of
these capillary assays, in stark contrast to the seemingly positive
chemotactic migration response of the BC only* strain in both cysteine and
cystine motility plates (Figure 4.2C).
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Figure 4.3. Capillary assays. The response of S. typhimurium 14028 strains WT, BC
only*, ABC, and Tar only* was monitored with (A) aspartate, (B) cystine, and (C)
cysteine. The cell numbers are an average of three technical repeats of the
experiment. Error bars are standard deviation from the mean.

4.4. FRET experiments reveal responses of opposite sign to the cystine /
cysteine redox pair

To probe the effect of cysteine and cystine on chemotactic activity,
we used an in vivo fluorescence resonance energy transfer (FRET) assay,
utilizing the donor-acceptor pair between fusions of CheZ and CheY to
cyan and yellow fluorescent proteins (CFP and YFP), respectively 2%
(Materials and methods). The FRET signal is proportional to the activity of
CheA, the central kinase of the chemotaxis pathway. An analogous in vivo
FRET system has been used in numerous studies of E. coli chemotactic
Slgnahng 137,226,237,241

We first applied step increases in the concentration of cystine to
immobilized bacterial populations kept under constant flow of motility
buffer, and monitored the FRET response. Figure 4.4 (left) shows a typical
time series of the FRET response to addition and removal of 100 uM cystine
in S. typhimurium LT2 strains. Cystine caused an increase of the FRET
signal, indicating a repellent response (Figure 4.4). WT responded to
concentrations of cystine as low as 20 nM (see Appendix A).
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In contrast to cystine, the reduced form, cysteine, produced a
decrease in the FRET signal, indicating an attractant response (Figure 4.4,
right). This response of WT cells to cysteine steps was detectable in FRET
down to a threshold of ~20 uM (see Appendix A). The attractant response
to cysteine is consistent with the capillary assay data shown in Figure 4.3C,
as well as results from previous studies .

In E. coli and S. typhimurium, efficient adaptation to chemoeffectors
involves methylation and demethylation of specific glutamyl residues on
the chemoreceptors by CheR and CheB respectively. In CheR / CheB+ cells
(e.g. the WT strain used here), the rapid initial increase in the FRET signal
upon stepping up the cystine concentration (Figure 4.4, left) was followed
by a slower, partial recovery toward the pre-stimulus level; upon stepping
down the concentration, a small, transient decrease of the FRET signal was
observed. This result showed that the repellent response to cystine was
adaptive, but that the adaptation was incomplete, i.e. imperfect adaptation
132163, In contrast, the FRET response of AcheR AcheB cells to a cystine step
did not recover toward the pre-stimulus level (Figure 4.4, left), indicating
that the adaptive recovery of the FRET response in WT cells was due to the
activities of CheR and CheB. Similarly, an adaptive response to cysteine
was observed in WT bacteria, and no adaptation occurred in AcheR AcheB
cells (Figure 4.4, right). However, the adaptation of WT cells to cysteine
was perfect: during the cysteine step, the FRET signal recovered precisely
to the pre-stimulus level. Deleting the gene encoding the scaffolding
protein CheV °, whose homolog has been implicated in the chemotactic
adaptation of Bacillus subtilis %, showed no substantial effect on the
response to cystine or cysteine (Figure 4.4 bottom panels).
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Figure 4.4. FRET response of WT and mutant S. typhimurium LT2 strains to
cystine and cysteine. Strains used were: WT, AcheR AcheB, and AcheV. 100 uM
cystine or cysteine steps were used in all panels except for AcheR AcheB (right),
where the cysteine step size was 100 mM. Up / down arrows indicate the time of

addition / removal of chemoeffectors, respectively.
4.5. The repellent response to cystine is mediated by McpB and McpC

We performed FRET experiments in receptor knockout strains to
probe whether cystine and cysteine are sensed in a McpB / C-dependent
manner. Figure 4.5 (left) shows a typical time series of the FRET response to
addition and removal of 100 uM cystine in WT, ABC, and BC only* strains.
Note that all three strains are S. typhimurium 14028 derivatives, in contrast
to the LT2 strains shown in Figure 4.4. The differences in amplitudes in LT2
and 14028 backgrounds could be explained by the presence of unlabeled
cheY and cheZ genes in 14028 strains, as well as strain-dependent variations
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in chemoreceptor expressions. This conjecture is supported in data
presented in Figure 4.6. The response to cystine of S. typhimurium 14028
was completely abolished in the ABC strain. However, the BC only* strain
showed a repellent response to cystine: qualitatively, the temporal profile
of the response was similar to WT, although the response amplitude in the
BC only* strain was smaller than that of WT (Figure 4.5, left), likely because
of the diminished size of the total receptor population 2. Indeed,
overexpression of McpC from a plasmid in the BC only strain produced a
substantially stronger response (see Figure 4.7A). In agreement with the
capillary-assay results (Figure 4.3), the FRET response of the ABC strain to
the cysteine was nearly the same as WT, but the response to cysteine was
completely abolished in the BC only* strain (Figure 4.5 right). We conclude
that the repellent response of S. typhimurium 14028 to cystine depends on
McpB / C chemoreceptors. The reduced cysteine form is an attractant, but it
is not sensed via McpB or McpC.
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Figure 4.5. FRET response of S. typhimurium 14028 strains to cystine and cysteine.
Strains used were: WT, ABC, and BC only*. 100 uM cystine or cysteine steps were
used in all panels, except for ABC (right), where the cysteine step was 1 mM. Insets
with magnified axes are shown for strains with a weaker or no response. Three
repeats are averaged for BC only* cystine and cysteine responses and for ABC
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cystine responses. The other descriptions are as in Figure 4.4.
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Figure 4.6. Comparison of differences in the FRET responses of S. typhimurium
to a-methyl-aspartate (MeAsp) (A), serine (B) and phenol (C) in the presence and
absence of the native (and hence unlabeled) cheY and cheZ genes. FRET responses
of LT2 AcheY AcheZ (LT2 YZ-), LT2 (LT2 YZ+) and 14028 strain to 100 uM MeAsp,
100 uM serine and 100 pM phenol are shown. The LT2 YZ+ strain shows the
largest amplitude of the response to all chemoeffectors. The other descriptions are
as in Figure 4.4.

4.6. Roles of McpB and McpC in cystine sensing

We sought to dissect the roles of McpB and McpC in the cystine
response by comparing FRET responses of mutant strains engineered for
their chemoreceptor composition. For both AmcpB and AmcpC strains
(referred to as AB and AC respectively), the response upon cystine addition
was in the repellent direction (Figure 4.7A, top row), suggesting that each
of these receptors can sense cystine in absence of the other. When both
receptors are deleted, the response to cystine is abolished (Figure 4.5).
However, the response upon cystine removal was atypical in the AC strain:
the FRET signal increased upon removal instead of decreasing, as expected
for removal of a repellent. A plausible explanation for this peculiar AC
response is that one or more of the seven other receptor species are
responding to traces of cysteine present within the cystine solution (due to
partial reduction of the dissolved cystine; see below). Next we probed the
responses mediated by McpB and McpC when they were present in cells as
the sole chemoreceptor species. Weak but detectable repellent responses to
cystine were observed in the McpC only strain; the response of the McpB
only strain was even weaker (Figure 4.7A, middle row). Overexpression of
McpC in the BC only strain produced a response comparable to wild-type;
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however the overexpression of McpB in the BC only strain did not
noticeably increase the amplitude of the response to 100 uM cystine (Figure
4.7A, bottom row).
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Figure 4.7. FRET responses to cystine and cysteine steps in various
chemoreceptor mutants. (A) 100 uM cystine steps were used in all panels.
S. typhimurium 14028 strains used were: AB, AC, A9T + C, A9T + B, BC only + C, and
BC only + B. McpB expression from pMB1 was induced with 0.2% L-arabinose, and
McpC expression from pML19 was induced with 7 uM sodium salicylate. Three
repeats are averaged for all. (B) 100 pM cysteine steps were used in all
pretreatments. S. typhimurium LT2 strains used were: Atar, Atsr, and Atsr Atar. The
other descriptions are as in Figure 4.4.
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4.7. The attractant response to cysteine is mediated by Tsr and Tar

Previous studies using capillary assays demonstrated that as in
E. coli 70, Tsr is likely the dominant sensor for cysteine in S. typhimurium 1%,
Figure 4.7B shows a typical time series of the FRET response upon addition
and removal of 100 uM cysteine in S. typhimurium LT2 strains deleted for
the tsr and tar genes, singly and together. The response of the Atar strain
was similar to wild-type; however, the amplitude of the response of the
Atsr strain was strongly diminished. No attractant response to cysteine was
observed in Atsr Atar double knockout, even when cysteine concentrations
up to 10 mM were tested (see Appendix A). Thus, FRET experiments
confirmed the results from previous studies that Tsr is the dominant
receptor for cysteine.

4.8. Function of the C-terminal pentapeptide of McpB

The strongest responses to cystine were observed when McpB and
McpC were present together in both plate (Figure 4.2A) and FRET
(Figure 4.7A) experiments. Similar to other MCPs, both mcpB and mcpC
genes have a conserved methyl-accepting domain (Figure 4.1), and FRET
experiments showed that adaptation to cystine occurs in CheR- and CheB-
dependent but CheV-independent manner (Figure 4.4). This result was
confirmed in both wild-type and BC only* backgrounds by motility-plate
assays: deleting cheR, cheB, or cheW dramatically diminished migration on
cystine motility plates, whereas deleting cheV had little effect on the cystine
response (Table 4.1A, rows 1-10). McpB could provide ‘adaptational
assistance” to McpC by supplying the C-terminal pentapeptide sequence
(referred to henceforth as “pentapeptide’) (Figure 4.1). This sequence motif,
found also at the extreme C-terminus of Tsr, Tar, and Tcp but not in the
low-abundance receptors Trgand Tap, is known to stimulate the activities
of CheR and CheB in E. coli . Low-abundance receptors mediate effective
taxis onlyin the presence of pentapeptide-containing receptors . Adding a
flexible linker ending in the pentapeptide to the carboxyl terminus of low-
abundance receptors greatly enhances their function 8271,
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To test whether the weaker taxis mediated by McpC alone was due
to lack of a pentapeptide sequence and whether the role of McpB was to
provide this sequence, we added the last 30 residues from the C-terminus
of Tsr to McpC in the C only* strain and deleted the pentapeptide from
McpB in the BC only* strain. A comparison of the migration of these strains
in minimal-media supplemented with cystine is shown in Table 4.1B
(rows 11-14). Addition of the Tsr C-terminus to C only* abrogated its
activity (row 13), whereas deletion of the McpB pentapeptide in BC only*
resulted in spreading similar to the C only* strain (row 14). Although loss
of the stimulatory effect of McpB upon deletion of its pentapeptide is
consistent with a role for McpB in adaptational assistance, it could also be
due to loss of McpB activity as a result of the deletion. A similar loss of
activity appears to be the case with addition of the Tsr C-terminal segment
to McpC.

Next, we constructed a Tar C only* strain to test if Tar could provide
adaptational assistance to McpC (Table 4.1B, rows 15-16). This strain was
efficient in its response to aspartate (row 16), but did not restore the cystine
response to levels seen with the BC only* strain (compare rows 15 and 11).
We also assessed the contribution of Tar and Tsr expressed from plasmids
(pTar and pTsr) in the C only* strain, and compared their migration in
media with cystine versus aspartate and serine (Table 4.1B; rows 17-19, 20-
22, and 23-25 respectively). We also introduced a plasmid pTsrR¢“¢ encoding
Tsr with a mutation in the serine binding pocket (R64C), which cannot
sense serine but is otherwise functional #, to determine if this aided taxis of
a C only* strain in LB medium (Table 4.1B; rows 26-28). In none of these
strains did motility improve to levels seen with the BC only* strain. In
summary, these data show that whereas deletion of the pentapeptide in
McpB eliminates its stimulatory effect, provision of Tar or Tsr does not
improve McpC-mediated taxis to cystine. Therefore, if the function of
McpB is to provide adaptational assistance to McpC, then the assistance
must be specific, as Tsr and Tar are unable to provide it.
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No Strain Incubation Time Media Motility

A1 Wild Type 14028 7h (37°C) LB Swim 10
2 AcheB 7 h (37° C)+O/N (RT) “ 1
3  AcheR “ “ 0
4 AcheW “ “ 0
5 AcheV 7h (37° C) “ 9
6 BC only* “ “ 7
7 BConly*, AcheB  7h (37° C)+O/N (RT) “ 1
8 BC only*, AcheR “ “ 0
9 BConly*, AcheW | “ “ 0
10 BConly*, AcheV  7h (37° C) “ 7
B11 BC only* 22 h (37° C) Minimal + Cystine 9
12 Conly* “ “ 4
13  C:u:Tsr only* “ “ 0
14 B,s C only* “ “ 4
15 Tar, C only* “ “ 5

16 Tar, C only* “ Minimal + Aspartate 10
17 Conly* 22 h (37° C) Minimal + Cystine 4
18 Conly* pTar “ “ 4
19 Conly*, pTsr “ “ 3
20 Conly* “ Minimal + Aspartate = 2
21 Conly*, pTar “ “ 6
22 Conly*, pTsr “ “ 3
23 Conly* “ Minimal + Serine 2
24 Conly*, pTar “ “ 4
25 Conly*, pTsr ” " 8
26 BC only* 7 h (37° C)+O/N (RT) LB 7
27 Conly* “ “ 3
28 Conly*, pTsrRec =« “ 4

Table 4.1. Motility-plate response of S. typhimurium 14028 strains. (A) McpB / C
function requires CheB, CheR and CheW but not CheV. Motility is expressed as
relative swim colony diameter compared to wild-type (given an arbitrary value of
10) whose moving front had just reached the edge of an LB swim plate (37°C, 7 h;
see Figure 4.2A). (B) Role of the C-terminal pentapeptide in McpB / C function.
Strains were inoculated in LB or minimal media and incubated as indicated. 1 uM
IPTG was included in the plates containing pTsr and pTsrR¢C. pTar expresses Tar
constitutively.
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4.9. Discussion

To our knowledge, McpB and McpC are the first chemoreceptors
reported to respond to cystine. Although the cystine response was first
discovered by observing enhanced migration in motility-plate assays and
interpreted as an attractant response, measurement of kinase activity using
in vivo FRET revealed a McpB / C-specific response indicative of a repellent.
Below, we tie together the apparently contradictory responses of McpB / C
to cystine / cysteine in motility-plate and FRET assays.

A unified interpretation of a repellent response to cystine

Imperfect adaptation. Motility-plate assays show an apparently
positive response to cystine, whereas FRET assays show a repellent
response. We can reconcile the behavior in motility-plate assays by the
FRET data showing ‘imperfect adaptation’ to cystine. CheR / B-mediated
recovery does not restore kinase activity exactly to the pre-stimulus level

upon step stimulation with cystine (Figures. 4.4, 4.5, and 4.7), and such
imperfect adaptation could explain the enhanced spreading of cells on
cystine motility plates. As was first described by Wolfe & Berg ¢, radial
spreading of cells on soft-agar plates can occur even in strains incapable of
normal chemotaxis, e.g. in adaptation-deficient AcheR AcheB strains, or even
in “gutted” strains of E. coli deleted for all receptors and chemotaxis genes.
In such non-chemotactic strains, the rate of spreading was found to
increase monotonically with the tumbling bias. So, when a chemoeffector is
seen to enhance the rate of spreading in motility plates, it could be due to
an attractant response to a chemical being consumed, an increase in the
steady-state tumbling bias, or both. In the context of our experiments, an
increase in the steady-state tumbling bias due to imperfect adaptation to
the repellent cystine would be expected to increase the rate at which cells
spread in the motility-plate assays. Therefore, the imperfect adaptation to
cystine observed in FRET assays forms the basis of our proposal that the
enhanced migration in motility-plate assays is due to an increased rate of
spreading resulting from an increase in the steady-state tumbling bias,
rather than a positive chemotactic response to an attractant.
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Two recent studies have provided explanations for imperfect
adaptation to attractant stimuli, such as serine and aspartate 3219,
Although the details of these two proposed mechanisms differ, both are
essentially due to effects of the finite number of methylation sites possessed
by chemoreceptors. Whether such mechanisms might contribute to the
observed imperfect adaptation to cystine would make for an interesting
question for future investigations.

The cysteine / cysteine redox pair. We showed that cystine but not
cysteine is sensed by the BC only* strain (Figure 4.5). Why then do both
amino acids elicit a response in motility-plate assays (Figure 4.2)? A major
difference between the motility-plate, capillary and FRET assays is the time
scale over which responses reveal themselves. Motility-plate assays
compare colony propagation rates over hours, capillary assays reflect the
accumulation of cells over minutes, and FRET assays reveal intracellular

signaling responses within seconds. Because oxidation / reduction reactions
interconvert cystine and cysteine, one possible explanation is that the
migration response on cysteine plates is due to oxidation of cysteine to
cystine during the long duration of the experiment. The similarity in the
results for cystine and cysteine plates (Figure 4.2) could be explained if in
both cases the cystine / cysteine ratio relaxes toward an equilibrium that is
independent of the initially added form of these inter-convertible amino
acids. Reports suggest that aerobic conditions would favor cystine, whereas
anaerobic conditions would shift this equilibrium towards cysteine 1873227,
Indeed, when the plates were incubated anaerobically, the response of the
BC only* strain to both amino acids was diminished but was again identical
for the two amino acids, indicating that the equilibrium has likely shifted
towards cysteine and that cystine is the true chemoeffector sensed by these
receptors (Figure 4.8A). (Reducing agents such as dithiothreitol or f-
mercaptoethanol were not used to create reducing conditions because they
are not stable for a long time in the conditions used in motility-plate assays
246). The inference for interconversion of the cystine / cysteine redox pair
was confirmed by repellent response of Atsr Atar strain (insensitive to
cysteine) to high concentrations of cysteine (see Appendix A).

We also performed a chemical-in-plug assay where the chemical
gradient is formed by diffusion rather than consumption of the chemical. A
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hard-agar plug containing the chemical was inserted into a soft-agar
minimal media plate and bacteria were allowed to migrate toward the plug
after being inoculated at some distance. This assay gave results similar to
those shown in Figure 4.2, confirming that McpB / C are sufficient for the
taxis response to cysteine / cystine (Figure 4.8B). When this assay was
conducted anaerobically (Figure 4.8B right), the response was consistent
with the results in Figure 4.8A: the migration towards either amino acid
was not as pronounced as under aerobic conditions. Taken together, these
results suggest that the equilibrium composition of the cystine / cysteine
mixture shifts towards cystine under aerobic conditions and cysteine under
anaerobic conditions, so that the enhanced spreading mediated by
McpB /C (which sense cystine but not cysteine) is attenuated under
anaerobic conditions.

A BC Only* B

Aerobic Anaerobic

BC Only*

Aerobic ) Anaerobic

Serine Serine

Cysteine Cysteine

Cystine

Figure 4.8. Response to cystine / cysteine in aerobic versus anaerobic conditions
in long-time motility-plate assays. (A) Bacteria were inoculated in the center of
minimal media plates. Growth conditions were as described in Figure 4.2C. See
Materials and methods for description of the anaerobic chamber. (B) Chemical-in-
plug assay. The hard-agar plugs on the right contain the test chemical, which
diffuses into the soft-agar media. Bacteria were inoculated at some distance and
plates incubated for 22 h at 37°C.
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Role of McpB and McpC in the cystine response

The strongest responses to cystine were observed when McpB and
McpC were expressed together. However, because cystine responses were
observed in the absence of either one, but not both of these receptors,
apparently each receptor senses cystine. The requirement for the
adaptation enzymes CheR and CheB was observed in both long- and short-
time assays. McpB, which has the C-terminal pentapeptide motif that is
absent in McpC, might provide adaptational assistance to McpC. However,
because two other pentapeptide-harboring receptors, Tsr and Tar, failed to
improve the function of McpC, it appears that the contribution of McpB to
the McpC-mediated response is specific.

Physiological significance of the cystine response

Although cystine is neither a direct participant in biochemical
pathways, nor incorporated into proteins, it is cystine rather than cysteine
that is taken up by E. coli and S. typhimurium 2°'. At high concentrations,
cysteine is toxic to cells and is exported to the periplasm by multiple
cysteine transporters where it is converted into cystine in the oxidative
environment of the periplasm. The periplasmic flagellar protein FliY binds
cystine # and, along with two other cystine transport systems, is implicated
in its transport back into the cell 2. The cysteine / cystine shuttle system is
proposed to play an important role in oxidative stress tolerance by
providing reducing equivalents to the periplasm . Our preliminary
results ruled out that cystine is sensed through FliY, as deletion of fliY in
the BC only* background did not alter its positive migration to cysteine or
cystine in plates incubated under aerobic or anaerobic conditions, nor did
deletion of fliY in the wild-type background alter the response in FRET
experiments.

What then could be the physiological relevance of the repellent
response to cystine in S. typhimurium? We showed in this study that
oxidized and reduced forms of the cystine/cysteine redox pair elicit
responses with an opposite sign: whereas cysteine is a chemoattractant,
cystine acts as chemorepellent. Oxidative environments are expected to

113



Chapter 4

shift the equilibrium of the cysteine/cystine pair towards cystine.
Therefore, the presence of cystine in the environment is likely an indicator
of oxidizing conditions. Such conditions generate reactive oxygen species,
which are responsible for damage to all macromolecules (DNA, lipids and
proteins) 2. The McpB / C-mediated repellent response to cystine could
provide S. typhimurium with an escape mechanism from such environments,
either outside or within the host. In oxidative environments such as those
found in macrophages %, the response to cystine could facilitate the spread
of S. typhimurium beyond the gastrointestinal tract in systemic disease 2'2.

4.10. Materials and methods

Bacterial strains and plasmids

The strains and plasmids used in this study are listed in Table 4.2.

Strain Relevant genotype Source

14028 Salmonella enterica serovar Typhimurium ATCC strain R.M. Harshey
(wild type S. typhimurium 14028)
SM542 14028 AmcpB AmcpC This study
QW265 | 14028 AmcpB This study
SM457 14028 AmcpC This study
JW20 14028 mcpB, mcpC only* This study
MB203 14028 mcpB, mcpC only (mcpA::Kan) This study
MB1 14028 mcpC only* (mcpB::Cm) This study
MB2 14028 mcpB only* (mcpC::Cm) This study
MB211 14028 A9T This study
(Atsr Atsr Atrg Aaer Atcp AmcpA AmcpB AmcpC Atip)

SM469 14028 tar only* (tcp::Kan) This study
SM576 14028 mcpC aer only* (mcpB::Cm, tcp::Kan) This study
SM387 14028 AcheB This study
SM399 14028 AcheR This study
SM423 14028 AcheV::Cm This study
SM464 14028 AcheW This study
MB82 14028 mcpB mcpC only*, cheB::Kan This study
MB83 14028 mcpB mcpC only*, cheR::Kan This study
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MB84 14028 mcpB, mcpC only*, cheW::Kan This study

MB187 14028 mcpB, mcpC only*, cheV::Kan This study

SM162 14028 A7T

(Atsr Atar Atrg Aaer AmcpB AmcpC tep:Kan)

ST998 14028 tar mcpC only™ (mcpB::Cm) This study

ST1000 14028 mcpC::tsr_Tet only* (mcpB::Cm) This study

ST1001 14028 mcpB,s, mepC only* This study

LT2 Salmonella enterica serovar Typhimurium strain LT2 Salmonella

(wild type S. typhimurium LT2) Genetic Stock

Center (SGSC)

TSS500 LT2 AcheY AcheZ This study

TSS507 LT2 AcheR AcheB AcheY AcheZ

TSS515 LT2 AcheV AcheY AcheZ

TSS868 LT2 Atsr AcheY AcheZ This study

TSS878 LT2 Atar AcheY AcheZ This study

TS55866 LT2 Atar Atsr AcheY AcheZ This study

Plasmid Gene(s) Resistance Induction Source

pKG110 | cloning vector chloramphenicol | sodium salicylate | J.S.Parkinson

pBAD33 | cloning vector chloramphenicol | L-arabinose %

pML19 mcpC chloramphenicol | sodium salicylate | This work

pBR1 mcpB chloramphenicol | sodium salicylate | This work

pVS88 cheZ-ecfp / cheY-eyfp | ampicillin IPTG 240

pMK113 | E.coli tar ampicillin constitutive M. D. Manson

pJC3 E.coli tsr ampicillin IPTG J. S. Parkinson

pJC3 E.coli tsr ampicillin IPTG u

(R64C) insensitive to serine

Table 4.2. Strains and plasmids used in this study. A and :: refer to deletion of, or
deletion / substitution within the indicated gene, respectively. Kan, Cm or Tet refer
to substitutions with kanamycin, chloramphenicol, and tetracycline-resistance
cassettes. Deletions created by the Datsenko & Wanner method 42 left behind a ‘scar’
sequence of ~80 base pairs in all 14028 strains. LT2-based deletion strains do not
have a scar. Strains indicating ‘only’ refer to presence only of the indicated
chemoreceptor gene and absence of all others. Only* indicates that the strain
retains mcpA and tip. mcpC::tsr strain fuses the end of mcpC to the C-terminal
30 amino acid residues of tsr and has a Tet marker downstream. mcpB,s deletes of
the last five amino acid residues in mcpB.
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Strain and plasmid construction

Deletion or insertion of genes and regulatory regions was achieved
by the one-step mutagenesis procedure > as described 2. The initial
deletion / substitution involved selection with either kanamycin® (Kan),
chloramphenicol® (Cm) or tetracycline (Tet) cassettes. Except for deletion of
the C-terminal pentapeptide encoding region of mcpB, all gene deletions
were designed to remove the entire coding sequence except the first and
last few amino acids, and were verified by DNA sequencing. LT2-based
strains were created using a modification of the Datsenko and Wanner
strategy that does not leave a scar: the insertion cassette contains the lethal
gene ccdB under control of rhamnose inducible promoter, and is removed
by positive selection on rhamnose-minimal plates 2. The resident plasmid
pSLT (containing ccdA ccdB operon) was displaced prior to chromosomal
manipulations using Kit 10 from Salmonella Genetics Stock Center (SGSC).

