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Abstract

Complexity in Rhodobacter sphaeroides chemotaxis

Andrea Szöllössi

St Peter’s College, University of Oxford
Submitted for the degree of Doctor of Philosophy, Trinity Term 2015

Perceiving and responding to the environment is key to survival. Using the prokary-
otic equivalent of a nervous system – the chemotaxis system – bacteria sense chem-
ical stimuli and respond by adjusting their movement accordingly.

In chemotactic bacteria, such as the well-studied E. coli, environmental nutrient
sensing is achieved through a membrane embedded protein array that specifically
clusters at the cell poles. Signalling to the motor is performed by activation of the
CheA kinase, which phosphorylates CheY and CheB. CheY–P tunes the activity of
the flagellar motor while CheB–P, together with CheR is involved in adaptation to
the stimulus. In E. coli, a dedicated phosphatase terminates the signal.

Most bacterial species however, have a much more complex chemotaxis network.
Rhodobacter sphaeroides, a model organism for complex chemotaxis systems, has
one membrane-embedded chemosensory array and one cytoplasmic chemosensory
array, plus several homologs of the E. coli chemotaxis proteins. Signals from
both arrays are integrated to control the rotation of a single start-stop flagellar mo-
tor.

The phosphorelay network has been studied extensively through in vitro phospho-
transfer while in vivo studies have established the components of each array and the
requirements for formation. Mathematical modelling has also contributed towards
inferring connectivities within the signalling network.

Starting by constructing a two-hybrid-based interaction network focused on the
components of the cytoplasmic chemosensory array, this thesis further addresses
its associated adaptation network through a series of in vivo techniques.

The swimming behaviour of series of deletion mutants involving the adaptation
network of R. sphaeroides is characterised under steady state conditions as well
as upon chemotactic stimulation. New connectivities within the R. sphaeroides
chemotaxis network are inferred from analysing these data together with results
from in vivo photoactivation localisation microscopy of CheB2.

The experimental results are used to propose a new model for chemotaxis in R.
sphaeroides.
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CHAPTER 1
Introduction

Professor Howard C. Berg famously refers to himself as a neurobiologist, one who

has “had the courage to deal only with the simplest single-celled nervous systems”.

He is of course referring to his work on bacterial chemotaxis and he is also not the

first scientist to make such a claim. Regarding bacterial chemotaxis systems as the

prokaryotic equivalent of a nervous system is a parallel first drawn by Professor

Julius Adler more than 30 years ago [2]. This may seem a bold claim to many

– particularly neuroscientists. But perhaps the claims of Adler and Berg are not

as far fetched considering that the emergence of chemotaxis systems in bacteria

marks the fundamental transition from passive sensing to active exploration of the

environment, and chemotaxis systems are also some of the most complex signal

transduction networks in prokaryotes with respect to component design.

Thus without attempting to claim a doctorate in neuroscicence, the present thesis

takes an interdisciplinary approach to offer answers to outstanding questions re-

garding Rhodobacter sphaeroides chemotaxis signal transduction.

2
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1.1 Motility and taxis

Bacteria have developed various strategies for swimming through liquid or moving

on solid surfaces e.g. Flavobacterium johnsoniaeglides moves rapidly over surfaces

while Myxococcus xanthus has two differnt mechanisms for surface mobility. Other

organisms like Pseudomonas aeruginosa, can perform both surface as well as aque-

ous movement [46]. Movement on surfaces is often mediated by type IV pili, while

movement through liquid environments is predominantly mediated by the rotation

of helical filaments extruded from the cell called flagella [46].

Figure 1.1: Bacterial biased random walk. A. In the absence of a gradient, the
bacterium performs a random walk. B. When a gradient of attractant is present,
there is a directed movement up the gradient.

A great proportion of bacteria have the evolutionary advantage of directed move-

ment towards conditions that are more favourable for growth, a process known as

taxis. Such parameters include nutrient concentration in their environment (chemotaxis),

light (phototaxis), and optimum temperature (thermotaxis). However bacteria liv-

ing in diverse environments, that is outside the conical culture flask carefully placed

in the incubator, will move towards environments that are optimal for metabolic ac-
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tivity. This is a process called energy taxis which uses the chemotaxis pathway to

integrate signals from a series of chemosensors and metabolic sensors in order to

find the optimum conditions.

Tracking bacterial movement reveals a characteristically erratic trajectory consist-

ing of a series of runs and tumbles, showing that bacteria are unable to move directly

towards a nutrient source, for example. Because of their small size and the time

scales involved, it is generally accepted that bacteria cannot sense gradients along

their cell body. The strategy they use instead is comparing current environmen-

tal conditions with the ones experienced just before. If environmental conditions

become less favourable, the bacterium will randomly change direction. However,

if conditions are improving, it will continue swimming in the same direction for

longer. This movement pattern is knows as a biased random walk and causes the

bacterium to move, on average, towards favourable environmental conditions.

1.2 Bacterial chemotaxis

The emergence of the chemotaxis system marks a fundamental transition in signal

transduction: from passive sensing to active exploration of the environment.

The bacterial chemotaxis system does not have equivalent systems present in eu-

karyotes, hinting that eukaryotes and prokaryotes have developed navigation sys-

tems that are similar in basic principles (use of dedicated receptors and protein

kinases), but very different in therms of component design e.g. MCPs vs. G-protein

coupled receptors.
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1.2.1 An evolutionary perspective

The simplest transduction system consists of a single protein which does both the

sensing and directly effects a cellular response e.g. ligand binding transcription reg-

ulator. The sensory and regulatory domains are in the same protein. This is the

one-component system. A two-component system has the sensor (histidine kinase)

separate from the response regulator. One-component systems mostly detect sig-

nals in the cytoplasm while most two-component systems detect signals in the ex-

tracellular environment. The chemotaxis system is a special case of two-component

signal transduction.

Some of the components of the chemotaxis system present similarities to regulatory

proteins, but most elements have not been found in any other type of signal trans-

duction system. The overall design of the chemotaxis system is substantially more

complex than that of any other prokaryotic signal transduction system.

Two-component systems probably originated in Bacteria and were laterally trans-

ferred to Archaea [117]. The same pattern of evolution was proposed for chemo-

taxis systems and confirmed by Briegel et al. in 2015 [20]. It is also proposed that

the chemotaxis system originated gradually from two-component systems through

simple, incremental innovations such as domain acquisition and protein recruit-

ment.

The basic chemotaxis system includes seven different types of proteins, making it

the most complex signal transduction network in prokaryotes with respect to com-

ponent design.

As pointed out by Wuichet and Zhulin, the choice of E. coli as a model for chemo-

taxis [1] was unknowingly excellent: the presence of all central components and

the lack of most auxiliary components subsequently enabled the detailed molecular
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mechanisms of chemotaxis to be determined.

Figure 1.2: The model for chemotaxis in E. coli. Decreased attractant concentra-
tions are sensed by the methyl-accepting chemotaxis proteins (MCPs) which ini-
tiate signalling by activating the CheA histidine kinases through conformational
changes. CheA–P phosphorylates its two cognate response regulators: CheY–P
interacts with the flagellar motor increasing the tumble bias, while CheB–P desen-
sitizes the MCPs by demethylation, suppressing the signal that led to the activation
of CheA. Signalling to the motor is terminated by CheY–P dephosphorylation catal-
ysed by CheZ. CheR methylates the MCPs, increasing their sensitivity, and together
with the antagonistic demethylation by CheB–P enables the MCPs to adapt to envi-
ronmental conditions.

Ligand binding causes a chemoreceptor conformational change which tunes the

CheA kinase activity. In response to decreasing attractant, CheA phosphorylates

two response regulators, CheY, which controls flagellar motor switching, and CheB,

which is involved in resetting chemoreceptor sensitivity. The signal is terminated

through CheY-P dephosphorylation, which needs to happen rapidly to allow conti-

nous sensing, and is catalysed by phosphatases.
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1.2.2 Sensing

The external environment is sampled by thousands of membrane-embedded chemore-

ceptors. They are found as trimers of receptor dimers (Figure 1.3A), which form

signalling complexes with CheA, the chemotaxis histidine kinase (Figure 1.3B), and

CheW, the scaffold protein. These complexes are organised into large arrays usually

located at the cell poles. Allosteric interactions between array components allow for

signal amplification, providing bacteria with the ability to respond to small relative

changes in the environment over a broad range of background concentrations.

Figure 1.3: Domain structure for A. chemoreceptor dimers and B. CheA dimers.

In a cryo-EM study comprising different chemoreceptor classes and many different

species representing major bacterial phyla, a highly conserved 12 nm hexagonal

array was observed [21]. Chemoreceptor clustering appears universal among bac-

terial species and was probably conserved during evolution. Combining cryo-EM

data of the array with X-ray structures of its components showed that the chemore-

ceptor trimers of dimers lie at the vertices of a hexagonal lattice surrounding a ring

of alternating CheA P5 domains and CheW scaffold proteins [19]. These hexago-
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nal rings are linked through CheA P3 (dimerisation) domains to form an extended,

stable array Figure 1.4.

Figure 1.4: Model of the architecture of membrane chemosensory arrays. i) Side
view showing trimers of MCP dimers embedded in the inner membrane (IM) at one
end and connected through the CheA/W baseplate. ii) Top view showing the hexag-
onal rings formed by CheA/W, connected by the P3 domains. The MCP trimers of
dimers surround these hexagonal rings. Colours represent MCPs (dark blue), CheW
(light blue), and CheA (red). The figure was taken from [49].

Chemosensory arrays reconstructed in vitro retained CheA kinase activity for up to

20 days, displaying kinetic and thermodynamic ultrastability [32, 33]. This property

is proposed to arise from the tight packing of the array which establishes multiple

linkages between its components, also facilitating network cooperativity and in-

creasing the sensitivity of the array [69, 97]. Ultrastability is believed to contribute

to cell survival during starvation as it can remain stable for days while the cell finds

a more favourable environment. Through its high sensitivity and stability, the array

also provides an attractive platform for a new generation of ultrastable, ultrasensi-

tive biosensors.

The number of types of chemoreceptors varies greatly between species: some species

have a single type of chemoreceptor e.g. Methanococcoides burtonii and Mesorhi-

zobium loti while others have as many as 65 putative chemoreceptors, as is the case

for Magnetospirillum magnetotacticum [4]. E. coli has four chemoreceptors, each

specialised in recognising aspartate (Tar), serine (Tsr), ribose and galactose (Trg),

or dipeptides (Tap). The expression level for the various chemoreceptors can vary,
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as is the case for E. coli Tar and Tsr with a copy number of several thousand [25],

in contrast to the ten-fold lower copy number of Trp and Tap [41].

Chemoreceptors are transmembrane alpha-helical proteins. Most chemoreceptors

are methyl-accepting chemotaxis proteins (MCPs) and share the overall structure

described in Figure 1.3A. The periplasmic ligand-binding domain is flanked by

transmembrane (TM) regions. Chemoreceptors that lack the transmembrane do-

main are termed transducer-like proteins (TLPs). A HAMP (histidine kinase, adeny-

late cyclase,methyl-accepting chemotaxis protein and phosphatase) domain con-

nects TM2 with the cytoplasmic region, known as the highly conserved domain

(HCD). The HCD is highly conserved across bacterial species and can be used to

classify the MCPs using phylogeny [4]. The HCD region is further divided into two

adaptation and two signalling domains. The C-terminus of the MCP often contains a

conserved recognition site for CheR binding, known as the pentapeptide tail.

1.2.3 Signalling

Bacterial chemotaxis relies on on a two-component phosphotransfer pathway to in-

tegrate information from multiple chemosensors to produce an appropriate change

in swimming behaviour. Two-component phosphotransfer pathways contain histi-

dine kinase homodimers and response regulators [102]. Within each homodimer,

the kinase domain transphosphorylates the receiver domain at a conserved histi-

dine residue using ATP as the phosphodonor. The rate of autophosphorylation is

controlled by sensory stimuli and only phosphorylated histidine kinases are able to

transfer the phosphoryl group from their conserved histidine residue onto a con-

served aspartate residue of their cognate response regulator.

Two-component protein domains are modular, meaning that there is a variety of
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ways in which they can be integrated into proteins and pathways while maintaining

core structures and activities.

CheA, the bacterial chemotaxis histidine kinase, is a sensorless histidine kinase and

its response regulator, CheY, lacks an output domain. Despite the similarity between

the CheA-CheY pair and classical two-component systems, the structural features

of CheA place it in a separate class of histidine kinases, classII [15] (Figure 1.5). A

typical CheA kinase, like the one in E. coli, has five domains:

• P1 contains the conserved histidine residue involved in transautophosphory-

lation; this is a histidine phosphotransferase domain.

• P2 interacts with the response regulator and accelerates phosphotransfer to

the conserved aspartate residue; it is not essential for phosphotransfer [44,

101].

• P3 is the dimerisation domain.

• P4 binds ATP and phosphorylates the conserved histidine residue in the P1

domain; this is the kinase domain [105].

• P5 interacts with the chemoreceptors and adaptor protein CheW; this is the

regulatory domain [17, 53].

The rate of CheA autophosphorylation is increased by conformational changes in

associated chemoreceptors as a response to a less favourable chemical environment.

Its cognate response regulators are CheY proteins which tune the activity of the flag-

ellar motor, and typically CheB proteins involved in resetting the sensitivity of the

chemoreceptors (Section 1.2.5). CheY has a greater affinity for the P2 domain than

CheB, ensuring that the signal is transmitted to the flagellar motor before adapta-

tion interrupts the signalling. The time it takes for the signal to travel from the

chemoreceptor cluster to the motor is approximatively 100 ms.
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Figure 1.5: Structure of CheA dimer showing the simerisation (P3), kinase (P4),
and regulatory (P5) domains. [15]

CheY is one of the CheA response regulators, getting phosphorylated at a conserved

aspartate residue (D57) once it has bound to the CheA P2 domain. With a lower

affinity for CheA, CheY-P dissociates and diffuses to the flagellar motor. CheY-P

binding to FliM in the flagellar motor increases the probability of motor switching

to CW rotation, and thus for the cell to start tumbling.

1.2.4 Signal termination

The signal initiated by the chemosensory array is terminated through the removal

of the phosphoryl group from CheY-P. This is achieved either through autodephos-

phorylation or through the catalytic action of the CheZ phosphatase. According to

the study by Wuichet and Zhulin, >20% of the genomes with chemotaxis genes do

not have an identifiable CheY phosphatase [117].

E. coli responds to a nutrient concentration drop by starting to tumble within 0.2 s

from the stimulus [91]. The half life of CheY–P is 14 s for autodephosphorylation,

but the action of the CheZ phosphatase reduces the half life of this species 100-
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fold, down to 0.14 s [96]. This faster rate of depleting CheY–P from the cytoplasm

allows the motor to return to CCW rotation once the chemoreceptors switch back to

the inactive state as a result of methylation-based adaptation.

1.2.5 Adaptation

To allow for chemoreceptor sensitivity over a broad range of chemoeffector concen-

trations, the signalling state of the MCPs needs to be reset periodically. Strategies

bacteria use to achieve adaptation include methylation-based adaptation, the CheC-

CheD system, and the CheY-CheV system.

Methylation-based adaptation refers to the tuning of chemoreceptor sensitivity by

addition or removal of methyl groups from key glutamate resides in the HCD.