Addition of the last 30 amino acid-encoding segment of tsr to the
end of mcpC was achieved as follows: a PCR product linking the C-terminal
end of tsr to tet was first generated using appropriate primers specific to tsr
and tet. This product was used as a template to similarly generate a second
PCR product linking the end of mcpC to the tsr-tet fusion. The mcpC-tsr-tet
product was recombined into the C only* strain. The hybrid joint has the
following sequence (the underlined residues are from mcpC, followed by
those from tsr): DTQPAAREVAAVKTPAAVSSPKAAVADGSDNWETE.

In the LT2-based strains used in the FRET experiments, cheY and
cheZ are deleted from the chromosome and CheY-YFP and CheZ-CFP
fusions are expressed from a plasmid pVS88 24 (except in LT2 YZ+ strain
shown on Figure 4.6). Lack of competitive interaction of labeled and
unlabeled CheY and CheZ proteins leads to a greater amplitude of FRET
responses, compared to strains that express unlabeled CheY and CheZ.
This is supported by data in Figure 4.6: the amplitudes of the initial FRET
response to all tested chemicals are greater in LT2 AcheY AcheZ than in LT2
and 14028, which contain unlabeled cheY and cheZ. Other factors that could
contribute to the different response amplitudes in LT2- and 14028-based
strains are possible strain-dependent and day-to-day variations in receptor
expression levels, and the density of cells in the area of the coverslip from
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which FRET signals were measured (LT2-based strains attached more
efficiently than did 14028-based strains, resulting in higher experiment-to-
experiment variation in fluorescence levels for the 14028-based strains).
pMB1 was constructed by PCR amplification of genomic mcpB using
primers that included Sphl and Xbal restriction sites for ligating into the
same sites on the expression vector pPBAD33 %. A similar cloning strategy
was used for the plasmid for McpC expression, pML19; however, the
primers contained Ndel and BamHI sites, and the expression vector was
pKG110. pMK113 expressing E. coli Tar was a gift from Michael Manson
(Texas A & M University), and pJC3 expressing E. coli Tsr was a gift from
Sandy Parkinson (University of Utah, Salt Lake City); expression is from
the tac promoter in the pTrc99A vector 3. E. coli Tsr(R64C) was expressed
from the parent plasmid pJC3 #. The FRET donor-acceptor pair - CheZ-
CFP and CheY-YFP — was expressed from a plasmid pVS88 under control
of an isopropyl (3-D-1-thiogalactopyranoside (IPTG)-inducible promoter 2.

Motility-plate and chemical-in-plug assays

Bacteria were grown either in L-broth (LB) base (20 g/L), tryptone
broth (1% Bacto tryptone, 0.5% NaCl) or in M63 minimal medium (100 mM
KH2POs, 15 mM (NH1)2SOs, 1.8 pM FeSO..7H20, 1 mM MgSOs, 10 mM
carbon source, adjusted to pH 7 with KOH). When testing for a response to
a sugar, pre-cultures were grown with 0.2% concentration of that sugar.

Amino acid (all L-form) and vitamin mixtures were obtained from
Invitrogen, and the nucleoside mixture was purchased from Millipore. The
final amino acid concentrations in minimal-swim plates ranged from 2-20
uM for individual amino acids from the Invitrogen MEM (Minimal
Essential Medium) mix (arginine, cystine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan, tyrosine and
valine), or non-essential mix (glycine, alanine, asparagine, aspartic acid,
glutamine, glutamate, proline and serine); 1 mg/L for each vitamin (choline,
pantotheic acid, folic acid, nicotinamide, pyridoxal hydrochloride,
riboflavin, thiamine and inositol); 30 uM for each nucleoside (adenosine,
cytidine, guanosine, thymidine and uridine). Individual amino acids were
tested at 100 uM. The sugar mix contained 50 uM each of glucose, maltose,
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ribose and arabinose. The energy mix contained 75 uM each of pyruvate
and succinate.

Swim or chemotaxis plates were solidified with 0.3% agar and
inoculated in the center with 2.5 ul of an exponentially growing culture at
ODew of 0.6. Plates were incubated for 7 h at 37° C or overnight at room
temperature (RT), as indicated at Figure 4.2 and Table 4.1.

In the chemical-in-plug assays, hard-agar plugs with 10 mM
chemical dissolved in minimal-glucose media and set with 2% agar were
inserted with a sterile pipette tip into soft-agar (0.3%) minimal-media plates.
The plates were poured at least 5 h before use and the plugs were inserted
just before the plates were point-inoculated with bacteria at some distance
from the plug. Plates were incubated for >20 h at 37° C.

Anaerobic motility assays were conducted in a 2.5 Liter, Oxoid
AnaeroJar system AGO0025. AnaeroGen sachets placed in a sealed jar
rapidly absorb atmospheric oxygen with the simultaneous generation of
carbon dioxide. Oxygen levels in the jar are claimed to fall below 1% within
30 minutes, and the resulting carbon dioxide levels are between 9% and
13%. The jar was set up according to manufacturer specifications.

Cystine preparation

Stock solution of 100 mM cystine (L-cystine, Calbiochem, Cat# 2470,
99.1%, for the plate and capillary assay experiments; L-cystine, Sigma
Aldrich, Bioultra, 299.5% for FRET experiments) was prepared in 1M HCl.
The Calbiochem product has a certified synthetic origin. Sigma Bioultra is
of animal origin; however, Calbiochem cystine, as well as two other Sigma
products (Cat# C7602, 98.5-101.0% - from non-animal source, and Cat#
49603, TraceCERT® - from animal origin) were tested in FRET and
qualitatively similar repellent responses were obtained.

Working solutions were prepared in minimal-glycerol M63 medium
for the plate experiments, chemotaxis buffer (CB: 1xPBS, 0.1 mM EDTA,
0.01 mM L-methionine, and 10 mM DL-lactate) for the capillary assay
experiments, and motility buffer (10 mM potassium phosphate, 0.1 mM
EDTA, 1 uM methionine, 10 mM lactic acid, pH 7) for FRET experiments.
As the working solutions were buffered, their pH was neutral. Control
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FRET measurements with 100 uM cystine dissolved directly in motility
medium without using HCl, confirmed the repellent response.

Mass Spectrometry

LC-MS (liquid chromatography mass spectrometry) of cysteine and
cystine solutions was performed at the University of Texas ICMB/CRED
Protein and Metabolite Analysis Facility. An electrospray ion trap mass
spectrometer (LCQ, ThermoFisher, San Jose, CA) coupled with a microbore
HPLC (Magic 2002, Michrom BioResources, Auburn, CA) was used to
acquire spectra. Cysteine was dissolved in water and cystine was dissolved
in either formic acid or hydrochloric acid aqueous solutions. The samples
were analyzed immediately. 10 ul of each solution was injected into HPLC
and directly infused into LCQ. Automated acquisition of full scan MS
spectra was executed by Finnigan Excalibur™ software (ThermoFisher, San
Jose, CA). The full scan range for MS was 50-300 Da. Each solution
displayed only a single peak, corresponding to the expected mass for each
amino acid.

Capillary Assays

Capillary assays were performed as previously described 3, except
that plastic gaskets (2 cm in diameter, ~1.5 mm thick) were used to create
the chamber or “pond”. About one sixth (60°) of the circular gasket was
removed to provide a portal for entry of the capillary tubes. Capillaries
contained either chemotaxis buffer (CB) alone or CB with the indicated
concentration of aspartate, cysteine or cystine. The first two amino acids
were dissolved in deionized water, whereas cystine was first dissolved in
0.1IM HCl and then neutralized with NaOH. Freshly prepared 100 mM
stock solutions were diluted appropriately in CB prior to the capillary
assay, which was run for 45 min at 37°C. The number of cells entering the
capillary was determined by plating dilutions of the capillary contents on
LB agar and counting colonies after 24 h incubation at 37° C.
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In vivo fluorescence resonance energy transfer (FRET) experiments and data
analysis

The FRET pair, in which the response regulator, CheY, and its
phosphatase, CheZ, are genetically fused to yellow (acceptor) and cyan
(donor) fluorescence proteins (YFP and CFP) respectively, provides a
measure of the concentration of the intracellular complex, formed between
phosphorylated CheY (CheY-P) and CheZ. The concentration of
CheZ-CheY-P complex is determined by two opposing reactions:
phosphorylation of CheY by CheA, and dephosphorylation of CheY-P by
CheZ. The rates of the two reactions are equal at steady-state, therefore the
FRET signal is proportional to the activity of the central kinase of the
chemotaxis pathway CheA, which is considered as a single output of the
chemoreceptor activity 22624200, Thus, this FRET pair provides real-time
readout of the activity of the bacterial chemotaxis pathway for any changes
on a time scale greater than the relaxation time of CheY phosphorylation.

Bacteria were grown at 33.5°C to mid exponential phase (ODew ~0.5)
in tryptone broth supplemented with appropriate antibiotics and inducers.
Cells were harvested by centrifugation, washed twice, resuspended in
motility buffer and stored at 4°C.

Prior to the experiment (1-5 h after harvesting), bacteria were
immobilized on a poly-L-lysine coated coverslip. The coverslip was then
situated at the top face of a flow cell ¥, and the bacteria were kept under
constant flow of motility buffer generated by a syringe pump (Harvard
Apparatus, PHD2000). The same flow was used to add and remove
chemoeffectors during experiments. There is a consistent ~ 25 s delay
between the time when the switch was thrown to induce the step (indicated
by arrows on the figures) and the time when the new solution reached the
cells located in the flow cell.

An upright microscope (Nikon FN1), equipped with an oil
immersion objective (Nikon CFI Plan Fluor, 40x/1.3), was used to perform
FRET microscopy. The sample, situated in the flow cell, was illuminated by
a metal halide arc lamp with closed-loop feedback (EXFO X-Cite exacte)
through an excitation bandpass filter (Semrock, FF01-438/24-25) and a
dichroic mirror (Semrock, FF458-Di01). The epifluorescent emission was
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split by a second dichroic mirror (Semrock, FF509-FDi01) into donor (cyan,
C) and acceptor (yellow, Y) channels. Photon-counting photomultipliers
(Hamamatsu H7422P-40) were used to collect the signal from C and Y
channels through emission bandpass filters (Semrock FF01-483/32 for C
channel and FF01-542/27 for Y channel). Signal intensities of the donor and
acceptor channels were recorded through a data acquisition card (National
Instruments) installed on a PC running custom-written software.

Both Y and C channels were corrected for the coverslip background.
The signal from the Y channel was also corrected for leakage from CFP
emission. The ratio R between the two channels, R=Y/C, serves as a robust
indicator of FRET activity. AFRET, the change in FRET efficiency upon
stimulation at every time point, was computed as following:
AFRET = (RpretAR—R0)/(Rpret AR+ AY/ACT) = (Rpre—Ro)/(Rpret | AY/AC),
where Ro is the acceptor to donor ratio in absence of FRET, Ry is the
prestimulus accetor to donor ratio, AR=R-Rpr is the change in the ratio upon
stimulation, and |AY/AC!| is the constant absolute ratio between the
changes in the acceptor and donor signals per FRET pair 22. Under the
applied experimental conditions, Ry +IAY/AC| >> AR; thus AFRET~AR.
Thus for simplicity AFRET is expressed in arbitrary units of AR.
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The phospho-regulated scaffolding
protein CheV atfects chemoreceptor
clustering in Salmonella typhimurium

The transmembrane receptors in the bacterial chemotaxis circuit interact
with the central kinase CheA via scaffolding proteins CheW and CheV.
CheV is a hybrid protein that contains a phosphorylatable receiver domain
and plays a role in receptor clustering and adaptation to chemoeffectors in
some bacterial species. Here we study the function of CheV in the
chemotaxis of Salmonella typhimurium. In the absence of methylation-
dependent adaptation, cheV knockout cells spread slower, and the CheV+
phenotype is restored only by expression of CheV that can be
phosphorylated. In wvivo fluorescence resonance energy transfer
measurements indicate a weak but significant CheV-dependent partial
adaptation to the non-metabolizable attractant o-methyl-aspartate. The
adaptational recovery, however, is not affected by CheV phosphorylation.
Using fluorescently-tagged CheV, we show that CheV forms clusters,
predominantly localized at the cell poles, and the number and localization
of these clusters does not depend on the phosphorylation state. Using YFP-
CheR as a marker for receptor clusters, however, we show that the receptor
cluster number decreases in cheV knockout cells, and has intermediate
levels in a phosphorylation-deficient CheV mutant strain. The number of
lateral receptor clusters also decreases in the absence of CheV. We
speculate that CheV might play a role in the clustering of some of the
chemoreceptor species in S.typhimurium and in the adaptation to
chemoeffectors which these chemoreceptors can sense.
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5.1. Introduction

Scaffolding proteins bring together and promote interactions
between different components of intracellular signaling networks 2.
Signaling scaffolds create microenvironments in which the concentration of
the participants is enriched, promote economical use of a limited set of
signaling molecules without compromising specificity, and can also play
active role in network-level dynamic regulation of the signaling modules
involving feedbacks 54178, Scaffolding proteins are ubiquitous in eukaryotic
signaling, but also play role in some signaling processes in bacteria: for
example CheW and CheV are proteins that couple the transmembrane
chemoreceptor arrays to a cytoplasmic layer of the complex formed by the
histidine kinase CheA 1°.

In the two-component chemotactic signaling system of bacteria,
chemoeffectors are detected by transmembrane chemoreceptors that form
allosteric complexes with histidine kinase molecules (CheA). Activated
CheA gets autophosphorylated, and transfers phosphoryl groups to the
response regulator CheY. Phosphorylated CheY in turn modulates the
frequency of clockwise rotation of the flagellar motors 26. Different
enzymes that accelerate CheY dephosphorylation, and enzymes that
promote adaptation to chemoeffectors by reversible covalent modification
(methylation) of chemoreceptors at multiple sites, exist in different bacterial
species 2221 In all organisms that have chemotaxis networks defined by
the presence of CheA, the kinase is coupled to the chemoreceptors by the
scaffolding protein CheW, CheV or both, and these proteins are essential
for the receptor-kinase interactions %12,

CheW interactions with CheA and the chemoreceptors have been
extensively studied: CheW binds in vitro to both with dissociation constants
~6 pM and ~11 uM respectively *, forming stable ternary complexes 7521
Chemoreceptors of different types form mixed trimers of dimers, which
couple to CheA via CheW to form higher-order signaling arrays 119194240,
High levels of expression of CheW beyond the functional chemoreceptor-
CheW-CheA complex stochiometry, impair chemotactic ability of bacteria
146211 A recent study proposes that CheW-binding sites in receptor dimers
overlap their trimer contact sites and overexpression of CheW saturates the
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inter-receptor-binding sites, preventing the assembly of trimers-of-dimers
units ¥. CheW plays a role also in the formation of higher-order receptor
assemblies 15, which detailed structure has been recently revealed by
cryoelectron tomography 4147

CheV is a two-domain protein (Figure 5.1A), in which the N-
terminal domain is homologous to CheW (hereafter referred to as Vw).
CheW residues that are crucial for the coupling with CheA and
chemoreceptors have been identified *'4, and multiple alignment shows
that several of these residues are conserved between CheW and Vw. This
observation suggests that CheV could also interact with CheA and the
chemoreceptors, although such interactions have not been proven
experimentally '°. The C-terminal domain of CheV (hereafter referred to as
REC) is homologous to regulatory proteins that are phosphorylated at a
conserved aspartate residue, allowing them to switch between active and
inactive conformations %%, The REC domains of CheV in some species,
such as Bacillus subtilis and Helicobacter pylori, are phosphorylated in vitro
116,197

The phenotypes of cheV knockout mutants differ between organisms,
suggesting that the function and importance of CheV in different species
varies . As a hybrid protein, CheV possibly performs a coupling function
associated with its Vw domain, a regulatory / adaptation-related function
associated with its REC domain, or another function that individual
domains alone cannot support. For example, in B.subtilis, CheV
phosphorylation is required for normal adaptation to asparagine '¢. CheV
also has a receptor-coupling function in B. subtilis, however, its function is
partially redundant with CheW: both AcheV and AcheW knockouts but not
AcheV AcheW double knockout are chemotactic 24 In H. pylori, which has
three CheV proteins, loss of CheW leads to a non-chemotactic phenotype,
whereas the loss of each of the three CheVs does not impair chemotaxis
abilities of the cells, although their motility phenotypes are different 4917,
H.pylori lacks a methylation-dependent adaptation system, and it is
possible that some of its CheV proteins are involved in a methylation-
independent adaptation mechanism 4.

Here we study the role of CheV in chemotaxis of S. typhimurium.
CheV has been recently identified in S. typhimurium 862¢7, and deletion of
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cheV in wild type cells produces only very subtle phenotypic changes .
S. typhimurium cells in which the genes of the enzymes CheR and CheB
involved in methylation-dependent adaptation were knocked out, form
chemotactic rings in soft-agar motility assays, suggesting that a
methylation-independent mechanism of adaptation might exist 2024, The
later discovery of CheV suggested that this protein might be involved in an
adaptation that works in parallel to the methylation-dependent pathway in
wild type cells. CheV is the only cytosolic component of the chemotactic
network of S. typhimurium that does not have a homolog in the orthologous
chemotaxis system of its close relative Escherichia coli (Figure 5.1B).
However, S. typhimurium has more chemoreceptor species than E. coli (see
Table 3.1, Chapter 3), so it is possible that CheV is involved only in the
coupling of these chemoreceptors species not present in E. coli to the kinase
CheA.

We investigated the phenotype of CheV mutant strains in soft-agar
plates and showed that CheV, but not a phosphorylation-deficient CheV
mutant can restore the phenotype of an adaptation-deficient AcheR AcheB
AcheV strain to that of AcheR AcheB strain. Our measurements of the kinase
activity indicate a weak but significant partial adaptation upon stimulation
with a-methyl-aspartate (MeAsp) steps in methylation-deficient cells that
express CheV. Imaging reveals that fluorescently labelled CheV and its
non-phosphorylatable variant CheVo2sa both form clusters in the presence
of chemoreceptors. Moreover, knocking out cheV affects receptor-cluster
number and localization. We discuss possible roles of CheV in
chemoreceptor clustering and adaptation to chemoeffectors sensed by
different chemoreceptor species.
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Figure 5.1. Structure of CheV and topology of S. typhimurium chemotactic
network. (A) Domain structure of S. typhimurium CheV. Domain boundaries were
determined using the SMART database '41277. The N-terminal domain (the amino
acids 1-186), Vw, is homologous to CheW. The amino acids 187-313 form a receiver
(REC) domain, which might be phosphorylated at D250. The phosphorylatable
aspartate position was determined by aligning of CheV and CheY: the site of
phosphorylation D57 of CheY corresponds to D250 in CheV (all the conserved
residues among the CheY family of response regulators are either identical in
CheV or are conservative substitutions). Multiple alignment of CheV proteins from
different species show that the D250 site is conserved (M.Sc. thesis, M.E.
Dougherty, 2006). (B) Chemotaxis network of S. typhimurium. Network topology is
identical to that of E. coli, except for the presence of CheV (V), which could be
phosphorylated by the kinase CheA (A), and could shuttle in and out of the
receptor-kinase complex. The other proteins in the chemotactic network are the
chemoreceptors (methyl-accepting chemotaxis proteins, MCPs), the response
regulator CheY (Y) and its phosphataze CheZ (Z), the scaffolding protein CheW
(W), the methyltransferase CheR (R) and methylesterase / deamidase CheB (B).
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5.2. CheV enhances the spreading of methylation-deficient cells in soft-
agar assays

To identify the role of CheV in chemotaxis of S. typhimurium, we
performed a soft-agar assay, in which the bacteria are inoculated in
tryptone broth (TB) low-concentration agar and subsequently spread
outwards due to growth and chemotaxis in self-created gradients, formed
by metabolizing the surrounding nutrients . The phenotype of the AcheV
knockout in a wild type background does not differ from that of wild type
(Figure 5.2A). However, in knockout strains of the adaptation enzymes
CheR and CheB, we noticed a phenotypic difference: whereas AcheR AcheB
strains spreads outwards, forming a single sharp ring, the
AcheV AcheR AcheB spreads much slower, forming a smaller single ring
which is more diffuse than that of the AcheR AcheB strain (Figure 5.2B). A
similar observation was reported earlier also by Wang et al 2. The
phenotype of the AcheR AcheB strain is restored in AcheV AcheR AcheB
expressing CheV from a plasmid (Figure 5.2C). Overexpressing CheV from
a plasmid in AcheR AcheB does not change its phenotype (Figure 5.2C).
CheV, fused with vyellow fluorescence protein, CheV-YFP, also
complements AcheV AcheR AcheB (Figure 5.2C), similar to the untagged
CheV. However, a version of the same fusion protein that bears a point
mutation in the putative CheV phosphorylation site (D250), CheVp2s0a-YFP,
does not complement the AcheV phenotype in the AcheR AcheB background
(Figure 5.2C), suggesting that phosphorylation is essential for the function
of CheV in modulating chemotactic behavior.

CheV expressed in wild type E. coli does not affect substantially its
spreading phenotype: if anything, both wild type CheV and the non-
phosphorylatable version, CheVbzsoa, slightly increase the diameter of the
outer spreading ring (Figure 5.2D). Both CheV and CheVbp2soa fail to restore
the chemotactic abilities of cheW knockout of E. coli, which does not form
chemotactic rings in TB soft-agar plates. In contrast to S. typhimurium, E. coli
strains that do not express the methylation and demethylation enzymes
CheR and CheB, do not form chemotactic rings on TB soft-agar plates. We
expressed CheV and CheVbzsoa from a plasmid in AcheR AcheB E. coli, and
only the strain expressing wild type CheV showed a minor enhancement in
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spreading after three days of incubation. The aforementioned experiments
with S. typhimurium and E. coli suggest that CheV plays a role in
chemotaxis, and its function depends on its abilities to be phosphorylated.