Increased methylation promotes closer packing through the removal of negative

charges, leading to more sensitive chemoreceptors that are more likely to start sig-

nalling through CheA. Conversely, demethylation reintroduces negative charges,

disrupting the packing of the array and making signalling through CheA less prob-

able.

All E. coli chemoreceptors have four methylation sites. In the case of Tsr, for exam-

ple, two of the sites are expressed as glutamine residues and are post-translationally

modified to glutamate, presumably during the first adaptation response. The re-

ceptors are thus expressed in what can be considered a half-methylated state (two

negative and two neutral charges), which presumably allows incorporation into the

signalling array in a neutral signalling conformation. Mutation of these sites to

alanine leads to a subtractive loss in chemotaxis ability. It has been predicted that

methylation could occur in the majority of chemoreceptors [4].

CheR is a methyltransferase which uses S-adenosyl-l-methionine (SAM) to methy-
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late glutamate residues. Work on enterobacteria has shown that in addition to bind-

ing at the methylation site, some chemoreceptors bind CheR through additional

high-affinity sites. A highly conserved pentapeptide tail at the chemoreceptor C-

terminus is important for CheR binding in E. coli and S. typhimurium, as indicated

by its deletion leading to a great reduction in chemoreceptor methylation. In other

organisms, such as T. maritima, the removal of the pentapeptide tail did now show

a reduction in chemoreceptor methylation in vitro. In a more recent study on P.

aeruginosa, it was revealed that there are two families of CheR proteins – those that

bind pentapeptide-containing chemoreceptors, and those that do not. The difference

between these two families is a three amino acid insertion in the β-subdomain of

CheR [34].

As mentioned before, CheB is a CheA response regulator. It contains an N-terminal

regulatory domain that is homologous to CheY, and a C-terminal methylesterase

domain that can also perform deamidation. The methylesterase activity is increased

by phosphorylation of the regulatory domain. CheB is thought to also bind to

the chemoreceptor C-terminal pentapeptide tether in E. coli [10], but it remains

unclear whether this applies to other species. Methanol release is an indicator

for methylation-based adaptation, as it is a side product from the CheB-catalysed

methyl de-esterification [120].

The CheC-CheD system has been studied in Bacillus subtilis [77]. CheC is a CheY-

P phosphatase similar to CheZ, while CheD is an MCP deamidase. It is proposed

that CheD interacting with the MCPs enhances CheA activation upon attractant

binding. CheY-P is produced, which diffuses to the flagellar motor and initiates a

run, but also interacts with CheC forming a complex that recruits CheD away from

the MCPs. The absence of CheD results in a decrease in CheA activity and hence a

decrease in CheY-P, which in B. subtilis causes cell tumbling.
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Figure 1.6: Methylation-based adaptation. A. Chemoreceptor sensitivity is tuned
through methylation/demetylation; B. Post-translational modifications catalysed by
CheB and CheR.

A subset of chemotactic bacteria – including some Firmicutes (e.g. B. subtilis), and

β-, γ-, and ε-proteobacteria – contain CheV [3], a protein with a CheA phospho-

rylatable regulatory domain and a scaffolding domain homologous to CheW [84].

The role of CheV in adaptation has been studied in B. subtilis. It is believed that

CheV provides an additional negative feedback loop. Upon CheA activation, CheV

is phosphorylated, which disturbs the interaction between CheA and the MCP, caus-

ing a decrease in CheA activity [82].
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1.2.6 Complexity in bacterial chemotaxis

Wuichet et al. have searched a nonredundant set of 450 prokaryotic genomes and

found 245 (54%) containing chemotaxis genes [117]. Wuichet et al. found that

multiple chemotaxis systems occur as frequently as single ones, which highlights

the importance of studying bacterial models with multiple chemotaxis systems. R.

sphaeroides, Myxococcus xanthus, and Pseudomonas aeruginosa have multiple sets

of chemotaxis genes that constitute multiple chemotaxis systems with defined func-

tions.

1.3 Chemotaxis in Rhodobacter sphaeroides

Almost 300 years after Antonie van Leeuwenhoek marvelled at what was likely

Selenomonas sp. “very prettily a-swimming” under his microscope, the first strain

of Rhodobacter sphaeroides was first described [111].

R. sphaeroides was initially known as Rhodopseudomonas sphaeroides and is an

alphaproteobacterium within the order Rhodobacterales and the family Rhodobac-

teraceae. It is a photosynthetic purple non-sulfur bacterium preferring organic acids

as carbon source during photoheterotrophic growth. R. sphaeroides can fix car-

bon dioxide during autotrophic growth and molecular nitrogen when other nitrogen

sources are scarce.

Having such a diverse metabolism, it can be found in both soil and fresh water

habitats, growing through fermentation or anaerobic respiration in the absence of

light and oxygen, or growing as a chemoheterotroph in the absence of light and

in the presence of oxygen, but preferably growing photosynthetically in the light

and in the absence of oxygen. It has been used as a model system for studying
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photosynthesis in bacteria as well as complex chemotaxis systems.

1.3.1 Genetic structure

A lot of the work on R. sphaeroides has focused on the strain identified by van Niel

[111], R. sphaeroides 2.4.1, whose genome sequence has been available since 2001

[61].

However, the strain used in chemotaxis research is R. sphaeroides WS8N, a spon-

taneous nalidixic acid resistant variant of the naturally occuring WS8 published in

1972 [26]. R. sphaeroides WS8N exhibits enhanced swimming motility and chemo-

taxis compared to other strains of R. sphaeroides such as 2.4.1. For this reason,

WS8N is used for the study of chemotaxis signaling [75, 80] and flagellum-based

motility [70, 54]. This is also the strain which claimed the gold medal in the 100

µm swim at the 2012 Bacterial Olympics [118].

The WS8N genome sequence was published in 2011 and revealed a 4.42 Mbp

genome organised into two chromosomes (3.14 and 0.97 Mbp) and two large plas-

mids (200 and 110 kbp), with a high GC content, 69.1% [80].

The smaller chromosome, ChrII, could be the remnant of a plasmid that has accu-

mulated genes from the main chromosome over time. A more recent theory pro-

poses that ChrII is an intermediate structure, termed chromid [40]. A chromid has

a plasmid-type replication system, a nucleotide composition similar to that of a

chromosome, and carries genes that are found in chromosomes in other species.

Recombination between a chromosome and a plasmid, or an existing chromid and

a plasmid could give rise to a chromid. It is also proposed that chromids are a mark

of the evolution of a new genus, as they contain essential “lifestyle” genes, such as

metabolism and motility genes [40].
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1.3.2 Motility

R. sphaeroides is motile and encodes two sets of flagellar genes. Under laboratory

conditions, only fla1 is expressed, producing a single, randomly-positioned, unidi-

rectional flagellum, which is typical of the family. The second set of flagellar genes,

fla2, produces a tuft of flagella and has only been expressed in strains containing

a fla1 deletion. No laboratory conditions have been found to yield endogenous ex-

pression of fla2. Work presented in this thesis exclusively uses strains expressing

fla1.

In contrast to the motility pattern encountered in E. coli and other flagellate species,

the R. sphaeroides flagellar motor alternates between on and off [8]. Active forward

motion is hence achieved when the flagellar motor is rotating, and reorientation

occurs passively during periods when the motor is stopped and reorientation is a

consequence of Brownian motion. It was found that when the motor is rotating, the

flagellum adopts a helical conformation similar to the one seen in E. coli, but when

the motor is off, the filament relaxes and becomes highly coiled hence potentially

enhancing reorientation [9].

The swimming speed of R. sphaeroides in a homogenous environment has been

measured to reach 80 µm/s. Direction change is achieved through transient stops

which occur 0.31 ± 0.19 times per second. Rotation restarts after a mean stop time

of 0.66 s and a median of 0.44 s. In comparison to E. coli which spends 0.6-0.7 of

the time in runs [16], R. sphaeroides has a higher run bias, spending 0.80 ± 0.20 of

the time in runs [22].
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1.3.3 The chemotaxis operons

R. sphaeroides is chemotactic towards a range of attractants, including its preferred

carbon sources succinate and propionate. The only known repellent is oxygen under

anaerobic growth conditions.

The chemotaxis pathway of R. sphaeroides has multiple homologues of the simpler

Escherichia coli pathway, encoded primarily in 3 operons, with the two expressed

pathways localised to two discreet chemosensory clusters [90, 115] forming a com-

plex signal integration pathway [107] that controls the single motor [12].

About 33 genes have been found that could encode chemotaxis signalling proteins

(Table 1.1), all of which are found on the large chromosome, ChrI, with the excep-

tion of six of the MCP genes and cheY4, which are found on ChrII. The chemotaxis

genes are encoded by three operons (Figure 1.7) and multiple orphan genes. The

first operon is not expressed under laboratory conditions. Expression of cheOp1

through mutational constraints has suggested that it expresses a chemotaxis path-

way that functions similarly to the E. coli paradigm and to control the rotation of

fla2 motors [29, 30].

Both cheOp2 and cheOp3 are expressed under laboratory conditions and both are

required for chemotaxis, as deleting either of them results in the loss of chemotaxis

[94, 79]. The rest of this section will discuss the chemotaxis systems expressed by

cheOp2 and cheOp3, with a focus on the latter.

Previous experiments showed that cheOp1 is not required for chemotaxis under lab-

oratory conditions [37], but components of both cheOp2 and cheOp3 are essential

for chemotaxis [93, 73]. The 2003 study by Wadhams et al. focuses on the local-

ization of proteins encoded in cheOp2 and cheOp3 [115].
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Table 1.1: Genomic and cellular location of the R. sphaeroides chemotaxis genes
under laboratory conditions.

Gene Genomic location Cellular location Reference
Histidine kinases
cheA1 ChrI cheOp1 not expressed [38]
cheA2 ChrI cheOp2 polar cluster
cheA3 ChrI cheOp3 cytoplasmic cluster
cheA4 ChrI cheOp3 cytoplasmic cluster
Scaffold proteins
cheW1 ChrI cheOp1 not expressed [38]
cheW2 ChrI cheOp2 polar cluster
cheW3 ChrI cheOp2 polar cluster
cheW4 ChrI cheOp3 cytoplasmic cluster
Response regulators
cheY1 ChrI cheOp1 not expressed [38]
cheY2 ChrI cheOp1 not expressed [38]
cheY3 ChrI cheOp2 partially cytoplasmic [78]
cheY4 ChrII separate locus partially polar & cytoplasmic [78]
cheY5 ChrI cheOp1 not expressed [38]
cheY6 ChrI cheOp3 partially cytoplasmic [78]
Methylesterases
cheB1 ChrI cheOp2 diffuse
cheB2 ChrI cheOp3 diffuse
Methyltransferases
cheR1 ChrI cheOp1 not expressed [38]
cheR2 ChrI cheOp2 partially polar
cheR3 ChrI cheOp3 partially cytoplasmic
Transmembrane chemoreceptors
mcpA ChrI cheOp1 not expressed [38]
mcpB ChrI cheOp1 not expressed [38]
mcpE ChrII separate locus not tested
mcpG ChrII separate locus polar
mcpH ChrII separate locus polar
mcpJ ChrII separate locus polar
mcpM ChrI separate locus not tested
mcpV ChrII separate locus not tested
Soluble schemoreceptors
tlpC ChrI cheOp2 cytoplasmic
tlpL ChrI separate locus diffuse
tlpS ChrI cheOp1 not expressed [38]
tlpT ChrI cheOp3 cytoplasmic
Other genes
cheD ChrI cheOp1 not expressed [38]

1.3.4 Cellular localisation of the chemotaxis proteins

Microscopy experiments using fluorescent protein fusions have shown that the pro-

teins from cheOp2 and cheOp3 predominantly localise to two distinct foci: one at
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Figure 1.7: The R. sphaeroides chemotaxis operons and cellular localisation of the
chemotaxis proteins expressed under laboratory conditions. A. The three chemo-
taxis operons encoding the majority of the R. sphaeroides chemotaxis proteins. B.
Cellular localisation of the R. sphaeroides chemotaxis proteins, as shown by fluo-
rescence microscopy [115].

the cell pole, and the other in the cytoplasm. The proteins expressed from cheOp2

generally cluster at the cell pole, while the cheOp3 proteins cluster in the cytoplasm.

An exception to this rule is TlpC, which even though encoded by cheOp2, localises

with the cytoplasmic cluster. The CheB proteins do not form foci and remain diffuse

throughout the cytoplasm. CheR2 and CheR3 are partially localised with the polar

and cytoplasmic clusters, respectively, but some proportion of the expressed fluo-

rescent fusion was also found diffuse throughout the cytoplasm. Additional proteins

shown to colocalise at the cell pole with the cheOp2 proteins are the transmembrane

chemoreceptors McpH, McpJ, and McpG.
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1.3.4.1 Polar chemosensory arrays

Electron cryotomography experiments showed that the R. sphaeroides polar chemosen-

sory array adopts the conserved hexagonal lattice architecture [21]. During the cell

cycle, polar chemosensory clusters form a number of dynamic unit-clusters which

diffuse within the membrane, accumulating at the new poles after division and en-

suring that each of the daughter cells will have a membrane-embedded chemosen-

sory array [24].

1.3.4.2 Cytoplasmic chemosensory arrays

The cytoplasmic chemosensory cluster in R. sphaeroides is its distinguishing feature

from other bacteria. Like the polar chemosensory cluster, the cytoplasmic one is

essential for chemotaxis. While the polar chemosensory cluster senses the periplas-

mic environment, the cytoplasmic one senses the concentration of ligands inside

the cell. Specific attractants for cytoplasmic chemoreceptors have not been iden-

tified. Nevertheless, chemotaxis towards many attractants e.g. ammonia, sugars,

glutamate, alanine, requires their transport and metabolism. This suggests that the

ligands sensed by the cytoplasmic cluster could include common metabolites. Such

a scenario would be indicative of energy taxis.

Cryo-EM imaging of the R. sphaeroides and Vibrio cholerae cytoplasmic chemosen-

sory arrays revealed trimers of receptor dimers organised in 12 nm hexagonal arrays,

just like transmembrane ones (Figure 1.8). It was also revealed that the cytoplas-

mic fragments of transmembrane chemoreceptors form similar sandwich structures

in the presence of molecular crowding agents, suggesting that molecular crowding

and sandwiching can replace the stabilising effect of the membrane. It is also in-

teresting to point out that the 12 nm hexagonal architecture seems universal among
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Figure 1.8: The R. sphaeroides cytoplasmic chemosensory cluster. From left to
right: cryo-EM image showing a side view of the cytoplasmic chemosensory array,
model model showing the cytoplasmic chemoreceptors sandwiched between two
CheA/W baseplates, and model showing a top view of the cytoplasmic array. The
images were taken from [49].

bacterial chemoreceptor arrays, whether membrane embedded or not.

In a new cell, the cytoplasmic array is positioned at mid-cell. As the cell cycle

progresses, the array is split into two arrays that become positioned such that when

the cell divides, each daughter cell inherits a single cluster positioned at mid-cell.

Appropriate positioning of the cytoplasmic array during the cell cycle is ensured

by a cheOp3 encoded ParA ATPase homologue, PpfA, using the chromosome as a

scaffold.

1.3.5 Requirements for chemotaxis in R. sphaeroides

Both polar and cytoplasmic clusters have at least one homologue of each of the E.

coli chemotaxis proteins: CheA, CheW, CheY, CheR, and CheB. A comprehensive

study of individul chemotaxis protein deletions was carried out by Wadhams et al.

to establish which of these proteins were indispensable for cluster formation, and

what the order of cluster assembly might be [114].