Figure 5.2. Soft-agar assays of chemotactic behavior. (A) Wild type and AcheV (AV)
S. typhimurium after 7 h incubation. (B) AcheR AcheB (ARB) and AcheV AcheR AcheB
(AV ARB) S. typhimurium after 9 h of incubation. (C) Complementation of AV ARB
S. typhimurium (upper left) with CheV (V) expressed from a plasmid (upper middle)
after 9 h of incubation. Upper right: CheV (V) from a plasmid was expressed in the
ARB  S. typhimurium and also imaged after 9 h of incubation. Lower:
Complementation of AV ARB S. typhimurium with CheV-YFP (V-YFP) and
CheVb2oa-YFP (Ve-YFP) after 9 h (left) and 19h (right) of incubation. ARB and
AV ARB were also inoculated for comparison (D) Left: Comparison of the
spreading of wild type E. coli (Ec) and E. coli in which CheV (V) and CheVbasoa (Vr)
were expressed, after 7 h of incubation. AcheW E. coli (Ec AW) does not spread, and
it is not complemented by either V or Vr. Right: AcheR AcheB E. coli (Ec ARB)
expressing V shows a minor enhancement of its spreading in soft-agar compared
to Ec ARB after >72 hours of incubation (due to the prolonged incubation and high
density of bacteria it is hard to determine whether the spreading is diffuse or a
chemotactic ring exists).
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5.3. Role of CheV in adaptation to MeAsp

The formation of chemotactic rings in AcheR AcheB S. typhimurium
strains has been interpreted as a methylation-independent adaptation
pathway 25024 Consistent with this view, experiments with tethered
AcheR AcheB cells showed partial recovery of the motor rotational bias upon
stimulation with a chemoeffector step 2°2%. CheV had not yet been
discovered at the time of those studies, but later investigation of the role of
CheV in methylation-deficient cells 27 showed that AcheR AcheB
S. typhimurium  has a near-normal tumbling bias, whereas
AcheV AcheR AcheB has a higher counter clockwise bias of its motors, i.e.
they change direction (tumble) less frequently. Tumblier cells migrate faster
on soft-agar plates in chemotaxis-deficient strains 276, which can provide an
explanation of the different migration phenotype of the two strains.
Another explanation for the partial adaptation of AcheR AcheB cells could be
the adaptive remodelling of the flagellar motor, recently discovered by
Yuan et al 2.

We have shown that the time scales of adaptation to MeAsp in the
wild type and cheV knockout strain do not differ significantly: the
frequency response of the two strains are nearly identical (see Chapter 3,
the characteristic frequency of the frequency response is determined by the
adaptation time scale of the chemotaxis system 2%°). To test for adaptation of
the kinase activity in the absence of receptor methylation, we applied steps
of chemoeffectors to AcheR AcheB S. typhimurium strains and observed the
changes in the kinase (CheA) activity using in vivo fluorescence resonance
energy transfer (FRET). The assay utilizes a FRET pair between the
phosphatase CheZ and the response regulator CheY, fused to yellow and
cyan fluorescent proteins (YFP and CFP) respectively, and provides a real-
time readout of the kinase activity 222. We tested the response to a step
stimulus of the non-metabolizable attractant MeAsp, and we observed a
minor but reproducible adaptational recovery only in the presence of CheV.
Figure 5.3A shows a typical FRET response time series of the AcheR AcheB
strain expressing wild type CheV, CheVoxsoa or no CheV to 0.25 mM
MeAsp. Both the strain expressing wild type and mutant CheV show
partial adaptation recovery of ~10%. AcheV strain does not show partial
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adaptation even after >1500 s (Figure 5.3A), suggesting that CheV could be
involved in a methylation-independent adaptation mechanism. The degree
of partial adaptation in CheV-containing strains is minor and only slightly
greater than the measurement noise, and occurs on a very slow time scale
(>1500 s), whereas the tethering assays of Stock et al. demonstrated
adaptation on a ~100 s time scale 2.

The smaller amplitude of the response in the AcheV strain to
0.25 mM MeAsp suggests that the sensitivity of this strain to MeAsp could
be lower. We constructed dose-response curves for AcheR AcheB strains
with and without the cheV gene. We measured the initial amplitude of the
FRET response (FRETi), normalized it to the saturated response to a mix of
MeAsp and serine (I FRET™*|), inhibiting the two major chemoreceptors
Tar and Tsr, and plotted FRET/IFRET™| as a function of the MeAsp
concentration (Figure 5.3B, negative responses; the | FRET™| is -0.11£0.05
and -0.14+0.07 for the strains with and without CheV respectively).
Although the shapes of the tested curves for the two strains are similar, the
dose-response curve of the cheV knockout is shifted towards the higher
concentration range, indicating lower sensitivity to MeAsp. For both strains,

two dissociation constants (Kps) are apparent, and the dose-response
11

. . . . x"H x"H
curves are fit by a multisite Hill model y = y' ———+y" —7p——,
KénH+an K{)InH +x"H

where x is the concentration of MeAsp, y is the normalized FRET}, y' and
y!! are the two plateaus in the normalized FRET level, K}, and K} are the
two apparent dissociation constants, and nl; and n}l are the two Hill
coefficients. Hill coefficients of 1.1 and 1, and 1.2 and 1, are used for the fits
shown on Figure 5.3B (for the plateaus reached at -0.8 and -1 and -0.7
and -1 respectively). The dissociation constants for AcheR AcheB strain are
0.17 and 400 mM, and for the AcheV AcheR AcheB strain: 0.40 and 409 mM
MeAsp. We have shown that in S. typhimurium more than one receptor
mediates responses to MeAsp (see Chapter 3). Since the receptors in both
tested strains are in the same modification state due to lack of CheR and
CheB, the difference in the sensitivity could be explained by a different
proportion of receptors that are coupled in receptor-scaffold-kinase
complexes, for example if CheV is involved in coupling of one of the
receptors involved in MeAsp sensing but not the other(s).

131



Chapter 5

A. —ARB B.
—— ARBVp 0.4
ARB AV
_ e ARB
Addition Removal 8 ARB AV
0.034 003 E_00
&
0.0014 : : — 00 v
= 0.4
~ -U.44
& -0.031 -0.03 =
E [N]
<-0.06) 600 1200 1800 g 600 1200 1800 &
) ' < .0.8-
-0.09 -0.09 B
Time(s) Time() 1E-3 001 01 1 10 100

[MeAspl(mM)

Figure 5.3. FRET response of S.typhimurium to chemoeffector steps. (A)
Representative time series of the FRET response of AcheR AcheB (ARB),
AcheV AcheR AcheB (AV ARB) and cheVpasoa AcheR AcheB (Ve ARB) strains to 0.25 mM
MeAsp. MeAsp is added and removed at times 0 on the left and right part of the
panel, respectively. (B) Normalized initial amplitude of the FRET response (FRET)
as a function of MeAsp concentration for ARB and AV ARB strains. Fits to a
multisite Hill equation of the MeAsp response of ARB and AV ARB are shown (see
text for fitted parameters).

5.4. Phosphorylation-independent localization of CheV at the cell poles

In order to explore the role of CheV in coupling and adaptation at
the molecular level, we studied the localization of CheV and its non-
phosphorylatable mutant CheVbxsos, using fluorescent fusion proteins
CheV-YFP and CheVox:oa-YFP, expressed in AcheV AcheR AcheB
S. typhimurium. The functionality of the CheV-YFP fusions were confirmed
by the complementation of cheV deletion in soft-agar assays (Figure 5.2C).
We observe that both CheV and CheVbp2sa form cluster-like aggregates, but
these clusters are not observed in cells in which most of the chemoreceptors
are knocked out (Figure 5.4A; A7 refers to S. typhimurium strain, which has
only McpA and Tip chemoreceptors). The existence of CheV-YFP clusters
only in cells that contain chemoreceptors suggest that these clusters can
serve as markers of chemoreceptor-scaffold-kinase complexes.
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Figure 5.4. Localization and clustering of CheV-YFP and CheVbzsoa-YFP in
S. typhimurium. (A) Representative fluorescence microscopy images (600x) of
CheV-YFP (left) and CheVp2s0a-YFP (middle) in AcheV AcheR AcheB (AV ARB) strain.
Right: Representative image of CheV-YFP in S. typhimurium cells, in which seven of
the nine chemoreceptors are knocked out. (B) Upper row: distribution of the
number of clusters formed by CheV-YFP and CheVb2soa-YFP in AV ARB cells. 137
and 141 cells were analysed respectively. Lower left: mean number of receptor
clusters per cell. Lower right: percent of cells with > 2 clusters. (C) Localization of
clusters of CheV-YFP and CheVb2s0a-YFP in AV ARB cells. White, blue and red bars
represent the percent of cells with no clusters, no lateral clusters and at least one
lateral cluster (see text). The error bars in (B) and (C) represent the standard
deviation obtained from two independent repeats (77 and 60 cells expressing
CheV-YFP, and 69 and 72 cells expressing CheVpzsoa-YFP).
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We evaluated the number and localization of the detectable
CheV-YFP and CheVbasoa-YFP clusters within individual cells. 137 and 141
cells respectively were analyzed for each fusion protein in
AcheV AcheR AcheB S. typhimurium. For both constructs, we determined the
distribution of cluster numbers. The mean number of detected clusters per
cell is ~1.2 and ~8% of the cells contain >2 clusters (Figure 5.4B). Differences,
if any, are within the experimental error. To determine the position of the
clusters within each cell, we divided the cells in three parts along the long
axis, and considered clusters within the inner third lateral, and within the
two outer thirds — polar. The distributions of the clusters among these
partitions along the long cell axis were indistinguishable for the
phosphorylatable and non-phosphorylatable CheV: cells containing at least
one lateral cluster make up ~ 30% of the total population (Figure 5.4C). We
conclude that the localization and number of the CheV-containing clusters
does not depend on phosphorylation of the protein. However, we cannot
rule out subtle differences in the number of receptors per cluster, which
could be measured in future studies for example using superresolution
microscopy * to count the number of CheV molecules per cluster.

5.5. The number of receptor clusters is smaller in cheV mutant cells

To obtain single-cell statistics of the number and localization of
receptor clusters in the presence and absence of CheV, we used a YFP
fusion of the methyltransferase CheR as a reporter . CheR binds to the
C-terminal conserved pentapeptide found at four of the chemoreceptors in
S. typhimurium (Tar, Tsr, Tcp, and McpB, see Chapter 3, Table 3.1). The
YFP-CheR fusion does not appear to interfere with clustering ?», therefore
it can be used to observe the localization of both clustered and non-
clustered chemoreceptors .

We imaged YFP-CheR in wild type, AcheV knockout and cheVpasoa
non-phosphorylatable mutant S. typhimurium strains (Figure 5.5A).
Fluorescence clusters are observed in all three strains; however, there are
differences in the number of clusters per cell and in the cluster localization
(Figure 5.5B, C). We obtained the distribution of cluster number per cell
(for 507, 452, and 676 cells per strain respectively). The mean number of
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clusters is the highest in wild type cells (1.4+0.1), intermediate in cells,
expressing non-phosphorylatable CheVp2soa mutant (1.2+0.1), and the
lowest in AcheV knockout cells (0.9+0.1) (Figure 5.5B; the error bars
represent the standard deviation obtained from two independent repeats).
The number of cells with more than two clusters is also decreasing in order
of wild type, cheVpzoa strain and AcheV knockout strain: 1446, 8+5, and
4+0.2 percent of the total number of cells, respectively (Figure 5.5B; the
error bars represent the standard deviation obtained from two independent
repeats). The decrease in cluster number reflects the smaller number of
lateral clusters observed in cheV mutant strains: 30+1% of the wild type cells
contain at least one lateral cluster, whereas the fractions of cells containing
at least one lateral cluster is 21+3% in cells that express the non-
phosphorylatable CheVp2s0a mutant, and 15+3% in the AcheV knockout cells
(Figure 5.5C). We concluded that CheV increase the chemoreceptor
clustering in a phosphorylation-dependent manner, and the role of CheV in
chemoreceptor clustering is particularly pronounced for the clusters with a
lateral localization.
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Figure 5.5. Localization and clustering of YFP-CheR. (A) Representative
fluorescence microscopy images (150x) of YFP-CheR in wild type (WT, left), AcheV
(AV, middle) and cheVozsoa (Vp, right) S. typhimurium strains. (B) Distribution of the
number of YFP-CheR clusters in WT (upper left), AV (upper middle), and Vp
(upper right) cells. 507, 452, and 676 cells were analysed respectively. Lower left:
mean number of receptor clusters per cell. Lower right: percent of cells with more
than two clusters. (C) Localization of YFP-CheR clusters in WT, AV, and V, cells.
The error bars in (B) and (C) represent the standard deviation obtained from two
independent repeats (132 and 375, 87 and 365, and 123 and 553 cells for WT, AV,
and Vp respectively).
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5.6. Discussion

We have explored the role of the scaffolding protein CheV in
adaptation and chemoreceptor clustering in S. typhimurium. Using classical
chemotaxis soft-agar assay, we have demonstrated a phenotypic difference
between CheV+ and CheV- cells, incapable of methylation-dependent
adaptation (Figure 5.2). The difference is complemented by CheV but not
by its non-phosphorylatable mutant CheVpxoa, suggesting a role of
phosphorylation in the functional role of CheV. Faster spreading in the
presence of CheV could be explained either by partial adaptation
dependent on CheV (Figure 5.2A), and / or by the higher counter-clockwise
bias of the flagellar motors of CheV- cells, which was reported previously
27 CheV expression promotes the formation of chemotactic rings in soft-
agar experiments even in methylation-deficient E. coli cells, which is not
achieved by the mutant CheVp2sa. This finding suggests that CheV might
be involved in the clustering or functioning of some of the receptors
common to E. coli and S. typhimurium, i.e. Tar, Tsr, Trg or Aer.

We have studied the role of CheV in S. typhimurium chemotaxis
signaling using in vivo FRET measurements in CheV+ and CheV- cells
(Figure 5.3). In Chapter 3 we have probed the frequency response of the
chemotaxis system in CheV+ and CheV- cells (Chapter 3, Figure 3.6), and
have not observed differences in the characteristic frequency, which is
inversely proportional to the adaptation time scale of the chemotaxis
system 20, Here we probed the adaptational recovery to steps of
a-methyl-aspartate, and observed a partial (~10%) adaptation in CheV+
cells, even when the phosphorylation site of CheV is disrupted. The
adaptational recovery is small, comparable with the experimental noise;
thus assays of chemotactic signaling with better sensitivity could be useful
for precise quantification of the degree of adaptation. However, our
experiments could provide an explanation for the Stock et al. studies 25024
reporting methylation-independent adaptation in S. typhimurium. The
larger degree of adaptation observed in these studies, as well as the shorter
adaptation time scale, on which the adaptation was observed by Stock et al.,
could be attributed to an additional adaptation mechanism that occurs
downstream of the kinase activity. For example, a recent study by Berg’s
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group 2 reported methylation-independent adaptation at the level of the
flagellar motor based on active remodelling of the composition of the
flagellar motors. CheV might be involved in a similar adaptation
mechanism but at the level of receptor-kinase complexes.

Another difference between the kinase activity of CheV+ and CheV-
cells is the lower sensitivity to MeAsp of the latter (Figure 5.3B). The shapes
of the dose-response curves are similar, with two plateaus that suggest
more than one receptor binding MeAsp (see also Chapter 3, Figure 3.9,
showing Tar-independent responses to MeAsp). We speculate that CheV
might affect to different degrees the coupling and clustering of the different
chemoreceptors sensing MeAsp, for example if some chemoreceptor
species form complexes preferentially with CheW and others - with CheV
(see Chapter 6).

In order to assess the localization of CheV in S. typhimurium cells,
we created a CheV-YFP fluorescent fusion protein, the functionality of
which was confirmed using soft-agar assays. We demonstrated that both
CheV-YFP and the non-phosphorylatable variant CheVpxsoa-YFP form
clusters only in cells containing the majority of the chemoreceptors
(Figure 5.4). Clusters were predominantly localized in the poles of the cells.
We have not identified a difference either in the cluster number or in the
cluster localization using wild type CheV or its non-phosphorylatable
mutant CheVp2zsoa. However, we cannot exclude subtle differences for
example in the number of receptors per cluster, which could be quantified
in future studies using superresolution microscopy.

We have also assessed the number and localization of receptor
clusters in CheV+ and CheV- cells, using YFP-CheR as a marker for
receptor clusters (Figure 5.5). Receptor cluster number is lower in cells
where cheV is knocked out, and also the clusters in the cheV knockout strain
are localized predominantly in the cell poles, whereas CheV+ cells have
also a large fraction of lateral clusters. Cells expressing non-
phosphorylatable CheVp2s0a, have more clusters than CheV- cells, but fewer
clusters than wild type cells; the number of lateral clusters follows the same
pattern. These observations indicate that CheV plays a role in receptor
cluster formation in S. typhimurium, and phosphorylation of CheV is likely
to increase the number of CheV-coupled chemoreceptors. A differential
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distribution of phosphorylated and non-phosphorylated CheV has been
recently reported in B. subtilis ?°: phosphorylated CheV is predominantly
localized in the lateral clusters, which might also be the case in
S. typhimurium.

CheV does not complement cheW knockouts either in E. coli
(Figure 5.2D) or in S. typhimurium where the cheW deletion abrogates
chemotaxis (Chapter 4, Table 4.1). Thus, CheW’s and CheV’s role in
chemoreceptor coupling of S. typhimurium are not redundant. Future
studies with CheV and CheW co-localization for example by labelling with
fluorophores with different colors, could reveal whether CheW and CheV
participate in the same or in separate clusters.

In summary, we have shown that S. typhimurium CheV affects the
number and localization of chemoreceptor clusters in a phosphorylation-
dependent manner. We speculate that such changes could be explained by
dynamic remodelling of the clusters, in which CheV acts as a scaffolding
protein. Adaptive remodelling of the receptor-kinase clusters could be a
consequence of changes in the phosphorylation level of CheV. Since the
phosphorylation of CheV is most likely performed by CheA, and CheA
activity is modulated by binding of chemoeffectors to the transmembrane
chemoreceptors, CheV might be involved in a phosphorylation-dependent
feedback regulation of the stability of the receptor clusters. Such a novel
mode of feedback might explain the partial adaptation observed in
methylation-deficient S. typhimurium cells, and this phosphorylation-
dependent regulation could be more pronounced under certain
environmental conditions. One possibility is that CheV and CheW are
expressed to different degrees under different conditions of growth, or in
different strains. Another possibility is that CheV and CheW are involved
in coupling of different subsets of chemoreceptors. Since the chemoreceptor
species change their relative abundance under different growth conditions
or phases of bacterial growth 21925, the role of CheV and CheW may also
change depending of the relative chemoreceptor species abundance. Future
studies of CheV expression and localization under controlled
environmental conditions could reveal more insights regarding the
function of CheV in S. typhimurium.
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5.7. Materials and Methods
Bacterial strains and plasmids

All strains and plasmids used in this study are listed in Table 5.1.
All S. typhimurium strains, except the strain, in which seven chemoreceptors
are removed from the chromosome (SM162, referred to as A7) have LT2
background. The A7 strain is used in CheV clustering experiments and we
verified that its parent strain, 14028, CheV clusters in a manner similar to
the clustering in LT2.

In-frame deletion of genes in the strains designed for this work was
achieved by allele-replacement procedure based on Datsenko and
Wanner’s method . S. typhimurium LT2 resident plasmid pSLT contains a
ccdA ccdB operon that interferes with the deletion strategy. Thus, pSLT was
first displaced using Kitl0 from Salmonella Genetics Stock Collection
(SGSC): a plasmid pLL6, which is from the same compatibility group as
pSLT, is transformed in the strain of interest, pSLT is cured, and pLL6 is
subsequently removed using temperature selection ''®. The initial knockout
step involves an insertion of a cassette providing kanamycin resistance, and
also containing the lethal gene ccdB under the control of L-rhamnose
inducible promoter. The cassette is removed by positive selection on L-
rhamnose-minimal plates 2. All allele replacements were verified by
genetic sequencing.

The plasmid for CheV expression (pML13) was constructed by PCR
amplification of genomic cheV using primers, containing Sacl and Xbal
restriction sites for ligation into the same sites on the expression vector
pBAD33. The plasmid for CheVp2soa expression (pML14) was created in
similar manner, but D250A mutation was introduced using overlap PCR.
Induction of protein expression from pML13 and pML14 was achieved
using 0.01% L-arabinose. The plasmid for CheV-YFP expression (pML16)
was created by overlap PCR, introducing a GSGGGG linker, which
contains BamHI site, between cheV and eyfp genes. The overlap product
was ligated in the expression vector pTrc99A using Sacl and Xbal sites. The
plasmid for CheVp2sa-YFP expression (pML17) was created in similar
manner, but cheV gene was replaced with cheVp2soa. Induction of protein
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expression from pML16 and pML17 was achieved using 2 uM isopropyl-f-
D-1-thiogalactopyranoside (IPTG). All plasmid constructs were verified by
genetic sequencing.

The YFP-CheR fusion that served as a marker for receptor clusters
was expressed from a plasmid pVS102 *%, using 0.01% L-arabinose.

The CheY-YFP and CheZ-CFP fusions for the FRET experiments
were expressed from a plasmid pVS88 24, induced with 150 uM isopropyl
-D-1-thiogalactopyranoside (IPTG). The same amount of IPTG was used
in the soft-agar assays, whenever AcheY AcheZ strains were used. In all
strains used in FRET experiments, chromosomal cheY and cheZ were
deleted in order to prevent a competitive interaction between labelled
CheY-YFP and CheZ-CFP, and unlabelled CheY and CheZ.

Strain Relevant genotype Source

LT2 Salmonella enterica serovar Typhimurium strain LT2 Salmonella Genetic
(wild type S. typhimurium LT2) Stock Center (SGSC)

TSS511 LT2 AcheV This work
TSS530 | LT2 cheVbasoa This work
TSS519 | LT2 AcheR AcheB This work
TSS524 | LT2 AcheV AcheR AcheB This work
TSS507 | LT2 AcheR AcheB AcheY AcheZ This work
TSS520 | LT2 AcheV AcheR AcheB AcheY AcheZ This work
14028 wild type S. typhimurium ATCC strain 14028 R.M. Harshey
SM162 14028 Atar Atsr Atcp Atrg Aaer AmcpB AmcpC R.M. Harshey
RP437 Escherichia coli wild type for chemotaxis 195
VS149 | E. coli RP437 AcheR AcheB AcheY AcheZ 240
V5180 E. coli RP437 AcheW AcheY AcheZ 7
Plasmid Gene(s) Resistance Induction Source
pVS88 cheZ-ecfp / cheY-eyfp | ampicillin IPTG 240
pVS102 | eyfp-cheR chloramphenicol | L-arabinose |
pBAD33 | cloning vector chloramphenicol | L-arabinose | %
pTrc99A | cloning vector ampicillin IPTG 13
pML13 | cheV chloramphenicol | L-arabinose | This work
pML14 | cheVpasoa chloramphenicol | L-arabinose | This work
pML16 | cheV-eyfp ampicillin IPTG This work
pML17 | cheVpasoa-eyfp ampicillin IPTG This work

Table 5.1. Strains and plasmids used in this work.
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Soft-agar plate assays

Bacteria were grown overnight to saturation in tryptone broth (TB,
1% Bacto tryptone, 0.5 % sodium chloride, pH 7.0). Soft-agar (motility)
plates were prepared using 25 ml TB per plate with appropriate antibiotics
and inducers (Table 5.1), and solidified with 0.26% agar. Plates were left to
cool down for ~2 h and 5 pl of the tested cultures were inoculated in the
plates. Plates were then incubated at 30° C (the durations of the incubations
are specified in the legend of Figure 5.2), and imaged using a custom-made
dark-field imaging system with a Nikon camera.

Fluorescence microscopy and image analysis

Bacteria were grown at 33.5° C to a mid-exponential phase
(ODsw ~ 0.5) in TB, supplemented with appropriate antibiotics and inducers
(Table 5.1). Bacteria were harvested by centrifugation, washed and
resuspended twice in motility buffer (10 mM potassium phosphate buffer
pH 7.0, 0.1 mM EDTA, 1 uM L-methionine, 10 mM lactic acid, pH 7.0), and
stored at 4° C 1-5 h prior to the experiment.

Bacteria were immobilized on a poly-lysine coated coverslip. The
bacterial density was controlled such as individual cells can be imaged and
segmented by the image analysis program. The coverslip was attached to a
tunnel slide, and subsequently imaging was performed on an inverted
microscope (Nikon Eclipse), equipped with oil-immersion objective (100x).
For all images, additional 1.5x magnification was used. For CheV imaging
experiments, an extra magnifier (4x) was also used. For fluorescence
imaging, cells were excited using 515 nm laser with 50 ms exposure time.

The cluster numbers and distributions were obtained using
MATLAB. After background correction, cells were segmented using
morphological operations from Imaging Toolbox (MATLAB). Clusters were
defined based on their intensity (at least three standard deviations greater
than the mean) and size. Clusters were separated to polar and lateral in the
following manner. First, the longer diameter of each cell was determined.
Clusters, which projection was within the distance between the poles and
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1/3 of the longer diameter were defined as polar. The rest of the clusters
were defined as lateral.

Fluorescence resonance energy transfer (FRET) experiments and data analysis

Bacteria, expressing the FRET donor-acceptor pair CheZ-CFP /
CheY-YFP, were prepared in the same way as for the fluorescence imaging
experiments. In vivo FRET microscopy on live bacterial populations was
performed as described previously 2. This FRET assay provides a real-time
readout of the kinase (CheA) activity, because it measures the
concentration of the complex between the phosphorylated CheY and the
phosphatase CheZ, and in steady state the activity of the phosphatase and
the kinase are equal.

Bacteria, were immobilized on a poly-L-lysine—coated microscope
coverslip, attached to the top surface of a flow cell ¥, and kept under
constant flow of motility buffer, generated by a syringe pump (Harvard
Apparatus, PHD2000). Chemoeffectors were added and removed by using
a fluidic switch (Hamilton, valve HV 3-2) that could rapidly select between
input flow channels with different concentrations of chemoeffectors. There
is a nearly constant delay of ~25 s between the time in which the change of
solutions is induced by switching the valve (indicated as time 0 in the
figures) and the time, when the new solution reaches the bacteria at the
flow cell.

FRET microscopy on bacterial populations was performed on an
upright microscope (Nikon FN1), equipped with an oil immersion objective
(Nikon CFI Plan Fluor, 40x/1.3). The bacteria in the flow cell were
illuminated by a metal halide arc lamp with closed-loop feedback (EXFO X-
Cite exacte) through an excitation bandpass filter (Semrock, FF01-438/24-25)
and a dichroic mirror (Semrock, FF458-Di01). The epifluorescent emission
was split by a second dichroic mirror (Semrock, FF509-FDi0O1) into donor
(cyan, C) and acceptor (yellow, Y) channels. The signals from the C and Y
channels, passed through emission bandpass filters Semrock FF01-483/32
and FF01-542/27 respectively, were collected by photon-counting
photomultipliers (Hamamatsu H7422P-40). Signal intensities were recorded
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through a data acquisition card (National Instruments) installed on a PC,
running custom-written software.

The ratio R between the coverslip background-corrected Y and C
fluorescence signal intensities: R = Y/C, provided an indicator of FRET
activity, robust to fluctuations in the light intensity. The change in FRET
activity upon stimulation, AFRET, can be expressed as a function of the

change in the ratio AR,

Ryre+AR—R Ryre—R
AFRET pre 0 pre”fo
Ryre+AR+|AY /AC| Rpret|AY/AC|
pre pre

where Rpre is the pre-stimulus acceptor to donor ratio, AR = R — R, is the
ratio change, Ro is the acceptor to donor ratio in absence of FRET, and
|AY/ACI is the constant absolute ratio between the changes in the acceptor
and donor signals per FRET pair, |AY/ACI~0.6 22. Under the measurement
conditions Ry, + |AY /AC| » AR; thus AFRET~AR. AFRET is thus expressed
in arbitrary units of AR.
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Concluding remarks and outlook

We have implemented experiments at the level of signaling and behavior to
investigate the design and implementation of one of the simplest signaling
circuits in nature: the chemotactic signaling system of enteric bacteria. We
demonstrated the fold-change detection property of bacterial chemotaxis,
systematically compared the transfer functions of chemotactic signaling
and behavioral response in linear gradients of Escherichia coli and
Salmonella typhimurium, and identified and characterized the opposite
responses to the cystine/cysteine redox pair of S.typhimurium. We
explored the function of the phosphorylatable scaffolding protein CheV in
S. typhimurium, and the phosphorylation-dependent feedback on CheB in
E. coli. Here we summarize the main findings of this thesis, comment on
further questions that have been identified, and discuss experimental
approaches and technological developments and that could help answer
these questions. We discuss possible future studies based on our findings
and potential applications of the research.
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6.1. Fold-change detection in biological sensory systems

Living organisms have evolved sensory systems that allow them to
detect changes in their surroundings. Arguably the best-studied bacterial
sensory system is the chemotaxis circuit of E. coli, which shares common
features with other more complex sensory systems. Among these features
is the ability to adapt precisely, i.e. after a change in the input to a new
constant level, the output gradually returns to the pre-stimulus level.
Another feature of adaptive sensory systems, well-known in physiology, is
that the responses follow Weber's law 2%, Ar(s,sg) = kAs/s,, i.e. the
magnitude of the instantaneous response, Ar, following a small step change
in input, As, scales proportionately to the ratio of the input change to the
background input level, so. The proportionality constant k is called the
Weber-Fechner constant.

A more general type of adaptive response rescaling that has been
recently described theoretically is fold-change detection (FCD) #!: the entire
shape of the response, including its amplitude and duration, depends only
on fold-changes in the input and not on its absolute levels, i.e.
Ar(s(t),so) = Ar(ys(t),yso), where yis constant. In Chapter 2, we provided
the first experimental demonstration that FCD holds in a biological sensory
system: the chemotaxis circuit of E. coli ' (Figure 6.1). Using in vivo FRET
and microfluidics respectively, we showed that for the attractant
a-methyl-aspartate (MeAsp) the FCD property holds in two adjacent but
distinct regimes, both at the level of signaling and behavior. More recently,
a study '* that utilized a noninvasive inference of the chemotactic response
function of bacteria by analyzing bacterial trajectories in chemoeffector
gradients provided further evidence that the FCD property holds over >3
orders of magnitude for both MeAsp and glucose.

In Chapter 3, we demonstrated that FCD also holds in the MeAsp
response of the closely related species S. typhimurium. However, the ranges
over which FCD holds, are different between the two species, and we
showed that the difference is determined by the sensitivity modulation

profile w([L]y) = 6lanf[tL] _— of the kinase response. The interspecies
- 0

comparison between FCD properties of E. coli and S. typhimurium could
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serve as a starting point for further studies of the evolution of the FCD
property in enteric bacteria, as discussed in section 6.2.

Figure 6.1. Artist representation of bacteria, executing FCD type of chemotaxis
response. The nutrient gradients (represented as colored landscapes) are rescaled
by the same factor as the background concentration of nutrients, to which the
bacteria have been adapted. Image has been created by Gorick G, Bellomo D,
Shimizu TS and Stocker R.

Sensory systems could detect multiple types of inputs; in the case of
the bacterial chemotaxis system, it can detect multiple chemoeffectors,
either by the same or different chemoreceptors (see examples in Table 3.1,
Chapter 3). Recently, Uri Alon and colleagues have developed
mathematical models to analyze how FCD-type sensory systems respond to
multiple input signals %. Alon et al. find that if both input signals bind the
same receptor independently, the integrated response is multiplicative, i.e.
the response dynamics depends only on the product of the fold changes in
the two inputs.

We can test this prediction experimentally for bacterial chemotaxis
by providing cells with two simultaneously varying input signals and
using fluorescence resonance energy transfer (FRET) measurements of the
type described in Chapter 2. The challenge in this experimental study will
be to select a chemoreceptor that can bind independently two
chemoeffectors. One candidate is the Tar chemoreceptor of E. coli that
senses the attractants aspartate, cysteine and maltose, and repellents Co?
and Ni* 70180, However, binding of some of these ligands (e.g. aspartate and

147



Chapter 6

cysteine) is not independent 7. Also some of the ligands (maltose, Ni*) 6515
are first bound to periplasmic binding proteins, and the formed complexes
are detected by the chemoreceptors, which might complicate the analysis of
the experimental results. Another strategy to test FCD to multiple
simultaneous inputs could be to express in E. coli McpS: a heterologous
chemoreceptor from Pseudomonas putida KT2440, which has two binding
sites that has been recently characterized . The membrane-proximal site
of McpS binds malate and succinate, whereas its membrane-distal site
binds acetate . Heterologous expression of McpS in E. coli would provide
the possibility to utilize the existing knowledge for the chemotaxis
signaling pathway of E. coli and characterize the properties of the P. putida
chemoreceptor. A challenge in these experiments will be to work with
acetate, which is a membrane-permeable acid ¢ that could perturb the
intracellular pH of the cells, affecting bacterial metabolism ¥. Exploring
other microorganisms and chemoreceptor types could provide numerous
opportunities for studying FCD to single or multiple inputs.

6.2. Quantitative comparative physiology of microorganisms

The molecular composition and topologies of the chemotactic
signaling networks demonstrate diversity across bacteria 2': even between
E.coli strains, there are differences in the chemoreceptor species
composition 3. In Chapter 3, we performed a FRET-based comparative
physiology study of the transfer functions of chemotactic signaling of the
two closely related species E.coli and S.typhimurium. Using FRET
measurements with time-varying inputs, we showed that the parameters of
receptor and adaptation transfer functions differ between the two species:
S. typhimurium has three-fold less cooperative response to MeAsp, but the
dynamic range of the MeAsp response is ten-fold broader; the adaptation
in S. typhimurium is three-fold faster. Evaluating the response at different
background concentrations of the attractant MeAsp revealed that the
sensitivity modulation profile ¥([L],), which determines both the drift
velocity in steady spatial gradients of attractant and the changes of the
kinase activity of chemotactic signaling response differ between the two
species (Figures 3.7 and 3.8, Chapter 3).
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How the observed differences in the chemotactic signaling and
behavior of S. typhimurium and E. coli will affect the fitness of the bacteria in
microniches in which these species coexist? Competition experiments
within the same microfluidics platform could provide insights on this
question. The two species can be transformed with plasmids that express
fluorescent proteins of different colors. Careful selection of spectrally
separated fluorescence proteins and optimization of the expression levels
will allow distinguishing the bacteria from the two species in a mixed
suspension. Bacterial cultures from the two species mixed into defined
ratios can be injected in the test channel of a microfluidic device, e.g. of the
type shown on Figure 3.7A (Chapter 3) and the distributions of the bacteria
can be subsequently recorded using a fluorescence microscopy and high-
speed camera. This setup will be useful for distinguishing for subtle
differences in behavioral performance that are hard to detect in separate
experiments with individual populations. Moreover such competition
experiments might allow identification of interspecies interactions affecting
the behavioral performance of bacteria.

Recent theoretical studies %22 have shown that the drift velocity vp
depends linearly on the gradient of the logarithmic concentration of ligand,
G = dIn[L]/dx, before it saturates when G exceeds a critical value Gc
(Figure 6.2) 4. For G <Gc, vp = CG; the constant C « v21, where v is the
average run speed and ris the average run time. Gc is determined by the
linear rate constant of receptor methylation Kz (= F'(ay)/2 in the model of
reference ), rotational Brownian motion, or both 22. C has been shown to
be roughly independent of Kr. The saturating (maximal) drift velocity vpma
at G > Gc is also determined by Kr: vp*** o K ;/ ?. The methylation rate for E.
coli was estimated to be Kr=0.005 s12%, and in Chapter 3 we found that
S. typhimurium adapts three-fold faster, i.e. Kr=0.015 s, and the average
time to reach steady state of the chemotactic migration coefficient (CMC) 15
is also three-fold shorter in S. typhimurium. The dependence of the steady-
state vp on the mean concentration of the gradient [L]o, to which the
bacteria were pre-adapted (Figure 3.7, Chapter 3), suggests that the
gradients that we used for these experiments are less steep or comparable
to Gc for both species (similar to gradient G' on Figure 6.2). In the future,
single-population or competition experiments could be used to explore
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different gradients selected such that the steepness is larger than the Gc of
one or both species so the maximal drift velocity that the two species can
reach depends on their adaptation rates (similar to gradient G" on Figure
6.2). Comparing the behavioral performance under controlled conditions
could elucidate the ecological significance of the observed differences in the
parameters of chemotactic signaling response and behavior.

Vo(um/s)

Figure 6.2. Schematic illustration of the dependence of the drift velocity vo on
the gradient of logarithmic concentration of ligand G. Blue and red curves
represent two bacterial populations with different values of the critical gradient Gc
(Gc! and G respectively). G! and G!! represent hypothetical gradients to which
bacteria are exposed (see text).

In Appendix B, we discuss preliminary experiments on the ECOR
collection of natural E. coli isolates representing much of the current genetic
diversity of the species #7275, We found that the chemotactic performance in
self-created nutrient gradients in soft-agar plates significantly differs
between ECOR strains. We identified a subset of strains that have
contrasting properties of their chemotactic performance and swimming
speed (Table B.2, Appendix B). We have also engineered genetically most
of these strains such that they can be used for experiments using our in vivo
FRET system 2# for measuring the chemotactic signaling response. Future
FRET-based comparative physiology studies of the chemotactic signaling
transfer functions of the selected ECOR strains, similar to the interspecies
comparison that we described in Chapter 3, might allow identification of
parameters that are conserved or have diverged in the recent evolution of
E. coli, and reveal whether different properties of chemotactic signaling
such as perfect adaptation, Weber’s law or FCD are conserved. Strains in
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which one or more of these properties are not conserved could be subjected
to further behavioral tests using microfluidics 8, and compared for their
fitness (chemotactic performance) under defined gradients.

Figure 6.3 illustrates the first FRET results that we have obtained for
an ECOR strain, ECOR51. This strain was selected because it belongs to a
phylogenetic group B2, which is distant from group A to which E. coli K12
(used as a model strain for the majority of the current studies of chemotaxis)
belongs (see Figure B.3, Appendix B). Interestingly, the cooperativity of the
response to MeAsp of ECOR51 is three-fold lower than that of E. coli K12
(Figure 6.3A). The dissociation constant of the active receptors 2% of
ECORS51 appears to be ~10-fold lower than that of E. coli K12, however this
parameter is not well constrained by our current results; further
experiments with higher background concentrations [L]Jo would be
necessary to confirm this conclusion (Figure 6.3A). The frequency response
of ECOR51 at [L]o=0.229 mM MeAsp, however, is identical to that of
E. coliK12 (Figure 6.3B), suggesting that the system-level adaptation
properties of the two strains are the same (see Chapter 3).

We have also found that the sensitivity modulation profile y([L],)
of ECORS51 to exponential sinewave inputs has a shape of a single broad
peak (see Figure 6.3C), indicating the existence of a single FCD regime in
this strain over the range [L]o = (0.018-0.229) mM MeAsp. The main MeAsp
receptor, Tar, of ECOR51 has only two residues different from that of wild
type E. coli K12: Y131H and A184V, both in the cytoplasmic region '®. The
different shape of the sensitivity modulation profile of ECOR51 suggests
that it is likely that the properties of its chemoreceptor population differ
from that of wild type E. coli.

Further experiments of this type with this and other ECOR strains
could start a comparative physiology study that would provide an
opportunity to study the design principles involved in evolutionary
optimization of chemotaxis system, generating phenotypic variability while
preserving the important functional features of this system.
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Figure 6.3. Kinase response of ECOR51. (A) Dose-response data of the kinase
activity (a) to steps of MeAsp, applied to ECOR51 cells, adapted at different
background concentrations of MeAsp, [L]o. Fits using the MWC model 2 are
shown with parameters N = 2, Ki=0.018 mM and Ka = 0.239 mM. (B) Bode plot for
ECOR51, showing the phase delay (top) and the normalized amplitudes (bottom)
of the output sinusoids as a function of the driving frequency v (see Chapter 3).
The characteristic frequency for ECOR51 chemotactic signaling response
(vm=0.006 Hz) is indicated with a dashed line. (C) Sensitivity modulation profile
W([L]o) for ECOR51 in response to inputs of the type shown on Figure 3.8A (the
fitted parameters are N=7, Ki=0.01 mM and Ka =0.4 mM, see Chapter 3). y([L]o)
for wild type E. coli (blue) is shown for comparison (see Chapter 3). The plateau of
invariant responses of ECOR51 is indicated by the shaded rectangle. Error bars
represent standard deviation from 2-5 repeats.
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6.3. Opposite responses to a redox pair

We discovered a redox pair, cystine/cysteine, which elicited
chemotactic signaling responses of opposite signs in S. typhimurium. The
reduced form, cysteine, is sensed as an attractant, and the response is
Tsr / Tar-dependent ¥ (Chapter 4, Appendix A). The oxidized form,
cystine, elicits a repellent response over a broad concentration range
(20 nM - 500 pM), and the amplitude of the response scales linearly with
the logarithm of cystine concentration over more than four orders of
magnitude, which is not typical for a response that is based on receptor-
ligand interactions (Appendix A). In Chapter 4, we showed that deletion of
mcpB and mcpC genes in S. typhimurium 14028 abolishes the repellent
response to cystine, indicating that McpB and McpC are involved in cystine
sensing 3. However, AmcpB AmcpC S. typhimurium LT2 is able to sense
cystine even at nanomolar concentrations, suggesting that in this strain
there is also an McpB / C-independent pathway of cystine response. The
strain-based differences of S. typhimurium’s response to cystine could be a
subject of further investigations.

Based on the similarity of the time series and the dose-dependent
response to cystine and another oxidized compound, benzoquinone, as
well as the observation that the response to cystine-cysteine mixtures can
have either a positive or a negative sign, depending on the redox potential
of the mixtures, we hypothesized that the chemotaxis responses to
cystine / cysteine pair are likely to be mediated by a redox-dependent
pathway (Appendix A). Cystine / cysteine redox gradients are likely to be
formed in nature in the presence of oxidizing agents 2. Oxidative
environments generate reactive oxygen species, which are responsible for
damage to all macromolecules (DNA, lipids and proteins) 2. Thus, redox-
sensing mechanisms that allow the bacteria to sense and avoid oxidative
conditions might facilitate S. typhimurium survival.

We sought to understand how the observed modes for cystine and
cysteine sensing aid S. typhimurium to orient in gradients, formed by
cystine / cysteine redox pair. We performed pilot experiments using the
microfluidics platform 7, described in Chapter 3 (see Figure 3.7A). By
injecting cystine / cysteine in the flanking channels of the platform (source
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and sink channels), we created spatial gradients of cystine and cysteine.
Using a video microscopy, we recorded the time evolution of the
distribution of S. typhimurium populations within the test channel. To
estimate the strength of the chemotactic response, we computed the
chemotaxis migration coefficient (CMC), which represents the mean
displacement of the population from the center of the test channel ', i.e.
CMC(t) = ((x)(t) —W/2)/(W/2), where W is the width of the test channel,
and (x)(t) is the mean position of the bacterial population along the
gradient. Negative CMC indicates a displacement of the population
towards the sink channel, and positive CMC: displacement of the
population towards the source channel.

Although bacteria accumulate towards increasing concentrations of
cysteine in cysteine gradients, as expected from the attractant response
observed in the FRET experiments, no response is observed for populations
of S. typhimurium placed in a gradient of cystine (Figure 6.4A). However,
when the cysteine and cystine were mixed together and used to create a
gradient by injecting the mixture in the source channel and flowing only
motility buffer through the sink channel, S. typhimurium populations
moved in opposite directions depending on the cystine / cysteine ratio.
When we injected a mixture of 10 mM cysteine and 0.5 mM cystine in the
source channel, the bacteria moved towards the source, i.e. showed an
attractant response to the mixture (Figure 6.4B). On the contrary, when we
injected a mixture of 10 mM cysteine and 1 mM cystine in the source
channel, the bacteria moved away from the source channel, i.e. showed a
repellent response to the mixture (Figure 6.4B). Moreover, if we inject
cysteine and cystine in the opposing flanking channels (source and sink
respectively), the attractant response is stronger than that elicited by a
gradient formed by the same concentration of cysteine in the source
channel versus a motility buffer only in the sink channel (Figure 6.4).
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Figure 6.4. Response of S.typhimuriumLT2 to spatial gradients of the
cystine / cysteine redox pair. Steady linear gradients were created in microfluidic
platforms with parallel source, test and sink channels (see Figure 3.7A). (A) 10 mM
cysteine, 0.5 mM cystine or 1 mM cystine was injected in the source channel. Only
motility buffer was flown through the test channel. For each of the three gradients,
CMC of wild type S. typhimurium, injected in the test channel, is shown. (B)
Mixtures of 10 mM cysteine and 0.5 mM or 1 mM cystine were injected in the
source channel, whereas only motility buffer was flown through the test channel.
The third gradient (purple) was created by flowing 10 mM cysteine in the test
channel and 0.5 mM cystine in the sink channel. For each of the three gradients,
CMC of wild type S. typhimurium, injected in the test channel, is shown.

These preliminary experiments with cystine /cysteine spatial
gradients demonstrate that these compounds invoke a motile chemotactic
response under certain conditions. Whether this response is dominated by
the redox conditions or cysteine concentration, the reason for the lack of
response to cystine-only gradients, and how cystine affects the response to
cysteine gradients could be a subject of further investigations. Further
experiments probing the response of receptor-mutant S. typhimurium
strains in cystine / cysteine gradients could also be used to address the
contribution of the individual receptors to the cystine / cysteine response.

Cystine / cysteine responses could be relevant for survival and
spreading of the pathogen S. typhimurium in the host. Although little is
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known about the habitat of the enteric bacteria in the gut, it is unlikely that
steady amino acid / redox gradients are formed in the lumen. However,
close to the wall of the intestine, there is a mucus layer, consisting of
glycoprotein (mucin), proteins, carbohydrates and lipids *?%. The
composition and rapid turnover of the mucus suggests the formation of
amino acid / peptide gradients. The role of the mucus layer in protecting
the underlying epithelial cells from contact with the luminal gut bacteria is
largely unknown .

We hypothesize that chemotaxis response to cystine / cysteine might
guide bacteria through the mucus layer towards the epithelial layer,
facilitating systemic infections. Some of the mucins are cysteine rich, and
cysteines get crosslinked by disulfide bridges, giving the gel structure of
the mucus layer, which prevents bacteria from entering the layer 2. Defects
in the crosslinking of the mucus, e.g created by locally reducing conditions,
might provide a path for systemic invasion of the bacteria. The opposite
responses to the cystine / cysteine redox pair might improve the ability of
the pathogenic S. typhimurium strains to find such crosslinking defects in
the structure of the mucus layer, and facilitate systemic infections #.

6.4. Phosphorylation-dependent feedbacks in bacterial chemotaxis

The activity of the methylesterase enzyme CheB of E. coli is
feedback-regulated via phosphorylation by the kinase CheA on its
regulatory (REC) domain: the phosphorylation induces a conformational
change in the REC domain, which activates the methylesterase activity of
CheB ¢, which in turn enhances the deactivation of the receptor-kinase
complexes >. In Appendix C, we probed whether the sharp transition of the
methylation-dependent feedback transfer function F(a) at high values of a is
a consequence of the phosphorylation feedback on CheB activity. We used
E. coli mutants that cannot be phosphorylated because the REC domain of
CheB is knocked out or the phosphorylation site of CheB is disrupted. The
shape of F(a) in the mutant strains, lacking the REC domain and having a
steady-state kinase activity >0.40, followed Michaelis-Menten kinetics,
suggesting that the phospho-regulation of CheB activity might cause the
sharp decrease of F(a) in wild type cells (Figure C.2, Appendix C).
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Another phosphorylation-dependent feedback might exist in the
chemotaxis system of S. typhimurium, which has a scaffolding protein CheV
that contains a REC domain °. Our experiments with methylation deficient
S. typhimurium suggested that a partial methylation-dependent adaptation
to MeAsp exist in CheV+ but not in CheV- cells (Chapter 5), and this
adaptation might be phosphorylation-dependent: CheV mutant with
genetically disrupted phosphorylation site does not complement the defect
of AcheV methylation-deficient cells. Furthermore, using a fluorescent
marker for the chemoreceptor clusters (YFP-CheR) we revealed that the
number of lateral clusters decreases in CheV- cells, suggesting that CheV
plays role in chemoreceptor clustering (Chapter 4).