While the integrity of the polar cluster was not affected by the deletion of any cy-
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toplasmic cluster components, deleting CheA2, CheW2, or CheW3, caused a re-

duction in polar clustering. The two polar CheW homologues appear to not be

equivalent, with MCPs and CheW3 forming a stable complex that likely interacts

with CheA2 and CheW2 to drive the localisation of the entire cluster to the cell pole.

The polar cluster formation is proposed to be initiated by MCPs targeting the cell

membrane and forming a complex with CheW3, which recruits CheW2 and CheA2,

driving the formation of a tight polar cluster.

The cytoplasmic cluster could not form in the absence of TlpT or CheW4, while

deletion of tlpC caused partial delocalisation of the cluster. However, expression

of tlpT from a plasmid in a ∆tlpT background causes the clusters to form. The

cytoplasmic cluster CheAs localise to the cluster independently and neither are re-

quired for cluster formation. The cytoplasmic cluster CheA kinases will be further

discussed in Chapter 4. Interestingly, deleting CheW3, which localises to the po-

lar cluster, caused some delocalisation of the cytoplasmic cluster. Hence it was

suggested that cytoplasmic cluster formation starts with TlpT and CheW4 coming

together in the cytoplasm, and interacting with TlpC to form a tighter cluster. Lastly,

CheA3 and CheA4 independently join the cytoplasmic cluster. This assembly model

fits with the architecture of the cytoplasmic chemosensory array revealed by cryo-

EM [18].

Both chemotaxis protein clusters are required for normal functioning chemotaxis

in R. sphaeroides, deletion of either leading to loss of chemotaxis. Chemotaxis

phenotypes as well as the ability to complement E. coli deletions are presented in

Table 1.2.
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Table 1.2: Effects of deleting expressed R. sphaeroides chemotaxis proteins.

Deletion Chemotaxis Reference E. coli com-
plementation

Reference

Polar cluster
∆cheA2 abolished [38] yes [93]
∆cheW2 abolished [63] no [93]
∆cheW3 abolished [63] yes [93]
∆cheR2 abolished [64] yes [64]
Cytoplasmic cluster
∆cheA3 abolished [79] no [79]
∆cheA4 abolished [79] no [79]
∆cheW4 reduced [79] partial [79]
∆cheR3 abolished [79] no [79]
Diffuse
∆cheB1 abolished [64] yes [64]
∆cheB2 reduced [79] partial [79]
∆cheY3 none [78] no [93]
∆cheY4 none [78] no [93]
∆cheY6 abolished [79] no [79]

∆cheY3,4 leads to loss of chemotaxis [78]

1.3.6 Current model for R. sphaeroides chemotaxis

The polar cluster is thought to respond to periplasmic stimuli while the cytoplasmic

cluster to cytoplasmic ones and signal to the flagellar motor via CheY homologues

in a sequence similar to the E. coli model. CheR2 and CheR3 increase the chemore-

ceptor sensitivity through methylation According to in vitro phosphorylation ex-

periments, CheA2 can phosphorylate CheY3, CheY4, CheY6, CheB1, and CheB2

[73].

Upon encountering less favourable conditions, the CheA kinases are switched on.

CheA2 phosphorylates CheY3, CheY4, and CheY6, while in the cytoplasmic cluster

CheA4 phosphorylates CheA3, which then phosphorylates CheY6. The flagellar

motor can only be stopped by CheY6 binding. The signal is terminated by CheA3-

catalysed dephosphorylation of CheY6 [75].
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Figure 1.9: Current working model for R. sphaeroides chemotaxis. Sensing: Ex-
ternal nutrient levels are detected by chemoreceptors. The CheR proteins methylate
the MCPs and TLPs making them more sensitive. When nutrient levels drop, the
chemoreceptors change conformation and activate their respective CheA kinases.
Signalling: CheA2-P phosphorylates CheY3, CheY4, and CheY6, while CheA4
phosphorylates CheA3, which then phosphorylates CheY6. The flagellar motor is
stopped by CheY6-P binding. CheY3-P and CheY4-P are proposed to act as a phos-
phate sink or interfere with CheY6-P binding at the motor. Adaptation: CheA2-P
also phosphorylates CheB1 and CheB2, while CheA3 phosphorylates just CheB2.
The CheB proteins demethylate the chemoreceptors, making them less sensitive and
stopping their signalling. Signal termination: CheY6-P loses its phosphate group
by autodephosphorylation as well as through the phosphatase activity of CheA3.

1.3.7 Modelling the signalling network of R. sphaeroides

1.3.7.1 Using an ODE model

Mathematical models based on ordinary differential equations (ODEs) have been

built for the signalling reactions involving phosphorylation in the R. sphaeroides

chemotaxis pathway [106, 107, 108]. The parameters of the model include rates of

phosphosignalling reactions determined in vitro as well as in vivo protein concen-
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trations.

CheY6 acting as a phosphate sink for the other response regulators – thus allowing

them to be rapidly dephosphorylated – and a reverse phosphorelay connecting the

two clusters are the two major results from the ODE modelling work [7, 77].

1.3.7.2 Using control theory

Roberts et al. developed a model invalidation approach aimed at identifying poten-

tial interconnection structures of the R. sphaeroides chemotaxis network [83]. The

method is based on manipulating and observing the entire system in vivo, and sys-

tematically invalidating a series of biologically viable models following successive

model development/experiment design iterations. Control systems theory was used

to design suitable experiments in silico.

The existence of multiple CheY homologs in R. sphaeroides does not allow for the

FRET assay developed in E. coli to be applied [100, 99]. Roberts et al. used average

cell traces from tethered cell experiments and in vitro reaction rates to establish the

roles of CheY3 and CheY4 in the R. sphaeroides chemotaxis pathway.

Interestingly, the best fit model suggests that CheY3-P and/or CheY4-P do not bind

cooperatively with CheY6 to FliM. The model that could not be invalidated sug-

gests CheY3 and CheY4 form a link between the polar and cytoplasmic signalling

clusters, helping transmit the signal between the two clusters. The previously held

hypothesis that CheY3 and CheY4 were phosphate sinks for the system was inval-

idated. The model of strictly cooperative binding of CheYs to the motor was also

invalidated. Apart from fluorescent fusion protein localisation, there is no direct

experimental proof of this.

Hamadeh et al. took the same model invalidation approach as Roberts et al. to ad-
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dress the regulation of the two chemosensory clusters by CheB1 and CheB2 which

are localised throughout the cytoplasm [36]. The assumptions of the models in-

clude CheY3-P and CheY4-P acting together to promote autophosphorylation of

CheA3,4 while CheY6-P binds to FliM to increase the frequency of motor stopping

[83].

The model that was not invalidated proposed that CheB1-P and CheB2-P both reg-

ulate the methylation state of the polar cluster, while CheB2-P alone regulated the

cytoplasmic cluster. The model corresponded to a cascade control system, a setup

with one feedback loop nested within the other – in the case of R. sphaeroides, the

cytoplasmic cluster feedback loop being nested within the polar cluster one. This

organisation would enable robust chemotaxis in a noisy external environment as

well as high sensitivity to fast changing inputs to the cytoplasmic cluster (perhaps

from the metabolic state of the cell).

If CheB2 interacts with both clusters, it remains unclear why there is a need for

delocalised CheB1 if it only regulates the polar cluster. It is also possible that the

fluorescent tag used for cellular positioning experiments interferes with the locali-

sation.

The network connectivity proposed by Hamadeh et al. suggests that the two chemo-

taxis pathways evolved independently and then became part of the same organism

through horizontal gene transfer. From an evolutionary perspective, it is possible

that the cascade control model has advantages in terms of robustness and chemo-

tactic performance.
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1.4 Project aims

Work in this thesis broadly focuses on the integration of the cytoplasmic chemosen-

sory array into the R. sphaeroides chemotaxis signalling network. It addresses

aspects of interaction specificity between array components as well as of array

components and response regulators. The work also focuses on the proposal for

methylation-based adaptation at the cytoplasmic array both from a chemoreceptor

and an adaptation protein perspective. The specific aims of this thesis are:

• Structural studies on P5 domains of the cytoplasmic cluster

– Purify P5-containing constructs to structural study standards

– Perform biophysical characterisation of these constructs

– Preliminary work on crystallisation

• Build an interaction map within the cytoplasmic cluster and to test some

model predictions using a bacterial two-hybrid approach

– Construct a library of chemotaxis gene-containing plasmids suitable for

the method

– Test interactions between cytoplasmic cluster components

– Test interactions between R. sphaeroides adaptation proteins and poten-

tial interaction partners

– Use this method to characterise CheA/CheW* interactions

• Investigate adaptation in R. sphaeroides adaptation – confirm methylation

sites, analyse adaptation protein pair deletions.

– Characterise the swimming behaviour of TlpT methylation site mutant
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strains

– Determine – based on the mutant work – whether methylation-based

adaptation likely occurs in R. sphaeroides

– Characterise the swimming behaviour of strains that have CheBCheR

pairs deleted

• Confirm CheB2 interactions with both chemosensory clusters in vivo

– Adapt a single-molecule imaging technique to CheB2

– Obtain preliminary data on CheB2 localisation based on diffusion coef-

ficients.

• Integrate the data from above to improve the current model for R. sphaeroides

chemotaxis.



CHAPTER 2
Materials and Methods

Recipes for all the media and buffer solutions mentioned in this chapter are listed in

the Appendix.

2.1 Strains and plasmids

Escherichia coli and Rhodobacter sphaeroides strains were used in this study. De-

tails on the strains used are presented in Tables 2.1 and 2.2. The generic plasmids

used are listed in Table 2.3 while the library of bacterial two-hybrid plasmids is

presented in Table 2.4.

Table 2.1: List of E. coli strains used.

Name Description Source/Reference
XL1Blue Plasmid preparation; tetra-

cycline resistant
Stratagene

BL21(DE3)pLysS Protein overexpression;
chloramphenicol resistant

Promega

S17-1 λpir Used for conjugation [68]
DHM1 Assay strain for BACTH [50]

30
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Table 2.2: List of R. sphaeroides strains used.

Name Description Source/Reference
WS8N Nalidixic acid resistant deriva-

tive of wildtype WS8
[98]

JPA467 WS8N∆fliA
JPA1353 WS8N ∆cheOp1,2,3
JPA1377 WS8N ∆cheB2 ∆cheR3 Elaine Byles (this laboratory)
JPA1378 WS8N ∆cheB1 ∆cheR2 Elaine Byles (this laboratory)
JPA1379 WS8N ∆cheB1,2 ∆cheR1,2,3 Elaine Byles (this laboratory)
JPA2332 WS8N tlpT (E296A) Elaine Byles (this laboratory)
JPA2367 WS8N tlpT (E289A) Elaine Byles (this laboratory)
JPA2368 WS8N tlpT (E289A, E296A) Elaine Byles (this laboratory)
JPA2369 WS8N tlpT (E478A) Elaine Byles (this laboratory)
JPA2370 WS8N tlpT (Q485A) Elaine Byles (this laboratory)
JPA2371 WS8N tlpT (E289A, E296A,

E478A, Q485A)
Elaine Byles (this laboratory)

JPA2332* WS8N tlpT (E296A) yfp-cheW4 This study
JPA2367* WS8N tlpT (E289A) yfp-cheW4 This study
JPA2368* WS8N tlpT (E289A, E296A) yfp

cheW4

This study

JPA2369* WS8N tlpT (E478A) yfp-cheW4 This study
JPA2370* WS8N tlpT (Q485A) yfp-cheW4 This study
JPA2371* WS8N tlpT (E289A, E296A,

E478A, Q485A) yfp-cheW4

This study

2.2 Microbiology techniques

2.2.1 E. coli growth conditions

Liquid cultures of E. coli were grown aerobically in Luria Bertani (LB) medium

at 37◦C with 225 rpm shaking. Stationary cultures were obtained after overnight

incubation.

For selection purposes, the relevant E. coli strain was spread onto LB agar plates

containing the desired antibiotic selection and grown overnight at 37◦C to obtain

colonies.
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Table 2.3: List of plasmids used. All expression plasmids are IPTG-inducible

Name Description Source/Ref.
pIND4 IPTG-inducible expression vector

for E. coli and R. sphaeroides,
kanamycin resistant

[43]

pK18mobsacB Allelic exchange suicide vector mo-
bilised by E. coli S17-1 λpir

[89]

pQE80 IPTG-inducible E. coli expression
vector, N-terminal His6 tag

QUIAGEN

pKT25 IPTG-inducible E. coli expres-
sion vector for BACTH assay,
kanamycin resistance, N-terminal
T25 tag

[52]

pKNT25 IPTG-inducible E. coli expres-
sion vector for BACTH assay,
kanamycin resistance C-terminal
T25 tag

[50]

pUT18 IPTG-inducible E. coli expression
vector for BACTH assay, ampicillin
resistance C-terminal T18 tag

[52]

pUT18C IPTG-inducible E. coli expression
vector for BACTH assay, ampicillin
resistance N-terminal T18 tag

[52]

pQE80-A4 pQE80 containing R. sphaeroides
cheA4

Kathryn Scott (this lab-
oratory)

pK18-YFP-W4 500 bp upstream of R. sphaeroides
cheW4 - yfp - first 500 bp of cheW4
in pK18mobsacB, for genomic tag-
ging of cheW4 with YFP

George Wadhams (this
laboratory)

XL1-Blue (Promega) was used for plasmid overexpression. BL21(DE3)pLysS (Promega)

was used for protein expression from plasmid. The S17-1 λpir strain was used for

conjugation into R. sphaeroides.

2.2.2 R. sphaeroides growth conditions

Liquid cultures of R. sphaeroides were grown in succinate medium at 30◦C, either

aerobically in the dark shaking at 225 rpm, or anaerobically with illumination and
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no shaking. Stationary cultures were typically obtained after two days.

Selection was carried out by streaking on LB agar plates containing the desired

antibiotic selection and incubation at 30◦C for two to three days.

2.2.3 Antibiotics

Antibiotics were added to the medium to the final concentration indicated in Table

2.5. Specific antibiotic resistance for strains and plasmids are detailed in Table 2.1

and Table 2.3. 1000x stock solutions of each antibiotic were stored at -20◦C.

2.2.4 Preparation of competent E. coli strains

E. coli strains were made chemically competent using standard transformation buffer

(TFB). A stationary liquid culture was diluted 1:50 in 50 mL LB media and grown

aerobically until OD600 =0.4-0.5. The culture was then incubated on ice for 20

minutes, and centrifuged at 1000×g for 20 minutes at 4◦C. The supernatant was

discarded and the cell pellet was re-suspended in 16 mL of ice-cold buffer TFB

I. The re-suspended cells were incubated on ice for 20 minutes, then centrifuged

at 1000×g for 10 minutes at 4◦C. The pellet was re-suspended in 2 mL ice-cold

sterilised TFBII buffer and aliquoted into single-use volumes.

2.2.5 Transformation of E. coli cells

Plasmids were inserted into chemically competent E. coli cells (Section 2.2.4) by

transformation. Ice-cold DNA was added to 50-100 µL thawed cells and incubated

on ice for 30 minutes. The cells were heat-shocked by incubation at 42◦C for 45

seconds, then immediately incubated on ice for 2 minutes. Following the recovery,
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800 µL LB were added and the cells were incubated at 37 ◦C for an hour. Cells were

then spread onto LBA plates containing the appropriate antibiotics and incubated

overnight at 37◦C.