The role of CheV in S. typhimurium chemoreceptor clustering and
adaptation could be investigated in future studies of bacteria with altered
chemoreceptor species composition. These studies might reveal that only
part of the chemoreceptor species in S. typhimurium are coupled to the
kinase via CheV. Identification of chemoreceptors, which couple to CheA
in CheV-dependent manner will facilitate further physiological studies of
CheV function, using chemoeffectors that are sensed specifically by these
chemoreceptors.
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Multiple pathways of opposite
chemotactic responses to the cystine /
cysteine redox pair in Salmonella
typhimurium

The chemotaxis system enables motile bacteria to search for an optimum
level of environmental factors. Different chemoreceptor species in
Salmonella typhimurium sense the amino acid cysteine as an attractant and
its oxidized dimeric form cystine as a repellent. We investigated the dose-
dependent response to cystine and cysteine of S. typhimurium using in vivo
fluorescence resonance energy transfer measurements. Tsr / Tar-mediated
response to cysteine has a sigmoidal shape, typical for receptor-ligand
interactions. However, the magnitude of the repellent response to cystine
scales linearly with the logarithm of cystine concentration over more than
four orders of magnitude (20nM-500pM). In contrast to
S. typhimurium 14028, where we previously observed no response in
absence of the McpB / C chemoreceptors, McpB / C-independent responses
exist in S. typhimurium LT2 even at the very low concentrations in the
nanomolar range. We provide a plausible explanation of the linear
dependence of the response on the logarithm of cystine concentrations,
based on a McpB / C-independent redox-sensing pathway.
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A.1. Introduction

Chemotaxis allows bacteria to navigate in gradients of
physiologically relevant stimuli, e.g. moving towards higher concentration
of nutrients 24, lower concentration of toxins 77, or an optimal value of pH %,
oxygen %!, temperature 2'° or redox potential 2. The chemoeffector stimuli
are detected by transmembrane receptors, forming allosteric complexes
associated with histidine kinase molecules via scaffolding proteins 24326,
The chemotaxis signaling system has been thoroughly studied in the
enteric bacteria Escherichia coli and Salmonella typhimurium. The receptor-
associated kinase CheA’s autophosphorylation activity is altered by
binding of chemoeffectors to the chemoreceptor clusters. CheA transfers
phosphoryl groups to the response regulator CheY, and phosphorylated
CheY (CheY-P) interacts with the flagellar motors and alters their rotational
bias. The phosphatase CheZ accelerates the dephosphorylation of CheY,
and the activity of the receptor-kinase complex is feedback-regulated by a
pair of enzymes, CheR and CheB, which add and remove, respectively,
methyl groups to specific glutamyl residues of the chemoreceptors.

Chemoreceptors, also called methyl-accepting chemotaxis proteins
(MCPs) !, form homodimers, which in turn assemble into allosteric arrays
in the membrane 2. Chemoreceptor dimers interact at their distal
cytoplasmic tips forming trimers of dimers °'%2, which arrange into
hexagonal arrays, responsible for the high sensitivity and cooperative
nature of chemotaxis signaling . Chemoeffector ligands reversibly bind to
the periplasmic domains of the chemoreceptors either directly or via
periplasmic binding proteins 1%. Chemoeffector binding induces a
conformational change in the periplasmic domain, which is transmitted
across the membrane through the regulatory HAMP domain %!, the
methyl-accepting domain, and the signal-output domain that regulates the
activity of the kinase CheA. Five chemoreceptor species exist in E. coli,
whereas nine chemoreceptor species exist in S. typhimurium (see Table 3.1,
Chapter 3). A subset of these MCP species contains a conserved C-terminal
pentapeptide motif (NWE'/sF) that reversibly binds CheR and CheB,
facilitating efficient methylation-dependent adaptation 4. MCPs have
different substrate specificities, with some responding to multiple
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chemoeffectors. Conversely, some chemoeffectors are sensed by multiple
MCPs (see Table 3.1, Chapter 3). Some chemoreceptor species respond to
stimuli via mechanisms other than ligand binding, e.g. Tar and Tsr sense
temperature 2°. The relative abundance of each chemoreceptor species
depends on the growth conditions and population density 210284,

The amino acid L-cysteine and its oxidized dimeric form L-cystine
are chemoeffectors of opposing sign for S. typhimurium % (see Chapter 4).
The oxidized and reduced forms are also sensed by different subsets of
chemoreceptors: in Chapter 4 '3, we showed that the repellent response to
the oxidized form (cystine, abbreviated as CySS) is mediated by McpB and
McpC, and the attractant response to the reduced form (cysteine,
abbreviated as Cys) is mediated by Tsr and Tar %13, The relative mRNA
levels of cystine-sensing receptors McpB and McpC fall between those of
the high abundance receptor Tsr and low-abundance receptor Trg, and are
similar to those of Tar 2”. McpC does not contain the conserved C-terminal
pentapeptide, whereas the C-terminal pentapeptide motif EWVSF in McpB
conserves two key residues of the NWET/sF motif 22, and hence is likely to
serve as a docking site for the methylation enzymes. The adaptive recovery
upon cystine step stimulation has been shown to be incomplete, and the
imperfect adaptation has been suggested to promote spreading in motility-
plate chemotaxis assays 1.

The opposite responses to cystine and cysteine might provide a
mechanism for S. typhimurium to find optimal redox conditions and assist
the escape of S.typhimurium from damage-inducing oxidative
environments. Migration to optimal redox conditions, in contrast to
movement towards increasing concentration of attractant or decreasing
concentration of repellent, cannot be achieved by a monotonic response by
a single receptor species, as recently demonstrated for pH taxis and
thermotaxis in E. coli 2102, E. coli avoids both highly acidic and highly
alkaline conditions by opposing responses of Tar and Tsr: increase of pH
elicits an attractant response via Tsr and a repellent response via Tar, and
the relative strength of the response is modulated by receptor methylation
1221312325928 The sign of the net response is inverted at a well-defined value
of pH, which is adjusted in response to changes in cell density. In the
motile response to temperature gradients, the opposing responses of Tar
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and Tsr lead to accumulation at a preferred point in a temperature gradient:
Tsr is responsible for the attraction to warmth and Tar — for the attraction to
Cold 84,192,210,

Here we investigate the dose-dependent response of S. typhimurium
to the cystine / cysteine redox pair using in vivo fluorescence resonance
energy transfer (FRET) measurements. The dose-dependent response to the
reduced form, cysteine, is sigmoidal and Tsr / Tar-dependent. However, we
show that the oxidized form is sensed by wild type S. typhimurium even at
very low concentrations (10-20 nM), and the magnitude of the response
scales linearly with the logarithm of cystine concentration over more than
four orders of magnitude (20 nM -500 uM). Surprisingly, we detected
McpB / C-independent responses to cystine in S. typhimurium LT2 strain
even at the very low concentrations in the nanomolar range. We observed
repellent response in the nanomolar concentration range for another
oxidized compound, benzoquinone, and propose an explanation of the
linear dependence of the response on the logarithm of cystine
concentrations, based on a McpB / C-independent redox-sensing pathway.

A.2. Dose-response relation of the Tar / Tsr -mediated attractant response
to cysteine

To characterize the chemotactic signaling response to the reduced
form, cysteine, we applied sequential steps of cysteine with increasing
concentrations to populations of S. typhimurium LT2 cells, immobilized in a
flow cell. We measured the output of the chemotaxis system using a
fluorescence resonance energy transfer (FRET) assay that utilizes a donor-
acceptor pair between the phosphatase CheZ and the response regulator
CheY, fused to yellow and cyan fluorescent proteins (YFP and CFP)
respectively 22024022 CheY phosphorylation by CheA and its
dephosphorylation by CheZ have equal rates at steady state. Thus, the
FRET efficiency is proportional to the concentration of the CheZ-CheY-P
complex, and this FRET assay provides a measure of the kinase (CheA)
activity on time scales longer than the relaxation time of the CheY
phosphorylation cycle (~100 ms) 22. A typical FRET response time series to
cystine is shown on Figure A.1A (cysteine is added and removed at times 0

162



Opposite responses to the cystine / cysteine redox pair

on the left and right panels respectively; note that it takes ~25s for the
cysteine solution to reach the cells after flipping the switch; see Materials
and methods). The initial decrease of the FRET level upon addition of
cysteine, indicates an attractant response, which is followed by a perfect
adaptation to the prestimulus level (see Chapter 4) 3. Upon removal of
cysteine, transient increase in the FRET level followed by a perfect
adaptation is observed.

We applied steps of cysteine with increasing concentrations and
measured the FRET response in order to characterize the dose-response
relation for cysteine in wild type, Atar, Atsr, and Atar Atsr S. typhimurium
LT2 strains (Figure A.1B). The dose-response curve for cysteine in wild
type S. typhimurium shows a sigmoidal shape, with a threshold <20 pM,
half-maximum at ~40 uM and saturation after ~100 uM. Knocking out tar
does not decrease the amplitude of the response (the slight increase in the
amplitudes could be due to experiment-to-experiment variation). However,
the amplitude of the saturating response is greatly diminished in the Atsr
strain, confirming that Tsr is the dominant receptor for cysteine at zero
cysteine background.

The Atar Atsr strain does not show an attractant response to cysteine
for any of the tested concentrations. Instead, the FRET level increases upon
stimulation by dissolved cysteine (Figure A.1B). A plausible explanation for
this repellent-like response to cysteine of the Atar Atsr cells is that under the
aerobic conditions of our experiments, part of the cysteine oxidizes to
cystine (see Section A.2). This effect is not noticeable in wild type cells,
where the attractant response to cysteine dominates, but a response in the
repellent direction is clearly observed in the cysteine-insensitive Atar Atsr
cells.
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Figure A.1. Attractant response to cysteine of S. typhimurium LT2. (A) Typical
time series of addition (left) and removal (right) of cysteine (100 pM) in WT
S. typhimurium. Cysteine is added and removed at times 0 (B) Initial amplitudes of
the FRET response (AFRET) to cysteine of WT, Atar, Atsr, and Atar Atsr strains are
plotted as a function of the cysteine concentration. The respective Hill equation fits
with half maximum of 38, 46, and 128 uM, and Hill coefficients of 2.1, 1.5, 1.5 are
shown for the first three strains. An apparent linear fit with a slope of 0.017 is
shown for the Afar Atsr strain. Inset: Comparison of the measured response of the
Atar Atsr strain to cystine (stars) and the expected response to cystine upon
stimulation with cysteine solutions in which 1% of the cysteine is oxidized to
cystine.
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A.3. The magnitude of the repellent response to cystine is proportional to
the logarithm of cystine concentration

Cystine, the oxidized molecule in the cystine / cysteine redox pair,
elicits a repellent kinase response in S. typhimurium: the FRET ratio
transiently decreases, followed by a partial (imperfect) adaptation to the
prestimulus level (Figure A.2A left) 3. Upon removal of cystine, the FRET
level returns to the prestimulus level in 200-300 s (Figure A.2A right).

We measured the initial amplitudes of the FRET response to a
cystine step increase, AFRET1, and plotted them as a function of the added
cystine concentration (Figure A.2B). We detected responses to cystine for
concentrations as low as 20 nM. For the tested range, 20 nM - 500 uM, the
amplitude of the response scales linearly with the logarithm of cystine
concentration. We have not explored the response to concentrations of
cystine greater than 500 uM because cystine solutions become acidic, and
the low pH itself can elicit a chemotaxis response 2.

The shape of the dose-dependent response to cystine is atypical for
receptor-ligand binding interactions, which are characterized by linear
mass action kinetics or positively cooperative binding, i.e. Hill coefficients
nu > 1 80240241248 Fits with a Hill equation of the cystine dose-response data
give Hill coefficients nu=0.50+0.15 (these fits were not well constrained,
explaining the large fitting error). The atypical shape of the dose-response
curve could be a result of multiple receptors with different affinities
binding cystine, leading to lower apparent cooperativity of the cystine
response '?. Alternatively, a mechanism that does not involve receptor
binding might explain the observed dose-response dependence.

The repellent response to cysteine solutions of the cysteine-
insensitive Atar Atsr strain scales linearly with the logarithm of cysteine
concentration, similar to response to cystine of S. typhimurium. The
magnitude of the measured responses to cysteine solutions of the cysteine
insensitive strain is very similar to the one to cystine solutions with 50-
times lower concentration (see Figure A.1, Inset). Thus, we conclude that 1%
of cysteine in our cysteine solutions might be oxidized to cystine under the
aerobic conditions of our experiments (note that two cysteine molecules get
oxidized to form one cystine molecule).
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Cystine response
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Figure A.2. Repellent response to cystine of S. typhimurium. (A) Typical time
series of addition (left) and removal (right) of cystine (100 uM) in wild type (WT)
S. typhimurium LT2. Cystine is added and removed at times 0. (B) Initial
amplitudes of the FRET response (AFRET:) of WT LT2, AmcpB LT2, AmcpC LT2,
AmcpB AmcpC LT2, WT 14028, and AmcpB AmcpC 14028 strains are plotted as a
function of the cystine concentration. The apparent linear fits for the first four
strains have slopes of 0.0023, 0.0023, 0.0016, 0.0014, and 0.0006 respectively.
AmcpB AmcpC 14028 does not respond to cystine in the tested concentration range.
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A.4. McpB / C knockouts do not affect the shape of cystine dose-response
curve in S. typhimurium LT2

We showed previously ¥ (Chapter 4) that two chemoreceptors of
S. typhimurium, McpB and McpC, sense cystine as a repellent: deletion of
both receptors in S. typhimurium 14028 completely abolished the repellent
response to cystine (see Figure 4.5, Chapter 4). If there are two receptors
that bind ligand independently with different affinities, the net response
might be characterized with apparent negative cooperativity, i.e. Hill
coefficient nu <1 . The receptors with higher affinity ligand-binding sites
will bind the ligand first, but as the concentration of ligand is increased, the
receptors with lower affinity binding sites will also bind the ligand,
producing an apparent nu <1. Thus, cystine binding to McpB and McpC
with different affinities might explain the shape of the observed dose-
response curve. To test this hypothesis, we measured the dependence of
AFRET on the cystine concentration in AmcpB, AmcpC, and AmcpB AmcpC
S. typhimurium LT2 mutant strains. Unexpectedly, the thresholds of cystine
response for all tested strains are <100 nM, and a linear dependence of the
amplitude of their response with the logarithm of cystine concentration is
observed (Figure A.2B).

The responses of the AmcpB AmcpC S. typhimurium LT2 strain to
cystine contrasts with our previous finding that a AmcpB AmcpC
S. typhimurium 14028 strain does not respond to cystine '* (Figure A.2B).
This finding suggests that a McpB / C-independent mechanism of cystine
sensing exists in S.typhimurium LT2, which might not exist in
S. typhimurium 14028. We tested the response to cystine of wild type
S. typhimurium 14028. Despite the fact that the amplitudes of the cystine
response are smaller than those of LT2, we also observe in wild type 14028
a linear scaling of the response with the logarithm of cystine concentration
(Figure A.1B). We also observed responses to cystine at concentrations
below <100 nM in both LT2 and 14028 wild type strains.

Unlabeled cheY and cheZ are present on the genome of the 14028
strains used in our studies, in addition to the cheY-yfp and cheZ-cfp genes on
the plasmid for expression of the FRET pair, and competitive interactions of
labeled and unlabeled CheY and CheZ might explain the smaller
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amplitudes of the response of the 14028 strains (see Figure 4.6, Chapter 4).
Another explanation of the smaller amplitudes of the response of
S. typhimurium 14028 might be different expression levels of some of the
chemotaxis network components between LT2 and 14028 strains '*. Since
the amplitudes of the FRET response of the 14028 strain are in general
much smaller than those of the LT2 strain (Figure A.2B) we cannot exclude
the possibility that there are small-amplitude responses in the
AmcpB AmcpC 14028 strain that we are unable to detect at the finite signal-
to-noise ratio of these FRET experiments.

A.5. The response to another oxidized redox component, benzoquinone,
is similar to the cystine response at low concentrations

The dose-response measurements in S. typhimurium LT2 mcpB/C
knockout strains (Figure A.2) suggest the existence of an McpB/C-
independent cystine-sensing mechanism in S. typhimurium, which
magnitude scales linearly with the logarithm of cystine concentration over
the whole tested range of concentrations (100 nm-500puM for the
AmcpB AmcpC strain). The latter observation precludes mechanisms in
which the response is dependent on ligand-binding to chemoreceptors by
linear mass action kinetics or positively cooperative binding 80240.241.248,

Cystine is a dimeric amino acid, formed by oxidation of the
sulthydryl (-SH) groups of two cysteine monomers, leading to the
formation of a disulfide bridge (-S-S-) by a redox reaction

cysteine + cysteine + 1/2 0, 2 cystine + H,0

It has been shown previously that redox molecules, such as substituted
quinones, elicited redox taxis responses: in a spatial redox gradient,
bacteria migrate towards a preferred redox potential, and these responses
depend mainly on the Aer receptor in E. coli 622, Under aerobic conditions,
the oxidized forms in the tested quinone redox pairs were sensed as
repellents . Our FRET experiments, which were also performed under
aerobic conditions, confirmed the latter observation: the oxidized
compound benzoquinone elicited a repellent response (note that the
reduced form, hydroquinone, also elicited repellent responses, but only for
concentrations 2100 pM; because of its toxicity at high concentrations 2> we
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have not explored the hydroquinone response further). Figure A.3A shows
a typical time series of a response to benzoquinone. The response to
benzoquinone is similar to the repellent response to cystine: both
components elicit a repellent response upon a step addition (the FRET level
increases), followed by an imperfect adaptation (Figure A.2A and A.3A).
Moreover, responses to both compounds were detected at very low
concentrations: 1 nM for benzoquinone and 10-20 nM for cystine, and the
dose-response dependences for both cystine and benzoquinone appear to
scale proportionately with the logarithm of the concentration over the
tested range (Figures A.2B and A3.B). We were not able to test
benzoquinone concentrations larger than 1 uM because the compound is
toxic to the bacteria at high concentrations #® and its optical activity
interferes with the fluorescence levels of the FRET sensors.
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Figure A.3. Repellent response to benzoquinone of S. typhimurium LT2. (A)
Typical time series of addition (left) and removal (right) of benzoquinone (0.1 pM)
in WT S. typhimurium LT2. Benzoquinone is added and removed at times 0. (B)
Initial amplitudes of the FRET response (AFRETi) to benzoquinone of WT
S. typhimurium are plotted as a function of the benzoquinone concentration. The
apparent linear fit has a slope of 0.0011.
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A.6. The sign of the response to mixed cystine / cysteine solutions
depends on their redox potential

In order to evaluate the redox-dependence of the chemotactic
response to cystine / cysteine redox pair, we probed the response of
wild type S. typhimurium LT2 to defined mixtures of cysteine and cystine at
different ratios. (We accounted for 1% interconversion of cysteine to cystine
in all cysteine solutions; see Section A.2 and Figure A.1, Inset).

We plotted the initial amplitude of the FRET response, AFRET:, for
each mixture against log @, where Q is the reaction quotient of Cys/CySS
interconversion reaction, ie. Q = [CySS]/[Cys]*> (Figure A.4; cysteine
concentration is squared because two molecules participate in each
oxidation reaction). The values of log Q are proportional to the changes in
the redox potentials of the cystine /cysteine solutions, which can be
determined by the Nernst equation:

RT
E, =Ey+ Z.SElogQ,

where En is the redox potential of the solution, Eo is the standard redox
potential of the cystine / cysteine redox reaction, R is the gas constant, T is
the absolute temperature, n is the number of moles of electrons transferred
in the half redox reaction, F is the Faraday constant and Q is the reaction
quotient of the redox reaction. For the cystine / cysteine redox pair under
the conditions of our experiments (room temperature, neutral pH), the
redox potential (V) is
E, = —250+ 301logQ

For values of log Q < 100 the FRET efficiency was found to decrease,
indicating an attractant response. For values of logQ > 100 the FRET
efficiency was found to increase, indicating a repellent response. Thus,
cystine / cysteine mixtures appear to elicit either an attractant or a repellent
response depending on the value of logQ, i.e. the redox potential of the
solutions. Attractant response is observed for more reducing conditions,
and repellent response is observed for more oxidizing conditions. Further
experiments with defined cystine / cysteine mixtures with log Q within the
range 10 — 1000 could be performed to confirm that the transition between
attractant and repellent responses is redox-dependent.
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Figure A.4. Response of S. typhimurium to cystine/cysteine mixtures.
Dependence of the initial amplitude of the FRET response, AFRET], of wild type
(WT) S. typhimurium LT2 to the redox potential, expressed in units of log Q, were Q
is the reaction quotient of Cys / CySS interconversion. A Hill equation fit (with Hill
coefficient of 2 and half-maximum of 51) is shown for guidance of the eye. The
grey line at 0 divides attractant (negative) and repellent (positive) responses.

A.7. Discussion

Motile bacteria often implement more than one pathway of sensing
in order to orient in a gradient and find an optimal environmental niche.
For example, thermotaxis and pH taxis responses both implement different
receptors for sensing positive or negative changes from the optimal
temperature and pH, respectively 219284 We found that the response of
S. typhimurium to the cystine / cysteine redox pair is mediated by different
pathways. Tsr/Tar sense the reduced form (cysteine) as an attractant
(Figure A.1). Our earlier measurements of the FRET response of
S. typhimurium 14028 strain showing that the response is abolished in
AmcpB AmcpC  cells suggested that the cystine response is McpB /C-
dependent '3 (Chapter 4). However, our FRET measurements in
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S. typhimurium LT2 showed that McpB /C-independent responses exist
even at concentrations as low as 100 nM (Figure A.2B).

A plausible explanation for the observed discrepancy of the cystine
response of AmcpB AmcpC cells is that here and in Chapter 4 3 we used
different S. typhimurium strains to evaluate the role of McpB/C in the
cystine response: the commonly used lab strain LT2 and the ATCC strain
14028 respectively. LT2 and 14028 shared a common ancestor about 3000 to
9000 years ago, and the 14028 strain is more virulent #'2. Their genomes
are very similar (>98%) and the alignment of chemotaxis receptor
nucleotide sequences show no difference between the two strains. However,
it is possible that the McpB /C-independent pathway has different
properties in the two strains: since its divergence, the highly virulent 14028
strain accumulated 10% more base substitutions (spread genome-wide,
primarily in non-synonymous sites) compared to the virulence-attenuated
LT2 strain 2. The apparent loss of the cystine response in the 14028 strain
138 but not in the LT2 strain upon deletion of both mcpB and mcpC might
also be an artefact resulting from the finite signal-to-noise ratio of our FRET
assay: the generally low amplitude of the FRET response of 14028 strains
might render responses in the AmcpB AmcpC 14028 strain indistinguishable
from the noise floor of the FRET measurement.

The shape of the dose-response dependence of S. typhimurium’s
response to cystine is atypical for receptor-ligand binding: the magnitude
of the response scales linearly with the logarithm of the cystine
concentration over a very broad concentration range (20 nM - 500 uM). We
propose that these responses are part of a redox-sensing pathway, based on
our observations of similar responses to another oxidized compound,
benzoquinone (Figure A.3). Redox-dependent inversion of the sign of the
response to mixtures of cystine and cysteine (Figure A.4) further suggests
that a redox-dependent cystine-sensing pathway might exist. However, the
results shown on Figure A.4 should be complemented with further
measurements of the response to cystine/cysteine mixtures with
log(Q) = (10 — 1000) in order to confirm that the inversion of the response is
caused by the redox potential of the mixtures.

The redox responses in S. typhimurium could be mediated by Aer as
shown for E. coli 22, or other redox-sensing receptors might exist: there are
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five S. typhimurium chemoreceptors that do not exist in E. coli (McpB, McpC,
Tcp, Tip and the cytosolic receptor McpA, where the function of McpA and
Tip is unknown; see Table 3.1, Chapter 3).

What could be the physiological relevance of the multiple pathways
of response to the cystine / cysteine redox pair in S. typhimurium? Redox
potential is an environmental factor that strongly affects cellular
metabolism, and it has been hypothesized that redox taxis could guide
bacterial species to niches with optimal redox conditions for different
metabolic processes, such as hydrogen utilization and nitrogen fixation .
Moreover, highly oxidizing conditions lead to a production of free oxygen
radicals and oxidative stress, i.e. damage to DNA, lipids and proteins 2,
and therefore can be detrimental for cells. Creating an oxidative microniche
surrounding the macrophage cells is a strategy commonly used by the
immune system of the host 12, and an active mechanism of avoiding such
microenvironments could promote the survival of S. typhimurium in the
host.

Detection of cysteine as an attractant could also be beneficial for the
cells, as cystine is a sulphur-containing nutrient source, and participates in
various metabolic pathways. Another advantage of having several
pathways for cystine / cysteine sensing is that it could allow bacteria to
adjust their “preference” to match the requirements of the cells, by
changing the expression levels of some of the chemoreceptors, as observed
e.g. for pH taxis and thermotaxis 2!02%. Future studies of the behaviour of
S. typhimurium in defined cystine / cysteine microenvironments (see
Chapter 6) and animal models could shed light on the relevance
cystine / cysteine sensing for S. typhimurium survival and pathogenesis.

A.8. Materials and methods

Bacterial strains, plasmids and growth conditions
All strains and plasmids used in this work are listed in Table A.1.
CheY-YFP and CheZ-CFP fusions for the FRET experiments were

expressed from a plasmid pVS88 24, induced with 150 uM isopropyl B-D-1-
thiogalactopyranoside (IPTG). In the strains used in FRET experiments,
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except the strains from R. Harshey’s lab (Table A.1), chromosomal cheY and
cheZ were deleted, in order to prevent a competitive interaction between
labelled CheY-YFP and CheZ-CFP, and unlabelled CheY and CheZ,
expressed from the chromosome, which would lead to a smaller amplitude
of the FRET response 1.

Strain Relevant genotype Source

LT2 Salmonella enterica serovar Typhimurium strain LT2 Salmonella
(wild type S. typhimurium LT2) Genetic Stock
Center (SGSC)

TSS500 | LT2 AcheY AcheZ 138
TSS878 | LT2 Atar AcheY AcheZ 138
TSS868 | LT2 Atsr AcheY AcheZ 138
TSS866 | LT2 Atar Atsr AcheY AcheZ 138
TSS5941 | LT2 AmcpB AcheY AcheZ This work
TSS942 | LT2 AmcpC AcheY AcheZ This work
TSS958 | LT2 AmcpB AmcpC AcheY AcheZ This work
14028 wild type S. typhimurium ATCC strain 14028 R.M. Harshey
SM542 14028 AmcpB AmcpC 138
Plasmid Gene(s) Resistance Induction Source
pVS88 cheZ-ecfp / cheY-eyfp | ampicillin IPTG 240

Table A.1. Strains and plasmids used in this study.

In-frame deletion of genes in the strains designed for this study was
achieved by allele-replacement procedure based on Datsenko and
Wanner’s method ©. The initial deletion step involved an insertion of a
cassette that provides kanamycin resistance, and also contains the lethal
gene ccdB under the control of L-rhamnose inducible promoter, allowing
the cassette to be removed by positive selection on L-rhamnose-minimal
plates 2%, Salmonella’s resident plasmid pSLT contains a ccdA ccdB operon
that interferes with the deletion strategy. Thus, pSLT was displaced prior to
allele replacements using Kitl0 from Salmonella Genetics Stock Collection
(SGSC): a plasmid pLL6, which is from the same compatibility group as
pSLT, was transformed in the strains of interest, pSLT was cured, and pLL6
was subsequently removed using temperature selection .
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In all experiments cells were grown at 33.5° C to mid-exponential
phase (ODew ~ 0.5) in tryptone broth (TB) (1% Bacto tryptone, 0.5% NaCl,
pH 7.0), supplemented with appropriate antibiotics and inducers
(Table A.1). Bacteria were harvested by centrifugation, washed and
resuspended twice in motility buffer (10 mM potassium phosphate buffer
pH 7.0, 0.1 mM EDTA, 1 uM L-methionine, 10 mM lactic acid, pH 7.0), and
stored at 4° C 1-5 h prior to the experiment.

Chemoeffector preparation

Chemoeffector solutions were prepared as follows. A stock solution
of 500 mM cystine (L-cystine, Calbiochem, 99.1%, with a certified synthetic
origin) was prepared in 1 M HCl because of the poor solubility of cystine in
water. Working dilutions were prepared in motility buffer. It has been
reported previously that cystine dissolved directly in motility buffer
(without using HCI) also elicits a repellent response '¥. Cysteine (L-
cysteine, Sigma Aldrich, from non-animal source) 100 mM stock and
dilutions were prepared directly in motility buffer. The stocks of all other
chemoeffectors were made directly in motility buffer. The stock solutions
and dilutions of all chemoeffectors were freshly prepared on the day of the
FRET experiment (1-3 h prior to the experiment).

Fluorescence resonance energy transfer (FRET) experiments and data analysis

In vivo FRET microscopy on live bacterial populations was
performed as described previously 2. Bacteria, expressing the FRET donor-
acceptor pair CheZ-CFP / CheY-YFP, were immobilized on a poly-L-lysine—
coated microscope coverslip, attached to the top surface of a flow cell 7,
and kept under constant flow of motility buffer, generated by a syringe
pump (Harvard Apparatus, PHD2000). During the experiment
chemoeffectors were added and removed by continuous flow, alternating
between solutions using a switch valve (Hamilton). There is a nearly
constant delay of ~25 s between the time in which the change of solutions is
induced by switching the valve (indicated as time 0 in the figures) and the
time, when the new solution reaches the bacteria at the flow cell.
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FRET microscopy on bacterial populations was performed on an
upright microscope (Nikon FN1), equipped with an o0il immersion objective
(Nikon CFI Plan Fluor, 40x/1.3). The bacteria in the flow cell were
illuminated by a metal halide arc lamp with closed-loop feedback (EXFO X-
Cite exacte) through an excitation bandpass filter (Semrock, FF01-438/24-25)
and a dichroic mirror (Semrock, FF458-Di01). The epifluorescent emission
was split by a second dichroic mirror (Semrock, FF509-FDi01) into donor
(cyan, C) and acceptor (yellow, Y) channels. The signals from the C and Y
channels, passed through emission bandpass filters Semrock FF01-483/32
and FF01-542/27 respectively, were collected by photon-counting
photomultipliers (Hamamatsu H7422P-40). Signal intensities were recorded
through a data acquisition card (National Instruments) installed on a PC,
running custom-written software.

The ratio R between the coverslip background-corrected Y and C
fluorescence signal intensities: R = Y/C, provided an indicator of FRET
activity, robust to fluctuations in the intensity of the light. The change in
FRET activity upon stimulation, AFRET, can be expressed as a function of
the change in the ratio AR,

Rpre+AR—Rg Rpre—Ro

AFRET = —
Rpre+AR+|AY/AC|  Rpre+|AY/AC

where Rpre is the pre-stimulus acceptor to donor ratio, AR = R — R, is the
ratio change, Ro is the acceptor to donor ratio in absence of FRET, and
|AY/ACI is the constant absolute ratio between the changes in the acceptor
and donor signals per FRET pair (for the setup in this study, |AY/ACI~0.6)
22, Under the measurement conditions Ry, +|AY/AC|>> AR ; thus
AFRET~AR. (AFRET is expressed in arbitrary units of AR throughout the
study).
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Comparative analysis of the chemotaxis
system of natural Escherichia coli isolates

The chemotaxis system of Escherichia coli is a paradigmatic signaling circuit,
characterized by multiple experimental and theoretical studies. However,
these research efforts have been concentrated on understanding the
chemotactic signaling of a limited number of laboratory strains. Here we
study the chemotactic behavior of a subset of natural E. coli isolates that
represent the genotypic diversity of the species. We demonstrate variability
in chemotactic performance and swimming speed, even in closely related
strains. We compare the nucleotide sequence of the chemotaxis operon
meche between strains with different chemotactic performance and
demonstrate that the evolution of the chemotaxis operon closely matches
that of a set of housekeeping genes. We observe genetic variation resulting
from mutations and possibly horizontal gene transfer, and find E. coli
strains with reduced chemoreceptor species composition. We discuss the
possibility that a comparison of the chemotactic traits of natural E. coli
strains could allow us to uncover quantitative features of chemotaxis that
have undergone changes in the recent evolution of this species.
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B.1. Introduction

The Escherichia coli chemotaxis network, which allows bacteria to
orient in gradients of chemical stimuli, is a paradigmatic signaling circuit
that represents many general features of signaling systems, such as
adaptation, signal amplification and wide dynamic range 217224, Each of
these characteristics has been a subject of numerous quantitative modeling,
theoretical and experimental studies 35120127128157.222225226260  and  the
behavioral consequences of chemotactic signaling has also been evaluated
using a number of standard assays 27'?¢ as well as microfluidics
technology 7#1%. The chemotaxis network, like other biological signaling
systems %, is a subject of evolutionary optimization %, as exemplified by
the finding that clinical and natural isolates of E. coli vary in their
chemotactic performance 1322, The extensive knowledge about the
molecular-level mechanisms of the chemotaxis system of E. coli present a
rare opportunity to study the design principles involved in evolutionary
optimization ¥, which requires generation of phenotypic variability while
preserving the important functional features of the chemotactic signaling.
However, the vast majority of the experimental work and the information
about the properties of E. coli chemotactic signaling and behavior have
been derived from only a small number of laboratory strains '™, which do
not represent the genetic and ecological diversity of E. coli 15015,

E. coli is ubiquitous in nature, with an estimated total population of
~10% bacteria 2. Its primary habitat is the vertebrate gut, where it is the
predominant aerobic commensal organism 2°. Some E. coli strains also
represent intraintestinal or extraintestinal pathogens %13, Secondary
habitats of E. coli are water, sediments and soil 7%, The population genetic
structure is defined by the balance between recombination and mutation 2.
Low recombination levels define a clonal structure, whereas high
recombination levels define a panmictic structure 2. In the pre-sequencing
era, studies using multilocus enzyme electrophoresis (MLEE) analysis 2!
suggested that the population structure of E. coli is predominantly clonal
1735220, MLEE analysis of thousands of natural and clinical isolates allowed
the assembly of a set of 72 reference strains, the ECOR collection, that
represented the known genetic diversity of E. coli ' (Table B.1). The ECOR
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collection was subdivided into four groups: A, B1, B2, and D, plus a minor
group E 25, where group D diverged first and the sister groups A and Bl
separated later 182184 More recent studies suggest that group B2 is the
ancestral one 7%,

ECOR
strain

U= W N =

[o-lN N

10

12
13
14
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16
17
18
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21
22
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Towa
New York
Massachusetts
Towa
Towa
Towa
Washington zoo
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Sweden
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Sweden
Sweden
Sweden
Sweden
Sweden
Washington zoo
Indonesia
Washington zoo
Washington zoo
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Washington zoo
Sweden
New York
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Washington zoo
Towa
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Washington zoo
Washington zoo
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Washington zoo
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Human (M)
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Human (F)
Human (F)
Human (M)
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Human (F)
Human (F)
Human (F)
Human (F)
Human (F)
Human (F)
Human (F)
Human (F)
Leopard
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Celebese ape
Steer
Steer
Steer
Elephant
Human (F)
Dog
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Human (F)
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39 Sweden Human (F) D NM NM
40 Sweden Human (F) D NM NM
41 Tonga Human (M) D NM NM
42 Massachusetts Human (M) E L F
43 Sweden Human (F) E NM NM
44 Washington zoo Cougar D L S
45 Indonesia Pig B1 L F 0.76
46 Washington zoo Celebese ape D NM NM
47 New Guinea Sheep D L F
48 Sweden Human (F) D L F 0.76
49 Sweden Human (F) D S F
50 Sweden Human (F) D D F 0.67
Massachusetts Human infant
Washington zoo Orangutan
Towa Human (F)
Towa Human
Sweden Human (F)
Sweden Human (F)
Washington zoo Gorilla
58 Washington zoo Lion B1 L F
Massachusetts Human (M)
Sweden Human (F)
Sweden Human (F)
Sweden Human (F)
Sweden Human (F)
Sweden Human (F)
Washington zoo Celebese ape
Washington zoo Celebese ape
67 Indonesia Goat Bl IL I
68 Washington zoo Giraffe B1 S S 0.66
69 Washington zoo Celebese ape Bl NM NM
70 Washington zoo Gorilla B1 NM NM
71 Sweden Human (F) Bl D M
72 Sweden Human (F) B1 L S

Table B.1. Standard reference collection of E. coli strains (ECOR collection) 1%,
Color-coding represents phylogenetic groups A (green), Bl (red), B2 (yellow),
D (blue), and E (black) ¥5. Strains are categorized according to their spreading as
non-motile (NM), strains spreading diffusely (D), strains forming small but distinct
rings (S), and strains forming large rings (L) (see text). Strains are categorized
according to their swimming speed as non-motile (NM), slow (S; swimming speeds
<10 um/s), and fast (F; swimming speeds >10 um/s) (see text). The doubling time (h)
of a selected subset of ECOR strains in TB at 33.5° C is shown at the last column.
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The subsequent development of DNA sequencing techniques led to
the discovery that E. coli populations are actually seldom clonal, with
frequent recombination events revealing themselves as clustered third-base
substitutions 74 The genetic diversity among members of the ECOR
collection was attributed to recombination rather than to mutation .
Phylogenetic analysis of concatenated sequences of ECOR housekeeping
genes revealed the existence of four clades, largely in agreement with the
MLEE groups A, Bl, B2 and D, although hybrid groups such as AxB1 and
ABD, a result of recombination, also exist within the global E. coli
population ?5. Thus E. coli is more diverse than previously appreciated,
although some data suggest population contractions and bottlenecks
reduced the diversity 10-30 million years ago ?*°. During population
expansions in the last five million years the descendants of the four major
lineages A, B1, B2 and D have become predominant and represent the
majority of the contemporary strains 27°.

Here we study the diversity of E.coli with respect to their
chemotaxis and motility. To largely cover the existing natural diversity in
behavior, we selected a subset of ECOR strains, which represent the
variations in chemotactic spreading and swimming motility in soft-agar
plates. The selected strains contain representatives of each of the
phylogenetic lineages of E. coli, and also cover strains from different
geographic locations, animal and human hosts, as well as pathogens and
commensals. We show variability of the chemotactic performance even in
strains that are closely related phylogenetically. We observe mutation- and
recombination-based changes in the chemotaxis operon meche, and
compare the genetic diversity of this chemotaxis operon with that of a
subset of housekeeping genes. We discuss how further physiological
studies on chemotactic signaling in the selected subset of strains could
reveal which features of E. coli chemotactic signaling and behavior are
conserved, and which features have undergone changes in the recent past.
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B.2. Diversity of soft-agar plate phenotypes of natural E. coli isolates

To observe the natural variations of chemotactic performance of
E. coli, we tested the spreading of all 72 strains from the ECOR collection,
using the classical soft-agar assay for chemotaxis ? (Figure B.1). Bacteria
were inoculated in tryptone-broth (TB) soft-agar plates, and incubated at
30° C. Growing bacteria consume nutrients in the media and the motile and
chemotactic strains swim outwards in concentric bands, which form due to
chemotactic responses to the spatial gradients, resulting from metabolic
consumption. In TB (the nutrient tryptone is a casein hydrolysate), the first
band consumes serine and most of the oxygen, the second band aspartate,
and the third band threonine 2?7¢. Motile but non-chemotactic strains also
spread outwards due to bacterial growth and motility, but the spreading is
slower and do not produce distinct bands #¢. Non-motile strains only
expand around the inoculation point due to growth of the bacteria.

Figure B.1A and B.1B show the spreading of the 72 strains of the
ECOR collection after 4h and 7.5 h of incubation, respectively. ~25% of the
ECOR strains do not spread even after prolonged incubation (Table B.1),
suggesting that they are immotile, which was confirmed after performing
phase-contrast microscopy of these strains in liquid medium (Materials and
methods). Non-motile strains were observed in each of the phylogenetic
groups, with the lowest percent in group B2 (13%) and the highest percent
in group D (58%). The rest of the strains spread in TB soft-agar plates and
swim in liquid medium; however, both the spreading patterns and the
motility strongly differ between strains. Spreading strains either spread
diffusely or form most often two rings at the time of observation (Table B.1).
The swimming speed varies between a few microns per second
and >30 um/s (Table B.1 shows a rough approximation of the swimming
speed for the strains of the ECOR collection, see Section B.3). Variations in
the spreading patterns and swimming speeds are observed in each of the
phylogenetic groups, although there are more fast-spreading strains in
groups A and B1 than in B2 and D.

182



Chemotaxis system of natural Escherichia coli isolates

Figure B.1. Soft-agar assays of all 72 strains of the ECOR collection. The numbers
correspond to the numbers of the strains in the ECOR collection. The plates were
incubated at 30° C and imaged after 4 h (A) and 7.5 h (B).
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B.3. E. coli isolates with distinct chemotaxis characteristics and motility

To analyze the observed diversity of spreading pattern, accounting
for the contributions of chemotaxis and other factors, such as differences in
growth and random motility ?¢, we selected for further characterization a
quarter of the ECOR strains that show different spreading and belong to
different phylogenetic groups and measured their growth in TB and
swimming speed in liquid medium. Three groups of strains were selected
based on their spreading pattern: strains forming large rings, small but
distinct rings, and strains that spread diffusely in TB soft agar. The 18
selected strains have comparable growth rates in TB at 33.5° C with an
average doubling time of 0.7+0.1 h (Table B.1). Thus, the observed
differences in spreading in TB soft agar are not due to differences in growth,
but other factors: mostly chemotactic performance and random motility.
Swimming speeds, however, differed between the strains (Table B.1): we
labeled the strains to be “fast” if they swim at >10 pm/s, and “slow” if they
swim at <10 um/s. Table B.2 summarizes the characteristics of the selected
subset of ECOR strains.

ECOR strains Large rings Small rings Diffuse
spreading
Fast swimming 2,12,19, 21 50
33,45
48
Slow swimming 13 68 18
27,29 32
31 37

Table B.2. Selected subset of ECOR strains, grouped by their spreading patterns
and swimming speed. The doubling times in TB at 33.5° C of the selected strains
are comparable. The MLEE groups are color-coded: A (green), B1 (red), B2 (yellow),
D (blue), and E (black).
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B.4. Sequence analysis of the meche operon

The canonical chemotactic signaling system of E. coli consists of six
soluble chemotaxis proteins: the kinase CheA, the scaffolding protein
CheW, the adaptation enzymes CheR (methyltransferase) and CheB
(methylesterase / deamidase), the response regulator CheY and its
phosphatase CheZ 2. Chemical and physical stimuli are detected by five
chemoreceptors: Tar, Tap, Tsr, Trg and Aer 2. Most of the chemotaxis
genes are organized into two polycistronic transcriptional units (operons)
148: meche, encoding Tar, Tap, CheR, CheB, CheY, and CheZ, and mocha,
encoding CheA, CheW, and the flagellar motor proteins MotA and MotB.
Tsr, Trg and Aer are encoded elsewhere on the genome.

To understand the differences in the chemotactic behavior of the
selected ECOR strains at the genetic level, we sequenced the major
chemotaxis operon meche of each of these strains (Figure B.2A). The total
length of the meche operon is conserved in 16 of the 18 strains; the other two
strains (ECOR51 and ECOR62), which are both from group B2, have a
truncation of the gene of the chemoreceptor Tap. The truncated region is
flanked on both sides by the same sequence GAATCAGG, likely a site of
homologous recombination that led to the deletion of part of the gene. The
truncated tap gene nevertheless is in-frame and may produce a 75-amino
acid peptide (42 amino acids from the start and 33 amino acids from the
end of the gene; Figure B.2A), in which the first transmembrane domain is
preserved.

We observed also a truncation of gene product due to a mutation in
the start codon. The cheB gene of ECOR62 had a reading frame starting at
the 43 base pair of the cheB gene of the rest of the strains. This truncation
might affect the CheB expression level 2. The truncated amino acids 4 — 42
belong to the regulatory (REC) domain of CheB (see Appendix C).
However, according to a domain prediction using the SMART database
141217, the two-domain structure of CheB is preserved in ECOR62.

We analyzed the polymorphic sites at the nucleotide and amino acid
sequences of the ECOR meche genes, compared with the meche genes from
the model strain for chemotaxis, E. coli K12. For the selected subset of
strains, 4.1% of polymorphic sites exist at the nucleotide sequence of the
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whole meche operon, ranging from 2.8% (for cheY) to 5.8% (for cheB) per
gene (Figure B.2B). At the amino acid level, polymorphic sites make up 1.9%
of all sequences, ranging from 0.5% (for CheZ) to 2.8% (for Tap) per protein
(Figure B.2B, polymorphic sites at the amino acid level are indicated as
“informative sites”). The group D strain ECOR48 stands out with the
highest number of polymorphisms at the nucleotide level but not at the
amino acid level. The high rate of third-base (non-coding) substitutions, i.e.
different codon usage, might indicate the occurrence of horizontal gene
transfer of the meche operon in the evolutionary past of this strain 74
However, ECOR48 also shows high occurrence of substitutions on
nucleotide level and amino acid level in other parts of the genome (in the
fragments of housekeeping genes discussed below).

To compare the evolution of the chemotaxis genes with the
evolution of the rest of the genome, we performed an identical analysis of
nucleotide and amino acid polymorphisms in concatenated fragments of
seven housekeeping genes of the selected ECOR strains (the sequences of
recA, purA, mdh, icd, gyrB, fumC, and adk gene fragments for 492 E. coli
isolates are publicly available in the MSLT database 2°) (Figure B.2B). These
genes are distributed over the E. coli chromosome, and a previous study
showed that their concatenated sequences fell largely into four
phylogenetic clades in good agreement with the MLEE groups A, Bl, B2
and D 2. Polymorphisms at the nucleotide level for the selected subset of
ECOR strains were found to be 4.2% (from 2.3% to 7.0% per gene fragment),
very similar to the nucleotide polymorphism level of the meche operon
(4.1%). At the amino acid level, the percentage of polymorphic sites for the
housekeeping genes is lower (0.7%, ranging from 0.6 to 1.7% per fragment);
however, a larger sequence sample might be needed to confirm the
significance of this difference.

We used the sequence information for the meche operon to construct
a phylogenetic tree (see Materials and methods) of the selected subset of
ECOR strains (Figure B.3). Strains are clustered in a very good agreement
with the MLEE phylogenetic groups (color-coded on Figure B.3). The
laboratory strain E.coli K12 and a closely related species,
Salmonella typhimurium LT2, are included for comparison. As expected,
E. coli K12 clusters with the group A strains. However, we do not observe a
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pronounced correlation between the chemotactic spreading and random
motility characteristics with the sequence divergence of the meche operon,
as illustrated in Figure B.3.

meche mocha
cheZ cheY cheB  cheR tap tar cheW cheA motB motA

B. total 255/6210 total [ ] 40/ 2064
cheZ 24/ 645 CheZ [:| 1/214
cheY 11/390 CheY [ 1/129
cheB 61/1050 CheB | 7/349
cheR 40/ 861 CheR|T ] 6/286

tap 50/ 1602* Tap | 15/533*
tar 69 /1662 Tar . 10/ 55|3 .
total 144 /3423 total [ 8/1135
recA 17 /510 RecA 0/169
purA 117478 PurA 0/158
mdh 21/452 Mdh 1/150
icd 23/518 led 1/172
gyrB 18 /460 GyrB 1/153
fumC 33/469 FumC 2/155
adk 21/536 Adk . 3/ 1?8. .
00 1.0 20 30 40 50 60 70 80 00 1.0 20 30 40 50 60 70 &0
polymorphic sites (%) informative sites (%)

Figure B.2. Genetic diversity of chemotaxis genes in the selected ECOR strains.
(A) Structure of the meche operon and the adjacent mocha operon of E. coli. The light
blue box indicates the truncation at the tap gene of ECOR51 and ECOR62. (B)
Histograms of the polymorphic sites for meche operon genes (top left) and
housekeeping genes from MSTL database ¥> (bottom left). Histograms of the
polymorphic sites at the respective amino acid sequences (“informative sites”), are
shown for the proteins expressed from the meche operon (top right) and
housekeeping genes (bottom right). The number of substitutions over the total
number of base pairs or amino acids respectively is shown. The first rows (labeled
as “total”) show the total number of polymorphic sites at all the sequences.
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Figure B.3. Phylogenetic tree of the selected subset of ECOR strains, including
the laboratory strain E. coli K12 and its closely related species S. typhimurium
LT2. The tree was constructed using the concatenated sequences of meche genes of
the selected strains and an algorithm, implemented into the BioEdit software
(Fitch-Margoliash and least squares methods with evolutionary clock-based
algorithm). The MLEE phylogenetic groups are color coded as in Tables B.1 and
B.2. Spreading and swimming motility are indicated next to each strain as
following: large circles — a strain forming large rings, small circles — a strain
forming small but distinct rings, one circle — a strain that do not form distinct rings
but spread diffusely; a large arrow — a strain that swims fast (swimming speed
>10 pum/s), a small arrow — a strain that swims slow (swimming speed <10 pm/s)
(see Table B.2).
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B.5. Discussion

We explored the natural variation in the chemotactic behavior of
E. coli, using a subset of the strains from the ECOR collection that
represents much of the contemporary genetic diversity of the species, and
covers strains from different locations and host origins. The chemotactic
performance differs largely between the strains, even between those that
are close phylogenetic relatives, and have comparable swimming speeds.
Our observations suggest that after the divergence from their common
ancestor and a major historical bottleneck ~30 million years ago that
removed most of the extant diversity 5?7, the chemotaxis system of E. coli
strains has evolved, likely improving the fitness (chemotactic performance)
of the bacteria in the various environmental niches that different strains
lnhablt 70,256,273

We analyzed sequences of the major genes of the chemotactic
signaling system, which are part of the meche operon: the genes of the
chemoreceptors Tar and Tap, the adaptation enzymes CheR and CheB, the
response regulator CheY, and its phosphataze CheZ. Overall, the
nucleotide substitution frequencies were found to be similar to those
reported for housekeeping genes ?5. The adaptive evolution in prokaryotes
is driven by mutation and recombination ', the latter underlying the
process of horizontal gene transfer 3. We observed examples for sequence
variations in the chemotaxis genes that likely result from mutation or
recombination processes. For example, a mutation in the start codon of the
cheB gene of ECORG62 creates a truncated open reading frame. Mutations in
a close proximity to the start codon might affect the translational
expression 252, therefore the expression levels of the methylesterase CheB
might  be altered in ECOR®62, which can affect  the
methylation / demethylation balance and, in turn, the modification states of
the chemoreceptors 2'5.