2.2.5.1 Conjugation into R. sphaeroides

As R. sphaeroides cannot be made chemically competent, plasmids were trans-

ferred into R. sphaeroides by conjugation using the E. coli strain S17-1 λpir (Table

2.1).

Plasmids were transferred to E. coli S17-1 λpir cells by transformation (Section

2.2.5). A stationary culture obtained by growing a single colony of S17-1 λpir

transformant overnight at 37◦C in LB with the appropriate antibiotic was diluted

1:100 and grown to OD600 =0.2-0.3.

1 mL of this S17-1 λpir culture and 1 mL of a stationary R. sphaeroides culture

(Section 2.2.2) were centrifuged individually at 6000×g for 3 minutes. The cell

pellets were each gently re-suspended in 1 mL LB. The cells were centrifuged as

before, then re-suspended in 100 µL LB. 100 µL R. sphaeroides suspension were

mixed with 10 µL E. coli S17-1 λpir suspension and pipetted onto a nitrocellulose

filter placed on an LB plate.

After incubation overnight at 30◦C, the filter paper was transferred to a microcen-

trifuge tube containing 800 µL LB and vortexed to re-suspend the cell pellet. The

cell suspension was spread onto four LBA-Nal plates containing the selection an-

tibiotic for the plasmid used, and the plates were incubated at 30◦C for two to three

days.
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2.2.6 Genomic modification of R. sphaeroides

Recombination was used to fluorescently label genes on the R. sphaeroides genome.

This was achieved using the suicide plasmid pK18mobsacB. The N-terminally tagged

genomic insertion constructs contained the 500 bp immediately upstream of the

gene of interest, the tag, and the first 500 bp of the gene of interest.

The suicide plasmid constructs were conjugated into the desired R. sphaeroides

strain (Section 2.2.5.1) and spread onto LBA plates containing nalidixic acid and

kanamycin. Since R. sphaeroides is unable to replicate pK18mobsacB, the only way

that the kanamycin resistance of pK18mobsacB can be passed on is by genomic

integration of the plasmid through homologous recombination. This is the first

round of recombination.

Colonies from the first round of recombination were grown photoheterotrophically

to stationary phase in SUX media with nalidixic acid. The absence of kanamycin

allows the second round of recombination to occur, excising the vector backbone

containing the kanr and sacB genes from the genome. The second round of recom-

bination is selected for by plating a series of stationary culture dilutions onto M22

10% sucrose agar plates. Replica plates of the colonies obtained here were also

used to confirm the loss of the kanr gene.

The second round of recombination also results in the excision of either the parental

sequence or the mutation construct. Thus two outcomes are possible: the desired

mutation is integrated into the genome or the strain reverts to wild-type geno-

type. To distinguish between these two possible outcomes, colonies that were con-

firmed to have lost the kanr gene were further screened by colony PCR (Section

2.3.2.4).
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2.2.7 Storage

Strains were stored long-term as glycerol stocks at -80◦C. The stocks were kept

in cryotubes and contained E. coli or R. sphaeroides stationary culture with 20%

glycerol.

2.3 Molecular biology techniques

All standard genetic techniques were performed as described in [87].

2.3.1 Plasmid DNA extraction from E. coli cells

The QUIAGEN QIAprep Spin Miniprep Kit was used to extract sequencing-quality

plasmid DNA from 5 mL stationary culture. The DNA was eluted using 50 µL

MilliQ water and stored at -20◦C

2.3.2 Cloning

2.3.2.1 Agarose gel DNA electrophoresis

DNA samples were separated using gel electrophoresis. The gel was made by mix-

ing 1% agarose (w/v) with 0.5x TBE buffer. DNA loading dye was mixed with

the DNA sample and loaded onto the agarose gel alongside 1 kb-plus DNA ladder

(Invitrogen).
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2.3.2.2 Purification of DNA from agarose gels

2.3.2.3 Polymerase chain reaction (PCR)

PCR was performed using Phusion DNA polymerase (Promega), according to the

manufacturer’s instructions. Primers were synthesized by Sigma-Genosys and are

listed in Appendix ??.

2.3.2.4 Colony PCR

Colony PCR was performed using GoTaq G2 DNA polymerase (Promega), accord-

ing to the manufacturer’s instructions. Primers were synthesized by Sigma-Genosys

and are listed in Appendix ??.

20 µL reactions were set up using the recipe and program described in Table 2.6.

2.4 Microscopy

2.4.1 Sample preparation

R. sphaeroides cells were grown aerobically, as described in Section 2.2.2, to OD700

=0.4-0.6.

2.4.2 Slide preparation

The cells were imaged on agarose pads. The pads were created by adding a thin

layer of 1% agarose in succinate medium to a glass slide. 2 µL of culture were

added to the pad and then a glass cover slip was placed on top.
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For photoactivation localisation microscopy, it was important to remove background

fluorescent particles. To this end, coverslips were previously burned in a furnace at

500◦C for 1 hour. Burned coverslips were stored at room temperature wrapped in

aluminium foil

2.4.3 Microscopes

2.4.3.1 Nikon Eclipse Ti

Fluorescence images of cells were acquired using an inverted Nikon Eclipse Ti mi-

croscope in phase contrast. 100× oil objectives (Nikon) were used. The microscope

was controlled using NIS Elements software (Nikon). The microscope was used in

epifluorescence mode using a mercury lamp and appropriate excitation and emis-

sion filters for YFP. Brightfield images used a halogen lamp for illumination. An

Andor iXON CCD camera was used to capture images.

2.4.3.2 Photoactivation localisation (PALM) microscope

A custom built PALM microscope was used [109]. A Toptica Multi Laser Engine

is used to provide laser excitation via a single-mode optical fibre. The fluorescence

emission is recorded using an Andor iXon 879 ultra electron multiplying CCD (EM-

CCD) camera. The resulting magnification is 96 nm/pixel. Sample positioning and

focusing is achieved using an ASI controller. YFP fusion proteins were excited with

a 473 nm laser, PAmCherry fusion proteins were photoactivated with the 405 nm

laser, and excited with the 561 nm laser. Brightfield images were aquired using a

LED light source (coolLED) and an Olympus condenser. The objective used was

100x oil immersion Olympus objective with 1.4 numerical aperture.
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Table 2.4: Library of bacterial two-hybrid plasmids

Name Description Source
B2H-101 pKT25 containing cheA3 This study
B2H-102 pKT25 containing cheA4 This study
B2H-103 pKT25 containing cheW4 This study
B2H-104 pKT25 containing tlpC This study
B2H-105 pKT25 containing tlpT This study
B2H-109 pKT25 containing cheR1 Elaine Byles
B2H-110 pKT25 containing cheR2 Elaine Byles
B2H-111 pKT25 containing cheR3 Elaine Byles
B2H-112 pKT25 containing cheB1 Elaine Byles
B2H-113 pKT25 containing cheB2 Elaine Byles
B2H-116 pKT25 containing cheW4 (I62A) Elaine Byles
B2H-201 pKNT25 containing cheA3 This study
B2H-202 pKNT25 containing cheA4 This study
B2H-203 pKNT25 containing cheW4 This study
B2H-204 pKNT25 containing tlpC This study
B2H-205 pKNT25 containing tlpT This study
B2H-209 pKNT25 containing cheR1 Elaine Byles
B2H-210 pKNT25 containing cheR2 Elaine Byles
B2H-211 pKNT25 containing cheR3 Elaine Byles
B2H-212 pKNT25 containing cheB1 Elaine Byles
B2H-213 pKNT25 containing cheB2 Elaine Byles
B2H-216 pKNT25 containing cheW4 (I62A) Elaine Byles
B2H-301 pUT18 containing cheA3 This study
B2H-302 pUT18 containing cheA4 This study
B2H-303 pUT18 containing cheW4 This study
B2H-304 pUT18 containing tlpC This study
B2H-305 pUT18 containing tlpT This study
B2H-309 pUT18 containing cheR1 Elaine Byles
B2H-310 pUT18 containing cheR2 Elaine Byles
B2H-311 pUT18 containing cheR3 Elaine Byles
B2H-312 pUT18 containing cheB1 Elaine Byles
B2H-313 pUT18 containing cheB2 Elaine Byles
B2H-316 pUT18 containing cheW4 (I62A) Elaine Byles
B2H-401 pUT18C containing cheA3 This study
B2H-402 pUT18C containing cheA4 This study
B2H-403 pUT18C containing cheW4 This study
B2H-404 pUT18C containing tlpC This study
B2H-405 pUT18C containing tlpT This study
B2H-409 pUT18C containing cheR1 Elaine Byles
B2H-410 pUT18C containing cheR2 Elaine Byles
B2H-411 pUT18C containing cheR3 Elaine Byles
B2H-412 pUT18C containing cheB1 Elaine Byles
B2H-413 pUT18C containing cheB2 Elaine Byles
B2H-416 pUT18C containing cheW4 (I62A) Elaine Byles
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Table 2.5: Final concentration used for antibiotics used in selection

Antibiotic Final concentration Dissolved in
Ampicillin (Amp) 100 µg/mL water
Chloramphenicol (Cam) 30 µg/mL ethanol
Kanamycin (Kan) 25 µg/mL water
Nalidixic acid (Nal) 25 µg/mL water
Tetracycline (Tet) 30 µg/mL 95% ethanol

Table 2.6: Colony PCR

Component Volume (µL)
MilliQ water 100 µg/mL
5xGreen reaction buffer 9.225
50 mM MgCl2 5
dNTPs (2.5 mM each) 2
DMSO 1.25
Forward primer 0.2
Reverse primer 0.2
GoTaq G2 polymerase 0.125
Template colony
final volume 20



CHAPTER 3
Binary protein-protein interactions

of the cytoplasmic array

The chemotaxis network of R. sphaeroides is complex, with two chemosensory

systems controlling a single motor. The connectivity of this network has been ex-

plored through in vitro, in vivo, and modelling studies. The architectures of the

polar and cytoplasmic chemosensory arrays have the same lattice structure which

is highly conserved among bacterial species [21, 18]. While this arrangement pre-

dicts certain protein-protein interactions within the array, the specific relationships

are less obvious in the case of the cytoplasmic array because of the non-cannonical

chemoreceptors and trademark split CheA kinase, CheA3,4. Work described in this

chapter focuses on the cytoplasmic array and uses a two-hybrid system to identify

interactions between its components.

3.1 The cytoplasmic chemosensory array

The products of the third R. sphaeroides chemotaxis operon, cheOp3, are essential

for chemotaxis [79] and predominantly localise to a discrete region in the cytoplasm

41



42

[115]. Microscopy fluorescently-labelled deletion strains has revealed the protein

requirements for this clustering to occur.

The chemoreceptor TlpT and the scaffold protein CheW4 were shown to be essen-

tial for the localisation of the cheOp3 proteins to the specific region in the cyto-

plasm [114]. Neither of the two CheA kinases, were necessary for the localisation

of the other proteins [114]. TlpC, expressed from cheOp2, localises to the cyto-

plasm like the products of cheOp3 [113, 115]. Fluorescence microscopy experi-

ments have shown that deletion of tlpC reduces the fluorescence of the localised

cheOp3 proteins and increases general cytoplasmic fluorescence [114]. Further, the

fluorescence of YFP-CheY6 predominantly localised to a cytoplasmic focus, with a

proportion of the fluorescent protein also found diffuse throughout the cytoplasm.

The methyltransferase CheR3 had a localisation pattern similar to CheY6, while the

methylesterase CheB2 was found diffuse throughout the cytoplasm.

Insight into the architecture of the phosphorelay network was obtained through ex-

tensive in vitro phosphotransfer experiments [73, 74, 78]. The cytoplasmic kinase

activity requires both CheA3 and CheA4, as each has a subset of the domains present

in a typical CheA kinase [74]. The in vitro kinetic studies suggested a mechanism

in which CheA3 associates with CheA4, enabling the phosphorylation of the his-

tidine residue in the CheA3 P1 domain by the P4 kinase domain of CheA4. The

CheA3,4 kinase can transfer a phosphoryl group to two response regulators: CheY6,

which in phosphorylated form can stop flagellar motor rotation, and CheB2 a pu-

tative methylesterase response regulator, likely involved in the adaptation of the

cytoplasmic chemosensory system.

Mathematical modelling predicted a bi-functional kinase-phosphatase as well as the

ability of the cytoplasmic chemosensory system to signal to the polar one by reverse

phosphotransfer through CheB2–P [107]. Both of these results are supported by in
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vitro phosphotransfer data [75, 76].

Modelling also suggests that CheY3 and CheY4 are likely to interact with the cy-

toplasmic chemosensory system, acting antagonistically to ligand in altering kinase

activity [83]. Further modelling work builds on these results and proposes that

CheB2 interacts with both the cytoplasmic and the polar chemosensory systems

[36]. At present, there is no direct experimental evidence for either of these two

models.

Recent electron cryotomography experiments have revealed that the overall arrange-

ment of the cytoplasmic chemotaxis proteins is identical to the highly-conserved

chemosensory array structure across bacterial and archaeal species [21, 18, 20].

This model describes trimers of receptor dimers are networked by six-membered

rings containing kinase P5 domains and scaffold proteins. In the case of cytoplasmic

arrays, two such lattices are sandwiched together such that the kinase and scaffold

protein layer faces the exterior.

The electron cryotomography data do not provide enough resolution to determine

precise locations of the protein components. There is a lack of high-resolution

structural information about the components of the chemosensory array that could

be used to model the arrangement of the different proteins in the lattice. Complex-

ity stemming from the presence of atypical soluble chemoreceptors and the split

CheA3,4 kinase greatly limits the extent to which findings from membrane embed-

ded arrays can be applied here.

While the signalling network in R. sphaeroides has been well-characterised through

in vitro phosphotransfer, none of the interactions between individual cytoplasmic

array components have been verified experimentally. Work presented in this chapter

aims to identify interactions between cytoplasmic cluster components in vivo using

a bacterial two-hybrid approach.
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3.2 Overview of the bacterial adenylate cyclase two-

hybrid (BACTH) system

The concept behind a two-hybrid system is the detection of an interaction via re-

constructing the activity of a modular protein. The most widely used such systems

use yeast as host organisms and are based on the reconstruction of transcription

factors [23]. A recent large-scale study publisehd in Nature Biotechnology used a

yeast two-hybrid screen to map the binary protein-protein interaction landscape of

E. coli, [81]. The identified interactions provided information on the internal topol-

ogy of complexes and a draft reference for the basic physical wiring network in E.

coli.

Analogous two-hybrid protocols have been developed in organisms other than yeast.

As discussed in a review by Legrain and Selig [60], E. coli appears better suited for

protein-protein interaction screens than Saccharomyces cerevisiae because it has a

much lower generation time and the molecular biology techniques are much better

adapted to bacteria than yeast. Similar to the yeast two-hybrid systems, there are

bacterial two-hybrid systems based on transcriptional activation/repression of re-

porter genes, but there is also a separate class based on enzyme reconstitution.

The bacterial two-hybrid system used here is based on the reconstitution of adeny-

late cyclase. It is an alternative to the widely used yeast two-hybrid technology for

identifying protein-protein interactions, as detailed in a protocol-focused review by

Battesti and Bouveret [11]. The system was initially described in 1998 [51] and

named BACTH (Figure3.1).