Recombination-based changes are the likely cause of the truncation
of the tap gene in ECOR51 and ECOR62, and the high level of third-base
substitutions (i.e. different codon usage) in the meche operon of ECOR4S.
Truncations of the genes of Tap and Trg chemoreceptors were previously
reported to be prevalent in uropathogenic E. coli strains '33; ECOR62 is also
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an isolate from a pyelonephritis patient . The truncation has occurred
between the same flanking sequences, GAATCAGG, in the tap gene. The
tap reading frame is preserved, as well as the first transmembrane domain,
suggesting that the resulting 75-amino acid peptide might integrate into the
membrane. The occurrence of clustered third-base substitutions might also
indicate genetic changes due to recombination 7*. We observed multiple
third-base substitutions in the strain ECOR48. This strain also contains a
F1-like plasmid ', which could take part in a conjugative horizontal gene
transfer.

Our analyses of the chemotactic behavior and the genetic variation
of the chemotaxis operon meche of E.coli provide a basis for future
physiological studies that could assess which quantitative features of
chemotaxis have undergone changes in the recent evolution of this species.
We have used in vivo fluorescence resonance energy transfer (FRET) 2% to
perform a detailed comparison between the quantitative features of the
chemotactic signaling of E.coli K12 and the closely related species
S. typhimurium LT2, and we have identified differences in the transfer
functions of chemotactic signaling 2¢ that affect the sensitivity to
chemoeffectors, the receptor-receptor cooperativity, and the adaptation
kinetics (Chapter 3). The chemotactic transfer functions of S. typhimurium
could serve as an outgroup for a similar comparison of the chemotactic
transfer functions of the selected E.coli strains (we have engineered
genetically a subset of these strains for future FRET experiments; see
Materials and methods and Chapter 6). The fitness (chemotactic
performance) of the compared strains can be evaluated quantitatively in
defined gradients created in microfluidic devices 8 Such future studies
could reveal design principles underlying the evolution of the bacterial
chemotaxis system, and improve our understanding for the design of
signaling circuits in nature.
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B.6. Materials and methods
Bacterial strains

The ECOR collection (Table B.1) is described in reference .

Some of the ECOR strains (listed below) were engineered
genetically for future FRET experiments in the following manner. In-frame
chromosomal gene deletions of cheY and cheZ genes were created using an
allele replacement procedure, based on a modification of Datsenko and
Wanner’s method ¢, that does not leave a scar. It is based on an insertion
cassette that contains the lethal ccdB gene under the control of a
L-rhamnose-inducible promoter. This cassette can be removed later by
positive selection on rhamnose-minimal plates 2%. Then the plasmid pVS88
240 used for expression of the FRET fusion proteins CheY-YFP and CheZ-
CFP was transformed in the selected strains.

ECOR strains 13, 18, 19, 21, 27, 29, 32, 33, 48, 51, 62 and 68 were
engineered for FRET in the way described above. ECOR strains 2, 12, 45
and 50 were engineered in a similar manner, but the ccdB cassettes were not
removed because of problems with false positive colonies that have
occurred with the rhamnose positive selection strategy. The strains
ECOR31 and 37 are resistant to ampicillin and kanamycin and
chloramphenicol and kanamycin respectively, and thus these strains have
not been engineered for FRET experiments (the plasmids used in the
knockout strategy have ampicillin and kanamycin resistances, and pVS88
has an amplicillin resistance, thus the native resistances of ECOR31 and 37
should be removed prior to knock out or transformation procedures).

All strains engineered for FRET should be tested to determine the
optimal levels of induction of the FRET fluorescent fusions. The pilot
experiments with ECOR13, 18, 29, and 68 showed that the same amount of
inducer (IPTG) led to ~two-fold lower level of fluorescence for both yellow
and cyan channels. The fluorescence levels in ECOR51 were similar to that
of E. coli HCB33 (wild type for chemotaxis). The attachment of the strains to
the coverslips in the FRET experiments should also be optimized (e.g.
ECOR18 do not stick well to polylysine-coated coverslips).
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Soft-agar plate experiments

The bacterial cultures were grown overnight to saturation in
tryptone broth (ITB, 1% Bacto tryptone, 0.5% sodium chloride, pH 7.0). The
soft-agar plates were prepared using 25 ml TB per plate, solidified with
0.26% Bacto agar. The plates were left to solidify overnight under a
humidity chamber. 5 pl of the tested cultures were inoculated in the plates.
Six strains were tested per plate, and two independent replicates were
performed for each strain. The plates were incubated at 30° C for 4 h, and
imaged using MultiDoc-It™ digital imaging system, equipped with
Olympus camera. After an additional 3.5 h of incubation, the plates were
imaged again.

Plate reader experiments

The growth in TB at 33.5° C was evaluated for the strains of interest
by measuring the optical density of the cultures at 600 nm (ODsw) in a
multilabel plate reader (Perkin Elmer 2030). The temperature of the plate
reader was set to 33.5° C. The saturated overnight cultures were diluted
100 times in TB. 200 pl of the diluted cultures were placed in the wells of a
96-well plate (OptiPlate-96). The ODsw was measured and recorded at
35 min intervals. After every third measurement, 11 pl of water was
dispensed in each well to compensate for the evaporation of water and
maintain the volume in each well constant. One of the rows in the 96-well
plate was filled with a sterile TB and the averaged ODsw measured in this
row was used for a background correction. At least four wells were
allocated for each strain and the averaged results were used to plot a
growth curve for each strain. The doubling times of the strains were
calculated by fitting to the log phase of the growth curves an exponential
function ODggy = 0DZyy27, where 0Dy, is the ODew in the beginning of the
log phase and 7is the doubling time of the strain.
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Swimming motility experiments

The overnight cultures were diluted 100x in TB and grown at
33.5°C on a rotary shaker, until the cultures reached mid-exponential
phase (ODew ~ 0.5). Then the bacteria were harvested by centrifugation
(5 min, 5000 rpm), washed twice and carefully resuspended (by shaking the
tube, without pipetting) in motility buffer (10 mM potassium phosphate
buffer pH 7.0, 0.1 mM EDTA, 1 uM L-methionine, 10 mM lactic acid,
pH 7.0). The cultures were imaged immediately or stored at 4° Cup to 5 h
prior to the experiment.

The swimming behavior of the bacteria was observed on a Nikon
Eclipse inverted microscope using a 20x phase-contrast objective and an
additional 1.5x magnification. The tested bacterial strain, diluted 3 - 5x in
motility buffer was placed in tunnel slides, in which the distance between
the glass and the cover slip was ~1.5 mm. The bacteria were imaged at mid-
depth, close to the liquid-air border of the tunnel slide to ensure that
oxygen was available to the bacteria. The temperature during the
microscopy observation was maintained at 33.5° C using a temperature-
control plastic chamber covering the microscope.

A Roper Scientific (Photometrics CoolSNAP HQ) camera was used
to record movies with 7.6 frames per second. Movies with a higher frame
rate (30 frames per second) were also recorded for some of the strains using
a smaller field of view. The bacterial trajectories were extracted using
BacTrack cell tracking software °. First, each frame was subtracted from the
following one to remove the background; then, the bacteria in each frame
were located as peaks in a monochrome intensity field; finally, the bacteria
were tracked between the frames using the particle tracking algorithm
“Conservative search radius” (also called “Roman1”) implemented in the
BacTrack software. This algorithm utilizes a user-defined hard cutoff
radius that corresponds to the maximum distance that an object (bacterium)
can move between successive frames. The objects in a frame n are called
“parent particles” and the objects in the consecutive frame, n+1, are called
“children particles”. The basic rule is that each child comes from one parent
and each parent begets one child. The algorithm does the following;:

193



Appendix B

1. locates parent and children particles in frames n and n+1
2. accepts an user-defined cutoff radius R
3. computes the distances for all pairs of parents and children; throw out
all pairs whose distance > R
4. considers for one parent particle at a time whether the parent has
(a) no children (no child particle within R): the trajectory ends
(b) a single child (only one child particle within R); if the child has
- a single parent, the child-parent pair is considered a match (the
child and the parent are the same particle)
- >1 parent: the trajectory ends
(c) >1 child (>1 child particle within R): the trajectory ends
5. the children that have no parent start new trajectories
6. the process is repeated from step 2 for the next pair of frames

The post-processing of trajectories was performed in MATLAB to
yield the 2D population-averaged run velocity (the MATLAB code that was
used has been published in the B.Sc. thesis of M. D. Sekora, MIT, 2005).

The tracking algorithm has worked only for a subset (~1/4 of the
total number) of the movies of swimming ECOR strains. The main
problems were the density of the cells (too high or too low) and drift of the
liquid in the tunnel slides. Fast/slow categories (Table B.1) are thus
approximate, strains that seemed (by eye) to swim similar to strains with
swimming speed <10 um/s were labeled as “slow”, and strains that seemed
to swim similar to strains with swimming speed >10 pm/s were labeled as
“fast”.

Sequencing and genetic analysis

Sequencing primers for the meche region were designed using the
Primer 3 program and the genomic sequence of the E. coli K12 substrain
MG1655 (NCBI accession number: NC_000913.2). PCR products of length
700-800 base pairs were obtained for the whole length of the meche operon,
including its flanking regions, and the samples were sent for sequencing to
ServiceXS. Results were analyzed using BioEdit and Mutalin programs.
Multiple sequence alignments were obtained using CLUSTALW algorithm.
ExPASy translate tool was used obtain the amino acid sequences.
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Chemotaxis system of natural Escherichia coli isolates

The concatenated sequences of the genes of meche operon from the
selected subset of ECOR strains, E. coli K12 substrain MG1655, and
S. typhimurium LT2 were used to construct a neighbor-joining tree using
KITSCH®O algorithm by Joseph Felsenstein in Bioedit, which estimates
phylogenies from distance matrix data, assuming that the distances are
equal to the sums of branch lengths between the strains. It assumes an
evolutionary clock and uses the Fitch-Margoliash criterion.
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Effect of CheB phosphorylation feedback
on adaptation kinetics in bacterial
chemotaxis

The chemotactic signaling network of bacteria provides a model system for
testing the effect of altering network topology on the function of signaling
pathways. Here we studied how the disruption of the phosphorylation-
dependent feedback via the activity of the methylesterase CheB affects the
adaptation kinetics in Escherichia coli chemotaxis. Using in vivo fluorescence
resonance energy transfer (FRET) measurements coupled with temporal
step and exponential ramp stimuli, we determined the shape of the transfer
function F(a), describing the methylation kinetics of the chemoreceptors, in
populations of cells that express a mutant CheB lacking the
phosphorylatable N-terminal regulatory domain (CheBc) or having a
mutation in the phosphorylation site (CheBP**). We showed that the shape
of F(a) differs between wild type cells and cells that express CheBc or
CheBP>¢E, F(a) for cells expressing CheBc and having a steady-state kinase
activity > 0.40 follows Michaelis-Menten kinetics, whereas a nonlinearity in
F(a) of at high values of kinase activity was observed for wild type cells.
Our observations suggest that the strong nonlinearity of F(a) could be a
consequence of the specific topology of the chemotaxis network of E. coli.
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C.1. Introduction

Changes in the topology of signaling and regulatory networks can
have a strong effect on cellular responses and ultimately the cell fate 13424,
The simple and thoroughly characterized chemotaxis circuit of E. coli 24326,
provides an ideal system for studying the effects of genetic changes of the
network topology on the cellular response. In this thesis we have studied
the response of a natural chemotaxis network with a different topology by
looking at the response functions of the close relative to E. coli,
S. typhimurium, which has an additional scaffolding protein that can be
phosphorylated ' (Chapter 3 and 5). Here, we change the structure of the
E. coli signaling network by genetic modifications, and using sensitive
physiological measurements of the network response, study the
consequences of the altered topology in vivo.

The bacterial chemotaxis network has a modular structure
describable by a coarse-grained model with three dynamic variables: [L] -
input (ligand concentration), m — memory (receptor methylation level), and
a — output (kinase activity), linked by two transfer functions 2*°, which have
been characterized using FRET experiments 2. One of the two transfer
functions, G([L],m), representing the receptor module, is well described by
an MWC model of receptor interactions 2 (see Chapter 3). The second
transfer function, F(a), represents the integrand of negative feedback within
the adaptation module. It represents the rate of change of receptor
methylation, catalyzed by a  methyltransferase @ CheR  and
methylesterase / deamidase CheB. Assuming that CheR binds only the
inactive receptors and CheB - only the active receptors, F(a) can be
expressed by an enzymatic reaction model

F(a) e Vy(a) (1)

=V i

where Kr and Ks are the Michaelis constants, and Vr and Vs(a) are the
maximal velocities for methylation and demethylation respectively.
However, it has been shown experimentally that F(a) could not be fit by a
simple mechanistic model of enzyme kinetics 2, as explained below.

F(a) has been mapped experimentally in E.coli, using FRET
measurements coupled with exponential ramp inputs, [L](t) = [L]pe™,
where r is the ramp rate, and [L]o is the ligand concentration, to which the

a
7
Kpta
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cells are adapted before applying the ramp 2. During exponential ramp
inputs the kinase activity reaches a new constant steady-state level, a,
which can be used to infer the shape of F(a) ¢ (see Chapter 3, Figure 3.4).
For a < 0.74, the shape of F(a) can be fit by Michaelis-Menten kinetics, with a
constant Vs. As the kinase activity, a, approaches unity, there is a sharp
increase in Vs(a), which can be fit by a piecewise linear form (see Chapter 3,
equation 22). However, this phenomenological fit does not provide a
mechanistic explanation for the strongly non-linear behavior of Vs(a) and
F(a) respectively.

One hypothesis for the nonlinearity of F(a) is that it is a consequence
of the specific topology of the E. coli chemotaxis network, in which CheB
activity is controlled by phosphorylation . The methyltransferase CheR
and methylesterase / deamidase CheB regulate the level of methylation of
the chemoreceptors, which modulates the activity of the receptor-kinase
complexes. CheB has a two-domain structure (Figure C.1A). The
N-terminal domain is a regulatory (REC) domain, which is phosphorylated
by the active kinase (CheA) molecules. The REC domain regulates the
activity of the C-terminal domain, which has a methylesterase activity:
upon phosphorylation at position D56 in the REC domain, the
methylesterase activity is stimulated. The mechanistic explanation of this
phenomenon is that in the unphosphorylated CheB, the REC domain packs
against the active site of the methylesterase domain, inhibiting its activity
(Figure C.1A Ieft). Upon its phosphorylation, the REC domain changes its
conformation, disrupting the domain interface, which allows access to the
methylesterase active site, activating the methylesterase activity of CheB ¢
(Figure C.1A right). Demethylation of the receptors leads to the
deactivation of the receptor-kinase complex, which provides a
phosphorylation-dependent negative feedback loop in the chemotaxis
system of E. coli °.

To test whether the sharp transition of F(a) around a = 0.74 is a result
of the phosphorylation-dependent feedback, we transformed AcheB E. coli
cells with plasmids used for expression of mutant CheB variants CheBP%F
and CheBc. CheBP*t (Figure C.1B left) bears a mutation at the
phosphorylation site (D56), which prevents phosphorylation by CheA, i.c.
the methylesterase activity of CheBP*F cannot be stimulated by
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phosphorylation. CheBc (Figure C.1B right) is a truncated version of CheB,
in which only the methylesterase domain is preserved. It has been shown
that CheBc has a much lower methylesterase activity than the
phosphorylated intact CheB ¢, implying that the phosphorylation of the
REC domain has a role not only in the relief of the methylesterase
inhibition, but also in the stimulation of the methylesterase activity '°. If the
phosphorylation-dependent feedback on CheB activity is responsible for
sharp transition in F(a) at high values of kinase activity, a, observed in wild
type E. coli, such a sharp transition should not be observed in the CheBP>*-
and CheBc-expressing strains where the phosphorylation-dependent
feedback is disrupted. We describe below our efforts to test this hypothesis
using in vivo FRET experiments.

A. N /‘SEP
N 5"?&(, CheA’ 4 56 119 158 340
s Y e
o
CheB o CheB"
B P
N % 158 340
he p Victhylest g
b CheBc
CheB™* %

Figure C.1. Domain structure of CheB. (A) CheB has two domains: regulatory
(REC) N-terminal domain and methylesterase C-terminal domain. CheB changes
its conformation from inactive (left) to active (right) after phosphorylation of D56 in
the REC domain. (B) Left: CheBP*F is a mutant of CheB, in which the
phosphorylation position in the REC domain is mutated and therefore it cannot be
phosphorylated. Right: CheBc is a truncated mutant of CheB, which lacks the
N-terminal REC domain.
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C.2. Shape of F(a) in E. coli with disrupted phosphorylation feedback,
characterized using temporal step stimuli

We characterized the shape of F(a) in AcheB cells expressing either
wild type CheB, CheBP>F or CheBc from an L-arabinose-inducible plasmid
(see Materials and methods). To measure the rate of change of the
methylation level C;—T = F(a), as a function of the kinase activity a, we used

a recently developed experimental strategy, which employs simple step
addition and removal of chemoeffector 2. During adaptation to a step
change, in the input ligand concentration, [L], is constant and the
methylation level of the receptors, m, changes. Thus, using the model of
reference 2, the kinase activity a can be expressed as % = 5—;2—? =
aNa(1 —a)i—?, where N is the number of ligand binding units in a
receptor-kinase complex (N=6 for E.coli @), and a is the free energy
change per methylation increment (a ~2 ksT for E. coli *®). Therefore F(a)
can be expressed as F(a) = (da/dt)/(ocNa(l—a)), and F(a) can be
reconstructed experimentally as described below 242,

We applied saturating (1 or 5 mM) steps of o-methyl-aspartate
(MeAsp) to wild type cells and AcheB cells expressing either wild type CheB,
CheBP>E or CheBc. We allowed the cells to adapt completely after both
addition and removal of MeAsp. We converted the FRET response into
units of kinase activity a (see Materials and methods), and calculated da/dt
at each point in time by fitting a line to a segment of 31 data points centered
at the current time and extracting the slope (the number of data points is
consistent with the analysis performed in reference ). Using the constants

N=6 and a=2ksT determined previously 22¢?%, we calculated 6;—7: = F(a)

and plotted the values as a function of a (Figure C.2A).

In the wild type cells, we observed a steep linear decrease of F(a) at
large a, similar to that observed previously in wild type E. coli using
exponential ramp stimuli 2627 (Figure C.2A, B). Wild type cells in our
measurements had a steady-state kinase activity a0 = 0.38, whereas those in
the experiments of reference 22 had a0 =0.33. The difference in the steady-
state kinase activity and the position in which the kink in F(a) occurs
(a~0.62 in our measurements and a~0.74 in the measurements of
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reference 22°) might be explained by variations in the expression level of
CheB, e.g. due to subtle differences in the growth conditions *2.

In the AcheB cells expressing CheB from L-arabinose-inducible
plasmid we controlled ao by changing the amount of inducer. By increasing
CheB expression level using higher concentration of inducer, we achieved
lower a0 due to the higher demethylation rate at constant expression of
CheR. Figure C.2A left shows a comparison between wild type E. coli, and
AcheB E. coli, complemented with CheB using 0.0001% and 0.0003%
L-arabinose as an inducer, having ao of 0.38, 0.46 and 0.34 respectively. For
all three strains we could not fit the entire F(a) using the the Michaelis-
Menten model of equation (1) with a constant maximal rate of
demethylation Vs: a steep linear decrease occurs at a2 =0.62, 0.60 and 0.72
respectively (Figure C.2A [eft).

We measured the shape of F(a) in AcheB cells expressing CheBc and
CheBP5¢E. Cells expressing CheBc with a kinase activity of 0.48 and 0.42
(CheB expression induced with 0.0001% and 0.0003% L-arabinose
respectively) can be fit by equation (1) with a constant Vs (Figure C.2A
middle). AcheB cells expressing CheBP** (0.00015% L-arabinose, a0 = 0.42), as
well as cells, expressing larger amounts of CheBc (0.001% L-arabinose,
a0=0.20), both showed a kink in F(a) at a~0.85 (Figure C.2A right and
middle) and thus cannot be fit by equation (1) with a constant Vs.

C.3. Shape of F(a) in E. coli with disrupted phosphorylation feedback,
characterized using exponential ramp stimuli

We confirmed the difference in the shape of F(a) in cells that express
CheBc by measuring the constant kinase ac activity reached during
temporal exponential ramp stimulation, and converting the obtained
gradient senitivity curve to F(a) (see Chapter 3). Figure C.2B shows the
results obtained using FRET measurements in CheBc-expressing cells
(0.0003% L-arabinose, ao=0.42), in comparison to results from the same
type of measurements in wild type cells taken from reference . Similar to
the result from the analysis of the response to a step, F(a) for CheBc-
expressing cells could be fit by equation (1) with a constant Vs (Figure C2.B).
Thus, we conclude that the phosphorylation-dependent feedback in wild
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type E. coli, which is disrupted in CheBc cells, affects the shape of F(a) at

high levels of kinase activity.

Table C.1 summarizes the fitted parameters for the Michaelis-
Menten model (equation (1)) for all strains shown of Figure C.2A and B.