The adenylate cyclase in question is a toxin from Bordetella petrussis, the organism

responsible for whooping cough. The enzyme becomes active within the eukary-
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Figure 3.1: Description of the BACTH system. The BACTH system is based on
the reconstruction of the cyclic AMP (cAMP) signalling cascade. If the T18 and
T25 fragments of the Bordetella pertussis adenylate cyclase are physicaly brought
together by the interaction of the proteins of interest coexpressed in a background
lacking adenylate cyclase, the cAMP signalling cascade is activated leading to the
expression of the lac operon.

otic host only when it binds to calmodulin, an exclusively eukaryotic protein. The

catalytic domain can be divided into a 25 kDa and a 18 kDa subdomain which can

produce cyclic AMP (cAMP) when expressed in the presence of calmodulin. This

ability of the two sub-domains to recover adenylate cyclase activity when brought

together by calmodulin forms the basis of the BATCH system.

The proteins of interest are expressed as fusions of the T25 or T18 domains in a

cya− strain. If the proteins of interest do indeed interact, they bring together the

two catalytic subdomains, fulfilling the role of calmodulin in restoring adenylate

cyclase activity. The cAMP form a complex with the catabolite activator protein

(CAP), acting as a transcriptional regulator. The lactose and maltose operons are

activated by the cAMP/CAP complex, which can be easily detected in E. coli.

The BACTH system has been used to identify interactions in a number of bacterial

protein networks. For example, Chlamydiae, intracellular eukaryotic pathogens,

grow in cytoplasmic vesicles. The membranes of these vesicles are modified by

chlamydial proteins whose interaction patterns have been investigated using BACTH
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[35]. Zhang et al. have used the BACTH system to identify specific domains in-

volved in the interactions that cause the elongation and contraction events of the

Type VI secretion system [119].

The method also aided the construction of a protein-protein interaction network for

the biosynthesis of the major cell wall component arabinogalactan in Corynebac-

terium glutamicum. In this case, twenty-four putative homotypic and heterotypic

interactions were identified in vivo using BACTH [45].

The δ-proteobacterium Myxococcus xanthus has 21 chemoreceptors and gene clus-

ters encoding for 8 separate chemosensory systems. To understand how the chemore-

ceptors are distributed among the chemosensory systems, the BACTH system was

recently used to probe interactions suggested by phylogenetic and cellular locali-

sation studies [67]. Indeed, 10 years ago, Lancero et al. used a yeast two-hybrid

system to find interactions within the Dif chemosensory pathway proteins in M.

xanthus [57].

Previous work in the laboratory has used the BACTH method to uncover interac-

tions between proteins involved in R. sphaeroides cell division (N. Dubarry, unpub-

lished), as well as to screen for interactions between R. sphaeroides MCPs and the

polar array scaffold proteins CheW2 and CheW3 [5].

3.3 Experimental approach

Work described in this chapter focuses on the cytoplasmic array and aims to use

the BACTH system to obtain in vivo information about its interactions. First, an

interaction network is established between cytoplasmic array components. Then

the interactions of the cytoplasmic cluster with the adaptation proteins is addressed.

Finally, the applicability of the BACTH system to study the CheA/CheW interface
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residues is investigated.

3.4 Results

3.4.1 Creation of a BATCH plasmid database for R. sphaeroides

chemotaxis proteins

R. sphaeroides chemotaxis genes were cloned into all four BACTH plasmids, with

the aim of obtainig both N- and C-terminal fusions of both the T18 and T25 tags

[52, 50]. The successful plasmids are listed in Table 2.4.

Restriction cloning was employed for library creation, with the pair of restriction

sites chosen to be compatible for all R. sphaeroides chemotaxis genes across the

four BACTH plasmids. This means that the same pair of restriction enzymes can

be used for all cloning into BACTH plasmids. In addition, one pair of amplifica-

tion primers is enough to generate inserts for cloning into all T18 and T25 plas-

mids.

The pair of restriction enzymes are XbaI and KpnI-HF, for the 5’ and 3’ end of

the cloned fragment, respectively. It should be kept in mind that the two restriction

sites are not in frame and this should be taken into account when designing the

amplification primers. The two restriction sites are located within the open reading

frame so there is no need for the addition of a stop codon.

Amplification of the desired DNA fragment was carried out by PCR using an an-

nealing temperature of 65◦C, which was further optimised if required. The purified

PCR products and a sample of each plasmid were digested for with XbaI and KpnI-

HF at 37◦C in CutSmart Buffer (New England Biolabs). The digests were purified,
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ligated, and transformed into E. coli XL-1 Blue cells for plasmid production. A se-

lection of the colonies obtained after transformation were verified for the presence

of the insert. Successful colonies were grown to stationary phase and the plasmid

DNA was extracted. The desired insertions into the plasmid were verified by se-

quencing.

Thus the cloning process for obtaining the BACTH constructs is straightforward

and the strategy outlined here can easily be applied to obtain analogous constructs.

For the work described below, 44 BACTH constructs were made in collaboration

with Elaine Byles, including all of the cytoplasmic chemosensory array components

and its putative interaction partners.

3.4.2 Detecting interactions using BACTH

In this work, signal detection was done on LB agar plates containing ampicillin

and kanamycin for the selection of cells containing both T18 and T25 constructs.

IPTG was added to induce expression, and X-Gal to detect beta-galactosidase ac-

tivity.

An important aspect of detecting an interaction is the incubation time, which is

dependent on the strength of the interaction between the two recombinant proteins.

As pointed out by Battesti and Bouveret, incubation times shorter than 48 h might

not be sufficient to accumulate enough cAMP to detect a signal [11]. In the protocol

used here, the assay plates were incubated at room temperature for a week after

the initial 48 h incubation at 30◦C. The BACTH system presents a certain level

of heterogeneity due to expression regulation by cAMP, hence assay cultures were

inoculated with several co-transformation colonies. Furthermore, each interaction

was tested in at least two independent assays performed on different days, form
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different co-transformations.

Figure 3.2: Signal detection in the BACTH assay. The incubation time required
for the blue colour to appear is dependent on the strength of the interaction between
the two recombinant proteins. The interactions observed in BACTH assays were
colour-coded in relation to how long it took for the blue colour to appear, from
which relative strength of interaction was inferred. A darker shade of blue indicates
a stronger interaction. Grey indicates lack of interaction.

Depending on whether blue colouration developed and when this happened, a code

was associated, as described in Figure 3.2. The intensity of the blue colour is pro-

portional to the strength of the interaction, while grey represents a lack of colour

after the one week room temperature incubation.

For every BACTH construct in the database, a control assay was run using co-

transformants of the plasmid in question with an empty plasmid expressing just the

complementary tag. All plasmids produced negative results upon testing against

the complementary tag alone. This suggests that any interactions detected when

testing pairs of constructs with complementary tags from the database are due to an

interaction between the proteins themselves, not between the tags.

Alongside each assay, a negative and a positive control were also carried out. The
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negative control was a co-transformant of two empty BACTH plasmids with com-

plementary tags e.g. pKT25 and pUT18. The positive controls used were the pT18-

zip and pKT25-zip plasmids coding for a strongly interacting leucine zipper motif

[51].

3.4.3 Interactions between the cytoplasmic cluster proteins

The four constructs – N- and C-terminal fusions using the T18 and T25 tags – were

successfully obtained for the components of the cytoplasmic chemosensory array.

Pairs of complementary constructs were tested against each other according to the

protocol described above.

Figure 3.3: Interactions within the cytoplasmic cluster.

The identified interactions were summarised in Figure 3.3. Results for both N- and
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C-terminal fusions are presented.

Interactions between most pairs of proteins can be observed. All proteins interacted

with themselves, which was expected for CheA4 which has a dimerisation domain

(P3) and the chemoreceptors TlpT, and TlpC (transmembrane chemoreceptors are

known to form dimers).

There were no interactions detected for the T18-tagged CheA3 and T25-tagged

TlpT constructs. Given that other fusions of CheA3 and TlpT do show some in-

teractions, it is possible that the constructs not showing any interactions are not

functional.

No interactions at all have been detected between CheA4 and TlpC. The CheA4

and TlpC fusions report interactions of varying strength with other fusion con-

structs from the library, so lack of interaction due to misfolding is unlikely. Steric

hindrance remains a plausible reason for the lack of interaction reported by this

method.

The strongest interactions were observed for the formation of CheA4 and CheW4

dimers, as well as for CheW4-CheA4, CheW4-TlpC, and CheA3-TlpC interactions.

While the strength of interaction between the various constructs does vary, and it

may be influenced by the tags, the pairs mentioned above consistently displayed

strong interactions.

3.4.4 Interactions of the adaptation proteins with the cytoplas-

mic cluster proteins

Interactions between the cytoplasmic chemoreceptors on the one hand, and the

CheB1,2 and CheR2,3 adaptation proteins on the other, have also been investigated.

Following the same protocol outlined above, no interactions were detected between
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cytoplasmic chemoreceptors and adaptation proteins.

CheB2 was also tested against the rest of the cytoplasmic proteins. Heterogeneous

signals became visible after 7 days of incubation at room temperature. Interactions

with CheA3 could be observed. This suggests that the lack of signal obtained when

testing CheB2 against chemoreceptors previously was likely not due to incorrect

production of the fusion protein. An interaction with CheA3 was expected given

the phosphotransfer results of Porter et al. [73].

3.4.5 Testing proposed interacting residues at the CheA3,4/CheW4

interface

As discussed in the Introduction, a typical CheA histidine kinase consists of five

domains named P1 through to P5. No crystal structure for a full-length CheA is

available, but due to its modular architecture, crystal structures of certain domains

are available (Table 4.1).

Work in the laboratory used the existing structure of the P4 and P5 domains of T.

maritima CheA in complex with CheW (PDB code 2CH4) to predict residues in-

volved in the interaction between R. sphaeroides CheA4 and CheW4 (K.A. Scott,

unpublished). The prediction was made using the protein contact prediction tool,

i-Patch [39], and yielded 7 CheW4 residues that were carried forward into experi-

mental testing. Individual point mutations of these residues to alanine were created

in strains with fluorescently-labelled cytoplasmic array. Since CheW4 is required

for array formation, it was proposed that disrupting the CheA4-CheW4 interface

would lead to some level of fluorescence delocalisation. Most delocalisation was

observed with the CheW4 I62A mutant. To further investigate that this mutation

disrupts the interaction with CheA4, interactions were probed using BACTH.
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Figure 3.4: CheW4 interactions with CheA3 and CheA4 are disrupted by an I62A
mutation in CheW4. The images shown were taken after 5 days. CheW4 * is the
short hand notation used in this figure for the CheW4 I62A mutant.

Wild-type CheW4 as well as the I62A mutant were tested against CheA3 and CheA4,

in all combinations (Figure 3.4). While signals for wild-type CheW4 became visi-

ble within the usual time frame (max 48 hours), it took 5 days of incubation at room

temperature for signals belonging to CheW4 I62A to be observed. The signal pat-

tern for the mutant and wild-type was the same. That is to say, positive interaction

for the I62 mutant were found with a subset of the wild-type interaction partners. It

is interesting to note that while all CheW4 I62A interactions appear weaker, inter-

actions with CheA3 seem to have been completely disrupted.

3.5 Discussion

While BACTH is a powerful method for detecting protein-protein inveractions in

vivo, it is important to bear in mind that the method cannot be used to invalidate a

proposed interaction. A negative result in the BACTH assay does not imply a lack

of interaction.

There were no reports in the literature of proteins able to bind to the T18 or T25

domains and restore adenylate cyclase activity [11]. Hence any adenylate cyclase

activity in the assay would be due to the interaction of the T18 and T25 domains,
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which would have been brought together by the pair of proteins being investigated,

and thus correlated with an interaction.

The cAMP-driven positive feedback loop means that only if the interation occurs,

will the cAMP level rise and allow full expression of the hybrid proteins (Figure

3.1). This produces a threshold effect which keeps false positives due to sticky

proteins or misfolding very low. It was shown that by using a lac promoter not

inducible by cAMP increased the number of false positives [11]. However, this

auto-activation is one of the potential reasons for the heterogeneity discussed in

Section 3.4.2.

The fusion proteins are expressed from plasmids that have the same promoter (the

wild-type lac operon promoter), but different replication origins: the T25 plasmids

have a p15A origin (low copy number), while the T18 plasmids have a ColE1 origin

(high copy number). This difference in plasmid copy number leads to different

relative amounts of the two hybrid proteins being produced. For certain interactions,

stoichiometry plays a crucial role, which is why both possible combinations of T18

and T25 fusions should be tested. It is not rare for an interaction to be observed in

only one of the cases [11].

The BACTH assay is not a direct measure of an interaction. The outcome of the

two proteins interacting is the restoration of adenylate cyclase activity, whereas the

output of the assay is the level of expression of the lactose and maltose operons.

Hence the plate assays are an indirect assessment of an interaction involving a com-

plex signalling cascade which could be affected by a series of other signals, apart

from cAMP.

Other proteins competing for binding to the assay proteins can reduce the likelihood

of a T18 and a T25 fragment to meet and generate a signal. Cross-interaction with E.

coli chemotaxis proteins should be kept in mind, particularly for interactions involv-
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ing proteins that are able to complement the corresponding E. coli deletion strain.

This is the case with CheB2, which practically complements an E. coli CheB dele-

tion, but not with CheR3 which cannot complement an E. coli cheR strain. Hence

the reason why the interactions between CheB2 and CheA3 only become visible

after 7 days, could in part be due to CheA3 interacting with the E. coli CheB.

It is important to take into consideration that some of the proteins investigated in this

chapter are naturally part of an array. The lack of an analogous cytoplasmic array

in the assay organism could have a significant influence on the three-dimensional

structure of the protein and its ability to interact with other proteins.

Overall, the interaction map obtained for the components of the R. sphaeroides

cytoplasmic chemosensory array reflects the connectivities observed in the E. coli

paradigm. A notable exception is an interaction not being observed between the cy-

toplasmic chemoreceptor TlpC and the atypical histidine kinase CheA4. The other

cytoplasmic atypical histidine kinase showed interactions with TlpC. Both kinases

showed interaction with TlpT.

The existence of an interaction between TlpC and CheA4 should be tested through

other methods too since BACTH cannot provide a verdict in this situation. If indeed,

there is no interaction between TlpC and CheA4, this could provide an explanation

between the differences in localisation patterns observed for CheA3 and CheA4 [90].

Scott et al. found that the P5 domains of the two cytoplasmic CheAs, even though

they are both responsible for localisation to the cytoplasmic array, are not equiva-

lent. A domain-swapping approach revealed that if both proteins have the CheA3

P5 domain, then the two CheAs colocalise to the cytoplasm as expected. However,

if both CheAs have the CheA4 P5 domain, CheA4 preferentially localises to the cy-

toplasm. Further BACTH experiments could help identify the domains involved in

the CheA3-TlpC interaction and help build a better image of the interactions taking
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place in this atypical chemosensory array.

An interaction was expected between CheR3 and TlpT, as previous work from the

laboratory suggests that TlpT provides the binding site for CheR3. Fluorescence

microscopy showed that CheR3 was no longer localised with the cytoplasmic array

if the last 5 residues of the C-terminal end of TlpT were deleted (Dr. M. Roberts,

unpublished). Some form of steric hindrance is the most likely reason why this

interaction could not be observed in the BACTH assay.

The BACTH system has also been successfully used to illustrate the effect of a

mutation at the CheA/CheW binding interface. The approach could be extended

to the other proposed inerface residues. It could also be used in other cases as a

quick way to determine whether proposed contact residue mutations indeed affect

the ability of the two proteins to interact.

3.6 Conclusions and future work

The BACTH method was successfully used to investigate protein-protein interac-

tions involving the cytoplasmic array components. The interaction map obtained

from the list of ineractions confirmed by this method reveals a highly connected net-

work. All of the cytoplasmic array proteins interact with themselves and each other,

with one notable exception: no interaction was found between CheA4 and TlpC. To

confirm the lack of interaction, other methods should be employed as a negative in

the BACTH assay does not exclude the possibility of an interaction.

In the same manner that residues involved in the interaction between CheA3 and

CheW4 were confirmed using BACTH, future work could be directed at revealing

which domains are involved in the interactions identified in this chapter.
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The method could be further applied to cheOp1 and cheOp2 proteins. The cAMP-

based two-hybrid system is appropriate for studying molecular interactions involv-

ing membrane proteins [50], making the system easily applicable to the study in-

teractions within the polar array. Moreover, the interactions between the cheOp1

proteins which are not expressed in a WS8N background under laboratory condi-

tions could be revealed through this approach.



CHAPTER 4
Studies on the R. sphaeroides

cytoplasmic CheA kinases

The two atypical histidine kinases from the R. sphaeroides cytoplasmic array have

the P5 domain in common. While this domain is responsible for localisation with

the cytoplasmic array, the P5 domains are not equivalent [90]. By swapping do-

mains, it was shown that if both CheA3 and CheA4 have the CheA3 P5 domain

(A3P5), the two CheAs still localise to the cytoplasmic array. However, if both

CheAs contained the CheA4 P5 (A4P5) domain, only CheA4 would localise to the

array as normal, while most of CheA3 was diffuse. This could be a consequence of

structural differences between the two P5 domains. Work presented in this chapter

focuses on the P5 domain of CheA3 and CheA4

4.1 CheA kinases

As discussed in the Introduction, bacterial chemotaxis relies on a two-component

signal transduction pathway to integrate information from several chemoreceptors

to tune swimming behaviour. The bacterial chemotaxis histidine kinase is CheA.

58
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With a structure that is markedly different from ordinary histidine kinases, CheA

proteins are placed in a category of their own. Typical CheA histidine kinases are

modular and contain five domains, each having a dedicated role: histidine phospho-

transfer (P1), response regulator binding (P2), dimerisation (P3), ATP binding (P4),

and localisation (P5).

4.1.1 Atypical CheA kinases in R. sphaeroides

Atypical histidine kinases contain a subset of the domains shown for a typical CheA

in Figure 4.1 or have additional ones. Organisms such as R. sphaeroides, M. xan-

thus, and P. aeruginosa encode atypical CheA kinases. Genomic analyses have

revealed that up to 2.3% of all identified histidine kinases have the kinase (ATP-

binding) and phosphotransfer activities on two distinct proteins that form a com-

plex [117]. The R. sphaeroides genome encodes three chemotaxis systems, each

locus encoding homologues of the E. coli chemotaxis system. R. sphaeroides does

not have any CheZ homologues, which is typical of non-enteric bacteria. cheOp1

and cheOp2 encode for typical CheA kinases and are associated with membrane-

embedded chemoreceptors, while cheOp3 encodes for two atypical CheA proteins –

CheA3 and CheA4 – which are associated with cytoplasmic chemoreceptors. CheA3

and CheA4 each contain a subset of the domains found in a typical CheA. Nei-

ther can autophosphorylate, but CheA4 can bind ATP and transfer a phosphoryl

group onto the P1 domain of CheA3. Hence the cytoplasmic cluster kinase is a split

emzyme. In the genomic study by Wuichet et al., 11 instances of split CheA se-

quences were found, compared to the 470 complete ones in their genome set.

CheA3 only contains the P1 and P5 domains linked by a 794-amino acid sequence.

Transfer of phosphoryl groups from CheA3 to CheY1, CheY6, and CheB2 was ob-

served in vitro [74]. Signal termination in phosphorylation-based signalling net-
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CheA4 P3 P4 P5

CheA2 P1 P3P2 P4 P5

CheA3 P1 P5

CheA1 P1 P3P2 P4 P5

CheA P1 P3P2 P4 P5

Figure 4.1: CheA domain structure.The R. sphaeroides CheA1 (not expressed un-
der laboratory conditions) and CheA2 display the classical five-domain structure
found in the E. coli CheA: P1 (yellow) contains the histidine substrate for phos-
phorylation; P2 (blue) interacts with response regulators; P3 (green) is involved in
dimerization; P4 (purple) binds ATP; P5 (red) is the regulatory domain. Neither
of the cytoplasmic R. sphaeroides CheAs contain all the P domains: CheA3 only
has domains P1 and P5 separated by a 794 amino acid sequence, while CheA4 has
domains P3, P4 and P5.

works occurs through some form of dephosphorylation. R. sphaeroides does not

encode any homologues of known CheY-P phosphatases, but CheA3 was shown to

be a specific phosphatase for CheY6-P. The phosphatase domain of CheA3 was nar-

rowed down to a 200 amino acid segment within the linker between the P1 and P5

domains [75]. Deletion of the phosphatase domain did not abolish phosphotransfer

in vitro, but the strain containing this mutation was not chemotactic.

CheA4 contains the P3, P4, and P5 domains and in vitro phosphorylation assays

have shown that it can phosphorylate all other R. sphaeroides CheA proteins [74].

CheA3 however cannot be phosphorylated by either CheA1 or CheA2 which have

the required kinase domain. The reaction kinetics suggest that CheA3 associates

with a CheA4 homodimer. It was suggested that the physical separation of CheA3

and CheA4 to the cytoplasm from CheA2 at the polar cluster prevents undesired

cross-talk within the network.

Both CheA3 and CheA4 have a P5 domain which most likely serves as a binding

site for CheW4. Scott et al. took a domain-swapping approach to investigate the

specificity of the CheA3 and CheA4 P5 domains [90]. Results showed that each

P5 domain was sufficient to determine the localisation of the two CheAs. How-
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ever, even though the P5 domains are similar, they are not functionally equivalent.

CheA3 and CheA4 containing the CheA3 P5 domain, simultaneous localisation to

the cytoplasmic cluster of both CheAs was observed. In contrast, if both proteins

had the CheA4 P5 domain, only CheA4 localised with the cluster while CheA3 was

diffuse throughout the cytoplasm.

The CheA kinases play a key role in the integrity of the chemoreceptor arrays. Typi-

cal CheA kinases are indispensable for the structural integrity of their corresponding

chemosensory arrays, as seen for the chemosensory array in E. coli or for the polar

chemosensory array in R. sphaeroides. The cytoplasmic chemosensory array in R.

sphaeroides has two atypical CheA kinases both of which contain a P5 domain and

neither of which are crucial for cluster localisation [114]

Table 4.1: Currently available structures of CheA chemotaxis protein domains,
deposited in the Protein Data Bank.

PDB ID CheA domain Other proteins present Organism Method
P1 P2 P3 P4 P5 CheY CheW MCP

1FWP – 3 – – – – – – E. coli NMR
1A0O – 3 – – – 3 – – E. coli X-ray
1EAY – 3 – – – 3 – – E. coli X-ray
1FFG – 3 – – – 3 – – E. coli X-ray
1FFS – 3 – – – 3 – – E. coli X-ray
1FFW – 3 – – – 3 – – E. coli X-ray
2LP4 3 3 – – – 3 – – E. coli X-ray
3KYI 3 – – – – 3 – – R. sphaeroides X-ray
3KYJ 3 – – – – 3 – – R. sphaeroides X-ray
1TQG 3 – – – – – – – T. maritima X-ray
2LD6 3 – – – – – – – T. maritima NMR
1U0S – 3 – – – 3 – – T. maritima X-ray
1B3Q – – 3 3 3 – – – T. maritima X-ray
1I58 – – – 3 – – – – T. maritima X-ray
1I59 – – – 3 – – – – T. maritima X-ray
1I5A – – – 3 – – – – T. maritima X-ray
1I5B – – – 3 – – – – T. maritima X-ray
1I5C – – – 3 – – – – T. maritima X-ray
1I5D – – – 3 – – – – T. maritima X-ray
2CH4 – – – 3 3 – 3 – T. maritima X-ray
3UR1 – – – 3 3 – 3 3 T. maritima X-ray
4JPB – – – 3 3 – 3 3 T. maritima X-ray
1I5N 3 – – – – – – – S. typhimurium X-ray
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The principal aims of this chapter are to:

• express and purify CheA4 and the P5 domain from CheA3

• perform biophysical characterisation of the P5 constructs

• perform initial work towards crystallisation of the P5 domains

4.2 Experimental approach

A separate approach was taken to the purification of the two P5 domains for crys-

tallisation. The reason for this lies in their domain architecture. While CheA4

contains the domains P3-5 close together in a highly ordered conformation, the P5

domain in CheA3 is separated from the P1 domain by a disordered 794 amino acid

domain. The disordered domain is likely to interfere with crystallisation – as sug-

gested by the lack of success in crystallising full-length CheA3 within the laboratory

– hence it was decided to express the CheA3 P5 domain (A3P5) separately with an

N-terminal maltose-binding protein (MBP) tag.

The construct used to obtain the CheA4 P5 domain (A4P5) for crystallography was

wild-type CheA4 itself as it contains domains P3, P4 and P5 very closely linked.

The close vicinity with other structured domains should induce more stability to

the P5 domain and make it suitable for structural studies. The fact that a crystal

structure containing the T. maritima CheA P3-P5 domains already exists (1B3Q,

see Table 4.1) is also indicative of the fact that having the three domains together

might increase the chances of obtaining structural data through this method.
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4.3 Results

4.3.1 Purification and characterisation of His6-CheA4

Wild-type CheA4 was expressed with an N-terminal 6xHis tag from a pQE60 plas-

mid. Previous CheA4 purification work [63, 73] was used as a starting point to

develop a protocol that would yield protein suitable for structural studies.

Figure 4.2: Chromatograms showing the size exclusion step of the His6-CheA4
purification. A. The chromatogram shows protein aggregate being predominantly
formed when the preceeding affinity purification step was carried out by gravity
column. B. The CheA4 monomer is observed as the dominant species in the size
exclusion chromatogram when the preceeding affinity step was carried out using the
batch protocol.
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It was found that performing the affinity purification step using a gravity column

led to the elution of CheA4 as an aggregate from the size exclusion column (Figure

4.2). The size exclusion step is necessary because the protein is not pure enough for

structural studies after the affinity step. Switching to a batch protocol for the affinity

step followed by a normal size exclusion step yielded protein of satisfatory purity

for structural studies (above 90% as judged by SDS-PAGE, Figure 4.3).
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Figure 4.3: SDS-PAGE gels from the His6-CheA4 purification steps. A. SDS-
PAGE gel containing samples from the affinity purification step done using the batch
protocol. B. SDS-PAGE gel of samples from the fractions eluted in the size exclu-
sion step. The fractions containing CheA4 were collected into two pools according
to their purity after the size exclusion step.

4.3.1.1 Biophysical characterisation

Electrospray ionisation mass spectrometry The purified His6-CheA4 was char-

acterised by electrospray ionisation mass spectrometry (ESI-MS) to accurately de-

termine the molecular weight of the protein and confirm its identity. The molecular

weight measured by ESI-MS was 44508.70 ± 9.99 Da which is in good agreement

with the one calculated using ProtParam (http://web.expasy.org/protparam/) from

the amino acid sequence, 44483.1 Da.

Non-denaturing ESI-MS studies on CheA4 Performing ESI-MS under non-denaturing

conditions can provide information on the oligomerisation state of a protein [88,
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62].

The non-denaturing conditions for the experiment are provided through the use of

volatile protein buffers, such as ammonium acetate. The very specific buffer con-

ditions required are not compatible with all proteins, and for some, non-denaturing

ESI-MS is not a useful tool.

Initially met with skepticism, the method relies on the detection of dehydrated and

ionised protein molecules in vacuum. Protein stability in the gas phase has been

suggested to be due to the van de Waals attraction between the amino acids. This

attractive force persists in the gas phase and is thought to provide enough stability

to retain interactions [62].

Here, non-denaturing ESI-MS was performed to test the oligomeric state of CheA4

proposed by analytical ultracentifugation (AUC). The protein spectrum obtained by

non-denaturing ESI-MS contains multiple charged ions produced by protonation in

solution. Protein oligomerisation can be distinguished from monomeric species, as

the molecular weight of the species present can be calculated from the series of m/z

values.

Figure 4.4: ESI-MS data for CheA4. The spectrum contains three sets of peaks,
corresponding to the monomer (yellow), dimer (red) and tetramer (brown).
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The non-denaturing ESI-MS spectrum for CheA4 is presented in Figure 4.4. Three

sets of peaks (charge distributions) can be distinguished in the spectrum. The

molecular weight of the species that gave rise to a distribution was calculated as

described above. The dimer (89146.59±20.41) charge state distribution has the

highest intesity and is therefore the dominant species in the gas phase. A tetramer

and monomer species were also observed, but their relative peak intensities were

much lower (under 20% of the dimer). The calculated molecular weight for the

monomer was in good agreement with the value obtained through the denaturing

protocol.

Differential scanning calorimetry (DSC) The thermal stability of a protein can

be assessed using differential scanning calorimetry, a routine biophysical character-

isation technique that measures the melting temperature of a protein sample. DSC

was carried out to determine if there is scope for the thermofluor assay [59] to be

further used to screen for improved crystallisation conditions. A measured melting

temperature of 42◦C indicated that the solution conditions could be improved to

achieve higher stability [47].

4.3.1.2 Buffer optimisation

The measurement of the melting temperature for CheA4 by DSC suggested that

its stability could be improved. Important factors that influence protein stability

are the buffer components. To find buffer conditions with a stabilising effect on

CheA4, a thermofluor assay was carried out [59]. It is a high-throughput method

that uses a fluorescent dye that binds to molten globules and thermal denaturation

intermediates. The experiment is performed in a real-time PCR machine, where the

temperature is increased incrementally and the fluorescence signal is recorded. The



67

resulting fluorescence trace can be used to determine melting temperatures.

The experiment can be performed in 96-well plates, making it quick and relatively

cheap to screen for additives that improve protein stability. Under the assumption

that stability is proportional to the melting, additives that increase the melting tem-

perature the most are used to formulate a new buffer.

Figure 4.5: Results of the thermofluor assay. The plot is a representation of the
variation in melting temperature as a result of using a certain additive combination.
Light colours corelate with positive changes and dark colours with negative ones.
The values are calculated relative to the protein being dissolved in water (well A1,
top left hand corner).

Figure 4.5 displays the result of the thermofluor assay. Seven buffer conditions at

various pH values were tested in combination with eleven buffer additives. Adding

150 mM MgCl2 as well as using a combination of 150 mM NaCl and 10% glycerol

have a pronounced positive influence regardless of buffer choice. Switching to Bis-

Tris buffer could also be considered, except the addition of glycerol and NaCl to Bis-
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Tris buffer loses its stabilising effect. Consequently, it was decided to use a 50 mM

Tris buffer pH7.5, with 150 mM NaCl, 150 mM MgCl2, and 10% glycerol.

4.3.1.3 Crystallisation trials

The crystallisation trials were performed at the Department of Biochemistry Crys-

tallisation Facility. Protein from two different purification batches was used to set

up 96-well crystallisation plates using the sitting drop method. Five crystallisation

condition screens were used:

• JCSG+ (Molecular Dimensions) is a broad sparse matrix covering PEG salt

conditions, organics and polyalcohols, and a broad pH range.