Strain ao VR Vs Kr Ks a in which a kink in
(s7) (s1) FE(a) occurs
WT 0.38 0.008 0.007 0.32 0.30 0.62
CheB 0.46 0.008 0.006 0.32 0.30 0.72
CheB 0.34 0.008 0.008 0.32 0.30 0.60
CheBc | 046 0.008 0.007 0.32 0.08 -
CheBc | 042 0.008 0.006 0.32 0.08 -
CheBc | 020 0.008 0.008 0.32 0.08 0.85
CheBDssE | 042 0.014 0.009 0.32 0.01 0.85
WT 0.33 0.010 0.013 0.32 0.30 0.74
CheBc | 042 0.014 0.013 0.32 0.08 -

Figure C.1. Fitted parameters to the data shown on Figure C.2, using equation (1).
Fits to equation (1) end at the value of 4, shown in the last column. CheB, CheB and
CheBP56E refer to AcheB strains, expressing the respective CheB variant from a
plasmid. The last two rows refer to the strains, used in Figure C2.B. Note that the

fits are not well constrained.
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Figure C.2. Effect of disruption of the phosphorylation-dependent feedback in
bacterial chemotaxis on the shape of F(a). The shape of F(a) was determined using
step stimuli (A), and exponential ramp stimuli (B). Results for strains expressing
CheB (left), CheBc (middle), and CheBP5E (right) are shown with the name of the
CheB variant within each panel. Different colors of each panel in (A) correspond to
different induction levels of the CheB variants, leading to different a0 (indicated
within the key of each panel, and with a vertical dashed line). The result for wild
type (WT) E. coli is shown for comparison in the left panel of (A). The data for wild
type E. coli shown in (B) is taken from reference 2. Fits with Michaelis-Menten
model are shown for all strains with parameters, indicated in Table C.1. Linear fits
are shown for the segments that could not be fit by the Michaelis-Menten model.
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C.4. Discussion

A fundamental question in systems biology is how the topologies of
biochemical networks affect their input-output relationships, i.e. transfer
functions 22?%. We have shown an example of how in vivo FRET
measurements can be used to elucidate the effect of topological changes in
a biological signaling circuit. We used E. coli cells in which the chemotaxis
system was genetically altered in such a way that removes the
phosphorylation feedback on the methylesterase activity of CheB, i.e. cells,
expressing a CheB mutant with a disrupted phosphorylation site (CheBP5F)
or lacking the phospho-receiver domain (CheBc). Using FRET
measurements coupled with temporal step and exponential ramp stimuli,
we demonstrated that in contrast to wild type cells, the transfer function
F(a) of CheBc-expressing cells with a steady-state kinase activity > 0.40 can
be fit by Michaelis-Menten kinetics with a constant maximal rate of
demethylation Vs (Figure C.2). CheBc-expressing cells with lower steady-
state kinase activity (a0=0.20), as well as ChePP>t-expressing cells (with
a0 =0.42) showed a steep linear decrease of F(a) at high values of a similar to
that observed in wild type cells (Figure C.2). CheBc has a much lower
methylesterase activity than the phosphorylated intact CheB ¢, and
CheBP*F cannot be activated by phosphorylation, implying that the higher
activity of CheB induced by the phosphorylation feedback leads to the
nonlinearity of F(a) at large a.

The mechanistic event that determines the characteristic kink of F(a)
in wild type E. coli cells is still to be identified. Clausznitzer et al. 3 propose
that the fast demethylation at high a could be due to cooperative action of
two phosphorylated CheB (CheB-P) molecules: one CheB-P molecule could
bind to a C-terminal tether of a chemoreceptor to allosterically activate the
group of surrounding chemoreceptors, while another CheB-P molecule
demethylates the activated chemoreceptors 2%. A plausible explanation of
the effect of the phosphorylation feedback is that the phosphorylation of
CheB affects its association with the receptor-kinase clusters, and its
proximity with its substrate (chemoreceptors) and phosphorylation enzyme
(CheA) respectively. Imaging of fluorescently labelled CheB and CheBc
showed that they both localize to the cell poles but CheBc localizes to a
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lesser extent 2. The dynamic localization of CheB with the receptor clusters
can be further assessed using superresolution microscopy imaging in living
cells, such as photoactivated localization microscopy (PALM) *.

A form of CheB similar to CheBc might exist in wild type bacteria.
Simms et al. 2 reported that purified CheB from S. typhimurium contains
two forms of CheB: the intact full-length product of cheB gene and a
C-terminal fragment, starting at residue 147 of the intact CheB, i.e.
containing the full methylesterase domain (see Figure C.1). The C-terminal
fragment could be a result of proteolysis of the full-length CheB, which is a
common mechanism for turning on enzymatic activities 198187 This
fragment itself could target to the receptor-kinase clusters 2. The ratio of
full-length to C-terminal fragment of CheB in wild type cells could affect
the shape of F(a) and the position, in which the steep decrease of F(a) occurs.

Another explanation could lie in the cell-to-cell variation of the
expression of CheR and CheB in E. coli cells (Ned Wingreen, personal
communication; Michael Salazar’s B.Sc. thesis, 2010). The net rate of
receptor methylation is proportional to the methylation rate of CheR, v,
minus the demethylation rate of CheB, vs, assuming for simplicity linear,
rather than Michaelis-Menten kinetics, and that only the inactive receptors
are methylated and only the active receptors are demethylated:

F(a) =Z—T=UR(1—a)—vBa, (2)

where vr and vs are the rate constants of CheR and CheB respectively. For
temporal exponential ramp stimuli with ramp rates r, it has been shown
that F(a) = r/a, where a is the free energy added to the free energy of the
receptor-kinase complex per methylation increment 2 (see Chapter 3).

Thus, for equation (2) it follows that
VR 1

a. = r )

T vptvg  a(vgtvg)

where a. is the constant kinase activity reached during ramp stimulation.
Assuming that for individual cells vr and vs are constants, for 0 <a <1 the
gradient-sensitivity curve a«(r) is a straight line, and it becomes constant
when ac reaches 0 or 1, its minimum and maximum respectively. However,
different cells in a bacterial population produce different amounts of CheR
and CheB: it has been reported that the steady-state distributions of protein
concentration in a population of cells generally follow a gamma
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distribution as a consequence of the stochastic protein expression %. The vr
and vs values will be large for cells producing large amounts of CheR and
CheB, therefore the slope of ac(r) will be shallow (see equation (3)), and ac
will reach 1 at large values of r. The opposite will be observed for cells
expressing small amounts of CheR and CheB, therefore ac will reach 1 at
small values of r. Salazar et al. simulated the effects of such variability in
adaptation kinetics at the population level, and found that the cell-to-cell
variations in vr and vs values can lead to the sharp nonlinearity in ac(r)
observed experimentally 2 even if F(a) for each cell is a linear function of a.
The shape of the feedback trasfer function F(a) can be obtained from the ac(r)
curve by inverting a.(r) = F~1(r/a) 2629, thus the strong nonlinearity in
ac(r) could explain the kink in F(a). This hypothesis could be tested
experimentally by observing the shape of F(a) in single cells.

Future developments of sensitive physiological assays comparable
to these FRET measurements of the chemotaxis pathway, for other
biological signaling systems could shed light on the function of regulatory
motifs that can be genetically altered. Considering biological sensory
systems as modular structures, knowledge of the function of particular
cellular regulatory motifs could accelerate the development of
bioengineering and synthetic biology 52%.

C.5. Materials and methods
Bacterial strains and plasmids

The FRET donor-acceptor pair (CheZ-CFP and CheY-YFP) was
expressed from a plasmid pVS88 240 in a AcheB AcheY AcheZ E. coli RP437 (i.e.
VS124, gift from Victor Sourjik). Wild type cheB, non-phosphorylatable
mutant cheBP%F and truncated mutant cheBc (containing the last 612 base
pairs of cheB) were cloned into pBAD33 vector using Sacl and Xbal cloning
sites (pVS91, pVS97 and pVS112 plasmids respectively, gifts from Victor
Sourjik). The expressions of wild type CheB, CheBP*F and CheBc were
induced with L-arabinose (the percentages of L-arabinose that we used for
the different plasmids and experiments are indicated in the text). Wild type
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E. coli refers to AcheY AcheZ E. coli RP437 expressing CheY-YFP and
CheZ-CFP from pVS8S.

In vivo FRET measurements and data analysis

Cells were grown at 250 rpm at 33.5°C in a rotary shaker to mid-
exponential phase (ODsw ~ 0.5) in tryptone broth (TB; 1% tryptone, 0.5%
NaCl, pH 7.0) supplemented with appropriate antibiotics and inducers.
Cells were harvested by centrifugation, washed twice and resuspended in
motility buffer (10 mM potassium phosphate, 0.1 mM EDTA, 1 uM
methionine, 10 mM lactic acid, pH 7), and stored at 4°C for 1-5 h prior to
the experiment.

FRET microscopy of bacterial populations was performed as
described previously 2. Cells, attached to a poly-L-lysine-coated coverslip,
were situated at the top face of a bespoke flow cell ¥, and kept under
constant flow of motility buffer, generated by a peristaltic pump (Rainin
Dynamax RP1) or syringe pump (Harvard Apparatus, PHD2000).
Exponential ramp stimuli were generated by mixing a concentrated
solution of the chemoeffector a-methyl-DL-aspartate (MeAsp; Sigma
Aldrich) and motility buffer by a fluid mixer of a type described before 3522
(see Chapter 3). An upright microscope (Nikon FN1) was equipped with an
oil immersion objective (Nikon CFI Plan Fluor, 40x/1.3). The sample was
illuminated by a metal halide arc lamp with closed-loop feedback (EXFO X-
Cite exacte) through an excitation bandpass filter (Semrock, FF01-438/24-25)
and a dichroic mirror (Semrock, FF458-Di01). The epifluorescent emission
was split by a second dichroic mirror (Semrock, FF509-FDi01) into donor
(cyan, C) and acceptor (yellow, Y) channels and collected by two photon-
counting photomultipliers (Hamamatsu H7422P-40) through bandpass
filters (Semrock FF01-483/32 and FF01-542/27 for the C and Y channels,
respectively). Detector output from the two channels were recorded
through a data acquisition card (National Instruments) installed on a PC
running custom-written software.

After background subtraction, the ratio between the acceptor and
donor channel (R =Y/C) was used to compute the change in FRET
efficiency upon stimulation (see Chapter 3). Under the conditions of the
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measurements, AFRET~AR, and we expressed AFRET for simplicity in
arbitrary units of AR.

AFRET(t) was normalized to the absolute magnitude of the response
to addition of a saturating attractant step, |AFRETZ:?|, to compensate for
variations due to different absolute levels of signal between the
experiments. The steady-state kinase activity, a0, was calculated as

|AFRETG remove :
= TAFRETEAT] 1 [aFRETIEOV] where AFRET;} is the response to removal
sa sa

of a saturating attractant step after the cells have been completely adapted.

AFRET .
is the

|AFRET4%|+|AFRETIEMOVE|

Qo

The kinase activity a = ag + Aa, where Aa =

kinase activity change in every point in time.
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Summary

The chemotaxis signaling circuit that enables enteric bacteria to
sense and respond to chemicals and physical changes in their environment
is one of the best characterized signaling networks in biology. The detailed
molecular knowledge about this system has enabled quantitative
experimental and theoretical studies that have explained the characteristics
of chemotaxis response, such as precise adaptation and high signal
amplification. Many of the properties of the chemotactic signaling in
bacteria are also observed in the more complex sensory systems of
multicellular organisms. Thus, insights from studies of the bacterial
chemotaxis system could facilitate the understanding of fundamental
properties of sensory systems in biology.

In this thesis, the chemotactic signaling of enteric bacteria was
investigated from a functional point of view. Quantitative experiments
measuring the chemotactic signaling response of Escherichia coli and
Salmonella typhimurium were used to characterize the properties of the
receptor response and adaptation at the systems level. Behavioral strategies
were predicted from the transfer functions of the signaling response and
confirmed experimentally. The roles of previously uncharacterized
chemotaxis proteins were explored using physiological measurements and
quantitative imaging.

Physiological studies of sensory responses have highlighted that the
threshold of response to a stimulus is proportional to the magnitude of the
original stimulus: a property, known as Weber’s law. However, Weber’s
law addresses only the instantaneous response to small step stimuli. In
Chapter 2, we provide the first demonstration that an adaptive sensory
system rescales the entire dynamics of its response to time-varying inputs.
We show for the chemotaxis response of E. coli to a-methylaspartate
(MeAsp) that the entire shape of the output depends only on the fold
changes in the input and not on its absolute levels, a property recently
described as fold-change detection (FCD). We used fluorescence resonance
energy transfer (FRET) to probe this rescaling of the signaling response in
E. coli, and we found two ranges of background concentrations, in which
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FCD holds, i.e. “FCD regimes”. The amplitude of the response differed
between the two regimes; however, the adaptation timescale was invariant.
We identified three sufficient conditions for FCD in bacterial chemotaxis.
FCD was also observed for the distributions of E. coli swimming in spatial
gradients of MeAsp created in microfluidic platforms.

Input-output relationships of the chemotaxis response have been
thoroughly characterized in the model strain E. coli K12. FRET-based
studies showed high receptor sensitivity and cooperativity and explored
the properties of the adaptation system, using time-varying stimuli.
However, even within the species E. coli, there is a great variety in the
chemotactic performance between different strains, as we showed in
Appendix B. In Chapter 3 we performed a detailed comparison of the
physiological response of E.coli K12 and the closely related species
S. typhimurium LT2 that share homologous chemotactic networks. We
revealed that adaptation to MeAsp in S. typhimurium is three-fold faster
and the apparent cooperativity of the receptor response is three-fold lower
than that of E. coli. Moreover, the response-rescaling properties differed
between the two species: in contrast to E. coli, S. typhimurium showed a
single FCD regime. Using the obtained parameters for the chemotactic
signaling transfer functions of both species, we explained the differences in
the sensitivity modulation of the response.

In Chapter 4 we study two chemoreceptors of S. typhimurium, McpB
and McpC, with hitherto unknown functions. The radial migration in soft-
agar plates suggested that these receptors sense the amino acid cysteine
and its oxidized dimeric form cystine as chemoattractants. However, our
FRET measurements of the chemotactic kinase response showed that cells
expressing only McpB / C chemoreceptors respond only to the oxidized
form, and the response was unexpectedly in the repellent direction.
Furthermore, we showed that the reduced form, cysteine, is an attractant
sensed by Tsr and Tar. We showed that the adaptation to both cystine and
cysteine is methylation dependent, and the adaptation to cystine is
incomplete, i.e. imperfect adaptation. We discuss that cystine-cysteine
interconversion and imperfect adaptation to cystine could explain the
attractant-like responses to both components in the soft-agar assays. We
explore the dose-response dependence of the opposite responses to
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cystine / cysteine redox pair in Appendix A. We observed linear scaling of
the magnitude of the response to cystine with the logarithm of cystine
concentration. Unexpectedly, we detected McpB / C independent responses
to cystine in S. typhimurium LT2, which might represent a redox response.
In Chapter 6, we present our preliminary results on testing the responses of
S. typhimurium to redox gradients.

Another chemotaxis protein with previously uncharacterized
function in S. typhimurium is CheV: a hybrid protein consisting of a
scaffolding domain and a phosphorylatable receiver domain. CheV plays a
role in receptor-kinase scaffolding and adaptation to chemoeffectors in
some bacterial species. The distinctive phenotype of knocking out cheV in
S. typhimurium strains incapable of methylation-dependent adaptation
suggested that CheV has a function in S. typhimurium’s chemotactic
response. Our FRET measurements presented in Chapter 5 revealed
methylation-independent partial adaptation to MeAsp, which is CheV-
dependent. To understand the mechanistic origin of this partial adaptation,
we performed quantitative image analysis of receptor clusters and showed
that the number of detectable clusters decreases in cheV knockout cells. In
particular there are less clusters that are not localized at the poles, i.e.
lateral clusters, in the cheV knockout cells. We speculate that a
phosphorylation-dependent feedback on the receptor cluster stability might
explain the role of CheV in S. typhimurium.

We explored another phosphorylation-dependent feedback
mechanism: the negative feedback loop introduced by phosphorylation of
the methylesterase CheB in E. coli chemotaxis in Appendix C. Using FRET,
we characterized the adaptation kinetics of genetically modified cells with
disrupted CheB phosphorylation site. We showed that the strong
nonlinearity in the transfer function characterizing the rate of change of
methylation as a function of the kinase activity could be a consequence of
the phosphorylation feedback on CheB activity.

In summary, we have studied the input-output relationships of the
chemotaxis response in E. coli and S. typhimurium using in vivo experiments.
We have demonstrated the fold-change detection strategy in both species at
both the signaling and behavioral levels. We have shown differences in the
chemotactic performance of bacteria with homologous chemotaxis
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networks, and explained the observed differences in terms of the
underlying control physiology. We have used the existing experimental
tools to probe the functions of uncharacterized chemotaxis components.
Future functional studies of signaling responses could further advance our
understanding how biological systems are designed.
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(Translated in Dutch by Johannes Keegstra)

Het chemotaxis netwerk is het systeem welke bacterien in staat stelt
fysische en chemische veranderingen omgeving waar te nemen en op deze
te reageren. Het is een van de best gekarakteriseerde signaalnetwerken in
de biologie. De gedetailleerde kennis van dit systeem op moleculair niveau
heeft kwantitatief onderzoek mogelijk gemaakt, zowel theoretisch als
experimenteel. Dit onderzoek heeft geleid tot een uitgebreide karakterisatie
van het chemotaxis systeem, waaronder het effect van volledige aanpassing
en de hoge signaalvesterking. Veel van de eigenschappen van het
chemotaxis systeem in bacterien spelen ook een rol bij complexere
sensorische systemen bij meercellige organismen. Zo kan inzichten uit
studies van de bacteriele chemotaxis het begrip van fundamentele
eigenschappen van sensorische systemen binnen de biologie
vergemakkelijken.

In het onderzoek beschreven in dit proefschrift werd het chemotaxis
systeem van bacterien onderzocht vanuit het perspectief van functionaliteit.
Metingen aan de chemotaxis trespons van Escherichia coli en
Salmonella typhimurium werden gebruikt om de eigenschappen van de
receptorrespons en -aanpassing te karakteriseren op het niveau van de
informatieverwerking. Uit de overdrachtsfuncties van de signaal-
verwerking werden strategieen van de bacterien voorspeld en met behulp
van experimenten werden deze voorspellingen bevestigd. De functie van
eerder ongekarakteriseerde eiwitten van het chemotaxis systeem werden
onderzocht met behulp van fysiologische metingen en kwantitatieve
beeldverwerking.

Fysiologische studies van zintuiglijke reacties geven aan dat de
drempelwaarde van de reactie op een stimulus evenredig is met de grootte
van de oorspronkelijke stimulus, wat bekend staat als de wet van Weber.
Echter, de wet van Weber beschrijft de respons van een systeem op stimuli
met een kleine stapgrootte op een bepaald tijdstip. In Hoofdstuk 2 tonen
wij voor het eerst aan dat een adaptief zintuiglijk systeem voor het gehele
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tijdsinterval van zijn reactie het ingangssignaal herschaalt. We laten zien
dat de chemotaxis respons van E. coli op a-methylaspartate (MeAsp) dat het
uitgangssignaal gelijk is voor veelvouden van hetzelfde ingangssignaal en
dus niet afhankelijk is van het absolute niveau, een eigenschap welke
recent beschreven is als detectie veelvoudverandering (Fold-change
detection - FCD). We gebruikten een fysische techniek gebaseerd op
energieoverdracht door resonantie van verschillende fluorescerende
deeltjes (Fluorescence resonance energy transfer - FRET) om de herschaling
van het ingangssignaal in E. coli te bestuderen, en we hebben twee reeksen
van achtergrondconcentraties gevonden voor waar FCD geldt, zogenaamde
"FCD regimes". De amplitude van de respons verschilde tussen de twee
regimes, maar de tijdschaal van de aanpassing was hetzelfde. We
identificeerden drie voldoende voorwaarden voor FCD in bacteriéle
chemotaxis. FCD werd ook waargenomen voor de verdelingen van
zwemmende E. coli in de ruimtelijke gradiénten van MeAsp welke tot stand
kwamen in vloeistofcellen op micrometerschaal.

Ingang-uitgangs relaties van de chemotaxis respons zijn grondig
gekarakteriseerd in de modelstam E. coli K12. Onderzoek met FRET toonde
een hoge gevoeligheid van, alsmede een hoge cooperativiteit tussen, de
receptoren. Ook de eigenschappen van het aanpassingssysteem werden
onderzocht, met behulp van de tijd varierende stimuli. Echter, zelfs binnen
de soort E. coli is er een grote variatie in de chemotactische prestaties van
verschillende stammen, zoals is te zien in Appendix B. In Hoofdstuk 3
maken we een gedetailleerde vergelijking van de fysiologische respons van
E. coli K12 en de nauw verwante species S.typhimurium LT2, welke
homologe chemotactische netwerken bezitten. Het bleek dat de aanpassing
aan MeAsp in S. typhimurium driemaal sneller is en de gemeten
cooperativiteit van de receptor respons driemaal lager dan die van E. coli.
Bovendien is de respons herschaling verschillend tussen de twee soorten:
in tegenstelling tot E. coli, toonde S. typhimurium een FCD regime. Met
behulp van de verkregen parameters voor de signaaloverdrachtsfuncties
van beide soorten konden we de verschillen in de modulatie van de
gevoeligheid van de reactie verklaren.

In Hoofdstuk 4 bestuderen we twee chemoreceptors van
S. typhimurium, McpB en McpC, met tot nu toe onbekende functies. Radiale
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migratie in halfzachte agar platen gesuggereert dat deze receptoren
reageren op het aminozuur cysteine en zijn geoxideerde dimeer cystine als
stoffen met een aantrekkende functie. Onze FRET metingen van de
chemotactische kinase reactie toonden echter aan dat cellen met alleen
McpB / C chemoreceptors slechts reageren op de geoxideerde vorm, en de
respons was onverwacht in de afstotende richting. Verder toonden we aan
dat de gereduceerde vorm, cysteine, als een aantrekkende stof wordt
waargenomen door Tsr en Tar. We toonden aan dat de aanpassing aan
zowel cystine en cysteine methylatie afhankelijk is, en dat de aanpassing
aan cystine onvolledig is, dat wil zeggen dat de adaptatie het signaal niet
terugbrengt naar het niveau voor de stimulus. We bespreken dat cystine-
cysteine omzetting en de onvolledige aanpassing aan cystine de
aantrekkend-achtige reacties aan beide componenten in de halfzachte agar
assays kunnen uitleggen. De dosis-respons afthankelijkheid van de
tegenovergestelde reacties op het cystine / cysteine redoxsysteem wordt
besproken in Appendix A. We observeerden lineaire schaling van de
omvang van de respons op cystine met de logaritme van cystine
concentratie. Onverwacht, we ontdekten enkele McpB / C onafhankelijke
reacties op cystine in S. typhimurium LT2, welke een redox respons zou
kunnen representeren. In Hoofdstuk 6 presenteren wij onze voorlopige
resultaten over het testen van de reacties van S. typhimurium aan redox
gradienten.

Een ander chemotaxis eiwit zonder eerder gekenmerkte functie
S. typhimurium is CheV: een hybride eiwit dat bestaat uit een
structuurdomein en een fosforyleerbare ontvangdomein. CheV speelt een
rol in receptor-kinase structuur en aanpassing aan chemo-effectoren in
sommige bacteriesoorten. Het kenmerkende fenotype van cellen zonder het
cheV gen in stammen van S. typhimurium welke niet in staat waren tot
methylatie suggereert dat CheV een andere functie heeft binnen het
chemotaxis netwerk van S. typhimurium's. Onze FRET metingen
gepresenteerd in Hoofdstuk 5 toonden gedeeltelijke aanpassing aan MeAsp
onafhankelijk van methylatie en afhankelijk van CheV. Voor een
mechanistisch begrip van deze gedeeltelijke aanpassing voerden we een
kwantitatieve beeldanalyse van de receptorclusters uit, en daarmee
toonden we aan dat het aantal detecteerbare clusters afneemt bij cellen
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waarin het cheV gen is verwijderd. Er is met name minder laterale clusters,
dwz clusters die niet gelokaliseerd bij de polen van de bacterie, in de cellen
zonder het cheV gen. We speculeren dat een fosforylatie-afhankelijke
terugkoppeling op de stabiliteit van de receptorclusters de rol van CheV bij
S. typhimurium zou kunnen verklaren.

We verkenden een andere fosforylatie-afhankelijke
terugkoppelingsmechanisme: de negatieve terugkoppeling geintroduceerd
door fosforylering van de methylesterase CheB in E. coli chemotaxis,
hetgeen is beschreven in Appendix C. Met behulp van FRET hebben we de
adaptatiekinetica van cellen met genetisch gemodificeerde CheB
fosforylatieposities onderzocht. We hebben laten zien dat de sterke niet-
lineariteit in de overdrachtsfunctie die de methylatiesnelheid als een
functie van de kinase activiteit een gevolg zou kunnen zijn van de
fosforylatie terugkoppeling van CheB activiteit.

Samengevat hebben we de overdrachtsfunctie van het chemotaxis
systeem in E. coli en S. typhimurium met in vivo experimenten onderzocht.
We hebben de FCD eigenschap aangetoond in zowel soorten op zowel de
signalering en gedragsniveau. We hebben verschillen aangetoond in de
functionaliteit van chemotaxis netwerken in homologe bacterién, en legde
de waargenomen verschillen in de onderliggende fysiologie. We hebben
bestaande experimentele technieken gebruikt om de functies van niet
eerder gekenmerkte chemotaxis componenten in kaart te brengen.
Toekomstige studies van signaalverwerking in functioneel perspectief
kunnen leiden tot een beter begrip van de vraag hoe biologische systemen
zijn ontworpen.
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