• Morpheus(Molecular Dimensions) contains a selection of low molecular weight

ligands found to promote the formation of crystal contacts.

• PACT Premier (Molecular Dimensions) is a three-part multi-component screen

against pH, cations, and anions. It is intended for use together with JCSG+

for initial screening.

• PEG/Ion HT (Hampton Research) is a systematic screen that uses PEG 3350as

the precipitant against a variety of ions, ionic strength, and pH.

• JCSG Core Suite (Quiagen) provides a total of 384 crystallisation conditions

that provided the highest hit rates in initial screening.

Precipitates and clear drops were obtained across all screening plates. Microcrystals

and small irregular crystals (Figure 4.6A,B), both too small for harvesting, were

obtained in a number of conditions, mostly across JCSG plates. Needle-shaped

crystals were harvested from the E3.2 well from the JCSG+ plate. Unfortunately

the harvested crystals did not diffract.
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Figure 4.6: Crystallisation results. A. Small irregular crystals, representative im-
age; B. Microcrystals, representative image; C. Harvested crystals from JCSG+

well E3.2.

4.3.2 Expression and purification of the MBP-A3P5 domain

This work addresses the role of the structural differences between the P5 domains

of CheA3 and CheA4. It was hoped that structural data on the P5 domains would

provide information on CheA3 and CheA4 association with the cytoplasmic cluster

and the implications for stoichiometry and architecture of the array, as well as the

function of the two proteins.

4.3.2.1 Genetic construct

A plasmid containing the P5 domain of CheA3 cloned into the pMAL-p2G vector

(New England Biolabs) was used. The construct encodes an N-terminal maltose

binding protein (MBP) fusion. The pMAL vector is known to yield reliable expres-

sion of the fusion protein. Fusion to MBP has been shown to enhance the solubility

of proteins and the elution process is gentle, not requiring detergents or harsh de-
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Figure 4.7: Expression trials of the P5 domain from CheA3. Expression was tested
for A3P5 at three IPTG concentrations (50 µm, 100 µm and 500 µm final concen-
tration) and three temperatures (30◦C, 25◦C and 18◦C). The length of expression
was either 5 hours (for 30◦C and 25◦C expression) or over night (18◦C, 25◦C and
30◦C). The overexpressed fusion proteins are 58 kDa.

naturants.

4.3.2.2 Expression trials

Since the pMAL constructs had not been expressed before, the first step taken was to

conduct expression trials. A series of IPTG concentrations, expression temperatures

as well as periods of expression were tested.

The SDS-PAGE gels used to assess expression of the P5 fusions are displayed in

Figure 4.7. All conditions yielded overexpression of the MBP fusion proteins to

some degree. The conditions with the highest level of overexpression which were

then chosen for large scale expression are: 5 h expression at 25◦C in the presence

of 500 µm IPTG for the A4P5 domain and over night expression at 25◦C in the

presence of 500 µm IPTG for the A3P5 domain.
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Figure 4.8: Purification of the overexpressed A3P5-domain fusion protein. The
chromatogram shows a single peak in the elution step, corresponding to the purified
MBP-A3P5 fusion protein.

4.3.2.3 Purification

Purification of the overexpressed P5-domain fusion protein was performed using a

pre-packed MBP-Trap column (GE Healthcare), using the manufacturer’s instruc-

tions. The chromatogram in Figure 4.8 shows the single peak that was eluted from

the MBP column. Fractions 4 and 5 were pooled and used for subsequent optimisa-

tion of tag cleavage.

4.3.2.4 Tag cleavage

Between the A3P5 domain and the MBP tag, there is a GenenaseI cleavage site.

Trial digestions were run, testing a range of parameters: the concentration of Gene-

naseI, incubation time, and incubation temperature Figure(4.9). Even though the

digestion was complete even after the shortest digestion time and at the lowest tem-

perature (2 hours at 4◦C), there was a white precipitate formed in all cases. SDS-

PAGE analysis of the supernatant showed that it contained just MBP.
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Figure 4.9: Digestion trials of the overexpressed A3P5-domain fusion protein
shown on an SDS-PAGE gel. Temperature and digestion time variation are illus-
trated, using the same concentration of GenenaseI. The fusion protein is 58 kDa,
the A3P5 domain is 15 kDa and the MBP tag is 43 kDa

4.4 Dicussion

CheA4 was successfully purified to crystallography standard. Non-denaturing mass

spectrometry revealed it to be a dimer, which is consistent with the presence of

the dimerisation domain (P3). One round of buffer optimisation for crystallisation

was carried out but no difracting crystals were obtained under the conditions tested.

Further buffer optimisation as well as more crystallisation conditions could be tested

in further attempts to crystallise CheA4.

The A3P5 domain was successfully purified with an N-terminal MBP fusion. Tag

cleavage caused the protein to precipitate, indicating that the domain is likely very

unstable on its own. Future efforts could be directed at construct design level to-

wards optimising the boundary of the domain.



CHAPTER 5
Studies on the adaptation pathway of

the cytoplasmic chemosensory cluster

5.1 Introduction

The evolutionary conservation of CheB and CheR in most bacterial chemotaxis

systems suggests that methylation-based adaptation is an effective fitness strategy

for a variety of organisms and conditions.

R. sphaeroides has two CheB proteins, one in each of the two expressed chemotaxis

operons, and three CheR proteins, one in each of the three existing chemotaxis

operons. Despite the presence of the methyltransferases and methylesterases in R.

sphaeroides, there is no evidence in the literature confirming that methylation-based

adaptation occurs. Nevertheless, it is clear that some form of adaptation does occur

in R. sphaeroides as cells are able to respond to step changes in attractant and then

resume the initial swimming pattern.

It is generally assumed that the products of genes encoded in the same operon

are functionally linked. However, the localisation of fluorescent fusions of the ex-

73
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pressed adaptation proteins show that CheR2 and CheR3 are found with the polar

and the cytoplasmic arrays, respectively, while CheB1 and CheB2 are found diffuse

throughout the cytoplasm [115]. Deletion of CheB1 causes loss of chemotaxis, but

deletion of CheB2 only causes a reduction [64, 28].

In addition, modelling and in vitro phosphotransfer suggest CheB2 performs reverse

phosphorelay linking the cytoplasmic and polar arrays, but it remains unclear what

the purpose of having diffuse CheB1 might be [76, 107]. Taken together, the ge-

nomic and cellular localisations of the adaptation proteins suggest that CheB1 and

CheR2 are likely involved in polar chemosensory array adaptation, while CheB2 and

CheR3 are likely involved in cytoplasmic chemosensory array adaptation.

Overall, there is evidence to suggest that methylation based adaptation could take

place in R. sphaeroides. Each chemosensory array has available the basic require-

ments for such a mechanism to take place: chemoreceptors (transmembrane or cy-

toplasmic), a putative methyltransferase, and a putative methylesterase.

5.2 Experimental approach

Recent in vitro work in the laboratory has successfully identified three putative sites

that could undergo methylation and deamidation in the cytoplasmic chemoreceptor

TlpT, as well as predicted an additional site through bioinformatic analysis. The first

part of this chapter aims to characterise the swimming behaviour strains containing

genomic mutations to alanine of the methylation sites proposed for TlpT. The results

will provide a clearer view, supported by in vivo evidence, of whether the proposed

residues are indeed involved in methylation-based adaptation.

The second part of this chapter focuses on the adaptation proteins and aims to char-

acterise the swimming behaviour of strains containing pairs of CheBR deletions.
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These data will be analysed together with existing adaptation protein mutant strain

data recently obtained in the laboratory, as well as the TlpT mutant data, to produce

an updated model for adaptation in R. sphaeroides.

Swimming behaviour is assessed at population level under steady state conditions

and at single cell level under dynamic conditions as tethered cells are challanged

with increasing and decreasing gradients of attractant. Used together, these methods

will provide detailed information about the functionality of the adaptation pathway

in the various mutant strains.

5.3 Swimming behaviour under steady state condi-

tions

5.3.1 Previous work

In a homogenous environment R. sphaeroides explores the environment using a

random walk. Early work on characterising the swimming pattern of bacteria under

steady state conditions (free swimming) E. coli includes manual tracking of single

cells [14] and recording of whole swimming populations [6]. Tumbling events were

then identified within the tracks extracted from the recordings. This was achieved

either by hand, based on observable patterns [86, 72], or by applying heuristics such

as defining speed and angle change limits, the results of which would be verified

against manual classification [6].

The initial whole population tracking and heuristic classification approach applied

to free swimming R. sphaeroides used VHS tape with a 24 frames per second

recording framerate and software which is now obsolete [86, 72]. Because R.
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sphaeroides uses stops as opposed to active tumbles as it is the case with E. coli,

the angle change following a reorientation event is not as great as that observed in

E. coli. For this reason, in combination with the low frame rate, this method was

unable to detect the transient stops which R. sphaeroides uses to change swimming

direction, hence was not able to discriminate between wild-type and for example, a

∆cheR3 strain which is visibly stoppier than wild-type.

A bead assay was developed to explore R. sphaeroides free swimming [22]. An op-

tical bead was attached to the shortened flagellum using antibodies. The movement

of individual beads was recorded and position change was used to calculate rota-

tional velocity at each time point, which was then used to identify stopping events.

Load on the motor is significantly less in this case compared to the tethered cell as-

say, but most importantly the rate of data capture was significantly improved from

the past VHS recordings. The higher frame rate allowed for the observation of tran-

sient stopping events, but the analysis method is time consuming as only one cell

can be analysed at a time.

Most recent work makes use of the same high frame rate video recordings (50 Hz)

but has brought significant improvements in the analysis software. Analysis soft-

ware development by Rosser et al. produced a simple and effective protocol for

the removal of spurious tracks, followed by an analysis based on a two-state hid-

den Markov model [85]. The model uses mutant strains exhibiting only run events

and only reorientating events as references, generating an empirical prior. This

method is more robust to noise and introduces less systematic bias than the heuris-

tic method.

The work described here performs 50 Hz video recordings of swimming bacteria,

with tracking and analysis carried out using the protocol described by Rosser et

al. [85]. The mutants used here focus on adaptation in R. sphaeroides, particularly



77

adaptation at the cytoplasmic chemosensory array, and adds to the extensive chemo-

taxis mutant characterisation performed by this method in our laboratory [28].

5.3.2 Data collection and processing

R. sphaeroides cultures were grown to OD700 =0.4-0.6 and used to fill rectangular

capilary tubes. Free swimming cells were recorded at 50 Hz for 2 min, using 20x

magnification. For each strain, data were acquired on at least three different days

with at least three videos recorded for each day, giving at least nine repeats across a

minimum of three biological replicates.

Video data processing was carried out in three stages: tracking, clean-up, and clas-

sification.

5.3.2.1 Tracking

The tracking software [116] identifies and records the positions of objects – image

areas that are darker or lighter than the average surrounding intensity – in each

frame of the video using the Niblack algorithm with user-defined parameters for

each set of videos. This information is used to produce tracks by connecting objects

from consecutive frames using probability densities. From the track information,

the distance travelled between frames and the change in direction are calculated

[85].

5.3.2.2 Data clean-up

The tracking software will produce tracks for the various objects that were iden-

tified. Not all of these tracks however belong to bacteria and not all of them are
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useful for the subsequent analysis. Hence the data need to be cleaned up and this

was achieved using the censoring protocol described by Rosser et al. [28, 85].

All strains were censored using the same parameters, except for the non-motile ref-

erence strain (JPA467) which was treated separately. Four types of erroneous tracks

are typically found within each dataset, each of them with a potential for introduc-

ing errors during the subsequent track analysis. The types of tracks discussed in

this chapter are exemplified in Figure 5.1. The categories of unusable tracks are

discussed below, explaining how they are likely to arise and how the censoring is

achieved.

Figure 5.1: Types of free swimming tracks showing 1) wild-type, 2) smooth swim-
mer, 3) non-motile, and the types of unusable tracks 4) jumps, 5) truncated, 6)
drifter, 7) corkscrews. Non-motile tracks belong to the unusable tracks category if
the strain is motile.

ò Jumps occur as a result of an error in the tracking program when adjacent

tracks are mistakenly joined together. These tracks are removed by setting a

top speed cutoff. The mean swimming speed of R. sphaeroides is 40 µm/s,

so any frame-to frame transition that is much greater than this is likely due

to a jump. The top speed cutoff parameter is hence set to double the mean

swimming speed to account for variability.

ò Truncated tracks refer to very short tracks that appear due to the bacterial cell



79

spending very little time in the focal plane (the focal depth for the objective

used here is 5.8 µm). The presence of these tracks in the final dataset for

analysis would bias the results towards runs, as during the short time the cell

spends in the focal plane, it is typically swimming, not tumbling. Truncated

tracks were removed from the dataset by setting a minimum number of frames

for each track.

ò Non-motile or drifters are cells that are dead or have lost their flagellum

during the sample preparation process. The majority of these cells remain

stationary throughout the video due to the absence of flow. Drifters arise as a

non-motile cell is pushed around by motile cells and typically doesn’t move

very far. The persistence of these tracks in the final data set has the potential

to skew summary statistics of track speeds and angle changes, as well as time

a cell spends stopped. The minimum bounding radius (MBR) is defined as

the radius of the smallest circle needed to include the whole track.

ò Corkscrew tracks are formed when the moving object is off-centre in its

movement, e.g. when the moving object is a dividing cell. In such cases, the

resulting track has a characteristic zig-zag shape and could be erroneously

classified as a sort series of runs and stops, thereby skewing the track analy-

sis data. To remove these tracks, the angle change in each track is quantified

by calculating the median absolute curvature (MAC). A track consisting of

many stops or a drifting cell will have the highest MAC values, followed by

corkscrew tracks, wild-type, and smooth swimmers, respectively. The tracks

are sorted and the most tortuous are removed. Thus the MAC value can be

used to censor for corkscrews, provided the majority of drifters have already

been removed.

The role of the censoring steps is to remove enough of the polluting tracks without
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removing significant numbers of useful tracks. Thus chosing the appropriate pa-

rameter for each censoring step is important, particularly in the case of the MBR

when analysis tracks that are stoppier than wild-type. In this case, too high an MBR

will remove the most stoppy tracks along with the drifters.

A tracks data set for a particular strain can be visualised as a 2D histogram of the

tracks’ mean absolute framewise angle changes (MAC) against their normalised

effective means speed (NEMS) [66]. Such a plot will have the average normalised

speeds increasing along the x axis and tortuosity increasing along the y axis. Hence,

tracks from non-motile strains are expected to be concentrated in the top left hand

region of the plot (slow and tortuous), while tracks from smooth swimmers are

expected to be found in the bottom right hand corner (fast and not tortuous).

It was shown that a population consisting of self-propelled particles and non-motile

diffusing particles has a well-separated bimodal distribution in the MAC-NEMS

plot [66]. An example would be the MAC-NEMS distribution of wild-type tracks

before MBR censoring (Figure 5.2C). MAC-NEMS plots are a useful tool for track

population visualisation particularly while carrying out the censoring process.

Thus after removing jumps from a wild-type tracks dataset, the corresponding MAC-

NEMS plot will have two clusters 1) high MAC and low NEMS (top left), and 2) low

MAC and high NEMS (bottom right) (Figure 5.2C). In the case of the non-motile

reference strain, only the cluster at high MAC and low NEMS (top left) is present

(Figure 5.2A). Hence an MBR parameter that removes a significant proportion of

the non-motile tracks from the non-motile strain is chosen (Figure 5.2B). When ap-

plied to a motile strain, this parameter should remove most tracks corresponding to

drifting and non-motile cells (Figure 5.2D). MBR is chosen to exclude up to 99%

of tracks from the non-motile reference strain [28]. Further removal of tracks less

than 1 s and of the 10% most tortuous tracks tightens the tracks distribution in the
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Figure 5.2: The MAC-NEMS space occupied by non-motile tracks A. with jumps
removed and B. after censoring all remaining tracks with MBR=8 µm, and of wild-
type tracks C. with only jumps removed, D. after censoring the remaining tracks
with MBR=8 µm and E. after also removing tracks that persist for less than 1 s
as well as the 10% most tortuous tracks. The plots are 400 bin two-dimensional
histograms.
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MAC-NEMS plot around the bottom right region (Figure 5.2E).

The parameters used for each censoring step are listed in Table 5.1 in the order

in which they were applied. This censoring protocol was applied to all mutant

strains studied in this chapter, as well as wild-type and smooth swimming reference

strains. Lists detailing how many tracks have been removed at each censoring step

can be found in Table 5.4 for the TlpT methylation site mutants and Table 5.7 for

the adaptation protein mutants.

Table 5.1: Censoring parameters for sets of tracks from motile strains

Parameter Cells removed Value
Top speed cutoff Jumpers 80 µm/s
Minimum track length Truncated 50 frames (1 s)
MBR Non-motile and drifters 8 µm
Percentage most tortuous Corkscrews and remaining drifters 10%

The numbers in the tables detailing each censoring step show that censoring re-

moves up to 90% of all tracks obtained for each strain, leaving a dataset of at least

400 tracks available for further analysis. It is interesting to note that there is a broad

range of percentage of tracks left for analysis after censoring – form 12% for wild

type to 4% for the TlpT double mutant analysed in this chapter. It has been proposed

that this is related to the motility of each strain [28].

5.3.2.3 Classification

Following the protocol of de Beyer [28], censored data sets were classified in two

ways. First, if the strains are sufficiently different, this will be obvious by eye. To

this end, MAC-NEMS plots and representative sets of randomly-selected tracks for

each strain were compared by eye. Generally speaking, due to the noise present in

these data sets, if a difference cannot be picked up by eye, it is unlikely that further

statistical tests will find them different [28].
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Second, runs and stops were identified within each track from all data sets using

published software by Rosser et al. [85]. Data sets from known non-motile and

smooth swimming strains were used to determine whether each frame transition

from a mutant strain data set is part of a run or a stop. All motile strains were

classified using this protocol and then compared using summary statistics of the

tracks. The distribution of the total fraction of time spent stopped was chosen to

compare the free swimming behaviour of mutant strains.

5.4 Inferred motor behaviour under dynamic condi-

tions

Bacteria propel themselves through liquids by individual rotation of their flagellar

filaments, as argued by Berg and Anderson in 1973 [13]. Clear experimental proof

of this was produced a year later by Silverman and Simon who managed to tether

E. coli cells to a microscope slide using antiflagellin antibodies and record their

rotational movement [95]. Larsen et al. further made the link between changes in

flagellar rotation and the chemotactic response [58]. The rotating cells would be

recorded onto video tape at around 20 frames per second and the rotation pattern

would be analyseld in real time one cell at a time.

Since the 70s, the tethered cell method remained the most reliable and accurate way

to measure the chemotactic response of bacteia at a single cell level. The tethered

cell protocol has cetainly been refined over the decades, with the construction of

flow chambers, use of high speed digital recording, and development of analysis

software capable of clearly distinguishing the rotational behaviour. Current video

processing and analysis software enables the simultaneous analysis of all tethered

cells in a field of view, with rotation traces being used to characterise the swimming
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behaviour of the cell throughout the experiment [56].

5.4.1 Data collection and processing

R. sphaeroides cultures grown to OD700 =0.4-0.6 were treated with chlorampheni-

col to prevent growth and resuspended in motility buffer. The cells were attached to

a glass slide using anti-flagellin antibody. After an incubation period, the slide was

fitted into a flow chamber. The cells equilibrated in motility buffer were exposed to

an increasing gradient of attractant (propionate), followed by a decreasing gradient

hence returning to the initial bufer conditions (Figure 5.3A). The behaviour of the

cells was recorded using a high-speed video camera (100 Hz).

The videos were processed to extract information on the rotating cells. This was

achieved using the BRAS software [56] which allows the user to select individual

rotating cells for analysis. The raw data obtained contains a high level of noise. To

get around this issue, the raw data processing software, Click&Mean [56], uses a

Fourier transformation to smooth the data and displays a density map of the fre-

quencies composing the rotational signal. Each density map thus corresponds to the

rotational behaviour of a single bacterial cell, with the dominant components of the

rotational signal coloured in increasingly dark shades of blue. Click&Mean uses

a 128 frame smoothing window, meaning that at a 100 Hz acquisition frame rate,

events under 1.28 seconds i.e. transient stops are lost through smoothing.

The output from Click&Mean does not classify cells, hence this is done by hand for

each cell. The advantage of using the Fourier transform is that the intervals when

the cell is rotating and when it is not are very clear and distinguishable. The cells are

then classified according to previously described categories [8, 55, 71, 28], detailed

below:
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Figure 5.3: Overview of the tethered cell assay.A. Experimental setup for tethered
cell analysis. Bacteria are tethered inside the flow cell (brown). Flow is created
through the pressure difference between the source (higher) and the waste contain-
ers (lower). B. Examples of the wild-type and non-responsive tethering phenotypes
(bottom two plots) shown in relation to the environment experienced by the tethered
bacteria (top). For wild-type, when the decrease in nutrient is sensed, the chemo-
taxis pathway is activated and the flagellar motor is stopped to effect a change in
swimming direction. Due to their ability to adapt, the wild-type cells only remain
stationary while they are experiencing the unfavourable environmental conditions of
a decresing attractant gradient, resuming rotation as they adapt. A non-responsive
cell will not cease rotation while experiencing the decreasing gradient of attractant.
The dotted lines highlight the adaptation stop interval characteristic of a wild-type
cell.

ò Adaptive cells cease rotating upon removal of attractant but adapt and restart

rotating before the end of the experiment. Wild type cells are part of this

category.

ò Responsive cells stop rotating upon attractant removal and do not restart by

the end of the experiment.
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ò Non-responsive cells show continuous rotation throughout the experiment,

not responding to the addition or removal of attractant.

ò Stoppy non-responsive cells do not react to addition or removal of attractant,

but spend more time stopped, a behaviour visible in the Click&Mean output.

The density maps show numerous clear 5-30 s gaps.

ò Inhibited cells start rotating on addition of propionate, but some of these

cells cease rotation before propionate is removed, some do not respond to

propionate removal, and others are able to adapt.

Once the cells have been classified, the time it takes adaptive cells to resume rotation

(adaptation time) can be measured using Click&Mean. The full adaptation time is

defined by Kojadinovic et al. [56] as the time interval it takes the cell to resume full

rotation. Thus, the tethered cell assay can provide information about the frequency

of certain chemotaxis phenotypes and the duration of adaptation periods.

5.5 Investigation of putative methylation sites in TlpT

5.5.1 The discovery of putative methylation sites in TlpT

Previous work in the laboratory has identified four methylation sites in the R. sphaeroides

cytoplasmic chemoreceptor TlpT: E296, E478, Q485, and E289 [28] (Figure 5.4).

The first three of the sites were identified using tandem mass spectrometry (MS/MS)

of purified TlpT in the presence of adaptation proteins, while the fourth, E289, was

predicted using bioinformatics.

For the MS/MS experiments, R. sphaeroides was treated as a black box that could

methylate and deamidate TlpT. The chemoreceptor was expressed in R. sphaeroides



87

Figure 5.4: Putative methylation sites in TlpT. The proposed methylation sites
(E296, E478, Q485, and E289) are highlighted mapped onto a model of TlpT by
Dr. James R. Allen. The model was obtained by threading the TlpT sequence onto
the E. coli serine chemoreceptor, Tsr. TlpT is represented as a dimer with the indi-
vidual monomers coloured in white and grey. The methylation sites are labelled on
the grey monomer.

and isolated using affinity chromatography. Three background strains were used for

expression: 1) wild-type, which was expected to allow methylation and demethyla-

tion of any Q or E site, 2) a strain lacking all methyltransferases (∆cheR1,2,3), which

was expected produce no methylation on either E or Q sites, but full deamidation
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of Q sites, and 3) a strain lacking all methylesterases (∆cheB1,2), which was ex-

pected to methylate E sites but not the Q sites since they cannot be deamidated.

The MS/MS results revealed E296 and E478 to be methylated. Q485 was the only

residue found to be deamidated but no methylation was found at this site, even

though it is correctly in frame with E478 to be modified by the adaptation path-

way.

Using the locations of the sites identified by MS/MS and their relative position ver-

sus the known sites in E. coli Tsr, the fourth site, E289, was predicted (Figure 5.5).

The corresponding in-frame methylation site in Tsr is E304, which showed the low-

est levels of methylation in similar MS/MS experiments. It was thus suggested that

the two sites are likely to have the same reactivity and were either not methylated

to a great extent, or demethylated quickly during the isolation process.

Figure 5.5: Alignment of R. sphaeroides TlpT and E. coli Tsr showing the positions
of the identified methylation and deamidation sites (blue) and sites predicted from
this information(yellow). Top ruler numbering is in relation to TlpT. This image
was taken from [28].

Previous work in the laboratory characterised the free swimming and tethering phe-

notypes for the E296Q and E296D mutants [28]. Both mutants displayed wild-type

phenotypes. Hence it was proposed that Q was post-translationally modified back

to E and that a single mutation (E296D) might have too subtle an effect. Reason-

ing by the E. coli paradigm, the expected phenotype for for the E296D mutant was

similar to a decrease in the methyltransferase CheR, hence showed smoother free

swimming and less sensitivity to drops in attractant concentrations. By the same
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reasoning, it was predicted that an E296A mutant would show stoppier free swim-

ming and longer adaptation times.

Table 5.2: List of the strains that contain alanine mutations of proposed methylation
sites in TlpT.

Strain number Genotype
JPA2332 tlpT E296A
JPA2367 tlpT E289A
JPA2368 tlpT E289A E296A
JPA2369 tlpT E 478A
JPA2370 tlpT Q485A
JPA2371 tlpT E289A E296A Q485A E478A

To sum up, TlpT methylation by the R. sphaeroides adaptation proteins was identi-

fied at E296 and E478, while Q485 only showed deamidation. To directly show the

involvement of these residues in R. sphaeroides adaptation, the dynamic and steady

state swimming behaviour of strains containing the respective alanine mutants alone

and in combination are characterised in this section. Additionally, an E296A muta-

tion is characterised alone and in combination to assess whether methylation does

indeed occur at this site as proposed by de Beyer [28]. Beyond the four strains

containing single alanine mutations in TlpT, the number of possible combinations

containing at least two sites mutated to A rises up to 11. The time necessary to

produce strains containing each of these mutation combinations was prohibitively

long for this study. Hence a double mutant and the quadruple mutant were selected

and added to the list of strains analysed in this section. The TlpT alanine mutant

strains were constructed by Elaine Byles.
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5.5.2 Results

5.5.2.1 Integrity of the cytoplasmic cluster

TlpT is a component of the cytoplasmic chemosensory cluster whose absence pre-

vents cluster formation and produces a non-chemotactic phenotype. It is crucial to

probe whether the TlpT methylation site mutant strains contain clusters so that the

observed phenotypes can be correlated with the methylation site mutation rather

than the disruption of the cytoplasmic cluster. The presence of the cluster was veri-

fied using fluorescent fusions of the cytoplasmic cluster component, CheW4.

An N-terminal YFP fusion of CheW4 was previously used by Wadhams et al. to

show its localisation to the cytoplasmic cluster. This genetic modification had no

effect on cluster formation or functionality. The same genomically expressed flu-

orescent construct was employed to test for the presence of cytoplasmic clusters

here.

The yfp-containing strains were obtained by homologous recombination using an

existing pK18pK18mobsacB construct. The insertion of the yfp gene was verified

by colony PCR using primers situated upstream and downstream from the site of in-

sertion. Once confirmed by colony PCR, samples from cultures of OD700 =0.4-0.6

were analysed by phase-contrast fluorescence microscopy. The cells were immo-

bilised on agar pads and both phase-contrast as well as fluorescent images were

captured for every strain.

Fluorescent foci were observed in the YFP images, as presented in Figure 5.6. Upon

overlay with the phase-contrast images, it became clear that each cell contained a

variable number of foci. This is due to the mode of cytoplasmic cluster partition

upon cell division, an event which is frequent at the optical density used here. For
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Figure 5.6: Representative image for cytoplasmic clusters in TlpT mutant strains.
A: Phase-contrast image of the cells; B: fluorescence image of the same set of cells;
C: Overlay of the first two images. The scale bars represent 10 µm in the big image
and 1 µm in the inset.

the purpose of this work, it was only important to assess whether a cluster – and

therefore a fluorescent focus – existed, so the cells in the images were sorted into

two categories: cells with and cells without a cytoplasmic cluster. The sorting and

counting was carried out by eye and the results are summarised in Table 5.3.

Table 5.3: Cytoplasmic cluster formation in TlpT mutant strains. The cytoplasmic
cluster was observed by fluorescence phase-contrast microscopy.

Strain Description No. of
cells

Cells with
cytoplasmic cluster

Cells without
cytoplasmic cluster

No. % No. %

JPA2378 TlpT E478A
YFP-CheW4

190 182 95.7 8 4.3

JPA2379 TlpT E289A E296A
YFP-CheW4

184 178 96.7 6 3.3

JPA2380 TlpT Q485A
YFP-CheW4

159 151 94.9 8 5.1

JPA2381 TlpT E289A E296A
Q485A E478A
YFP-CheW4

191 180 94.2 11 5.8

Fluorescently-labelled variants were obtained for all TlpT mutant strains except

JPA2332 (TlpT E296A) and JPA2367 (TlpT E289A). It is important to point out

that JPA2368 which contains both E296A and E289A mutations on TlpT was suc-

cessfully tagged with YFP and foci were observed. In addition, the quadruple mu-

tant strain, JPA2371, containing these two mutations along with two others dis-

played fluorescent clusters. It was therefore judged that the mutations present in
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the JPA2332 and JPA2367 strains do not disturb the integrity of the cytoplasmic

chemosensory cluster and the phenotypes observed hereafter are not due to the ab-

sence of the cluster.

5.5.2.2 Free swimming analysis

Data were collected and processed following the steps outlined in Section 5.3.2.

The numbers of tracks left after each censoring step are listed in Table 5.4. It has

been suggested that under the censoring protocol used, strains with a less motile

phenotype i.e. ones that spend a longer time stopped, tend to be removed in excess

at the minimum boundry radius (MBR) step, leading to a smaller number of cells

left after censoring. This is the case with strains JPA2368 and JPA2370, for example

which had the highest percentage of tracks removed during MBR censoring.

Table 5.4: Censoring table for TlpT mutant strains. Numbers of tracks removed
after each censoring step are listed. Numbers between brackets show the numbers
of tracks that would have been removed if that censoring step were used.

Strain Description Initial
Censoring

FinalSpeed MBR Length MAC

WS8N wild-type 12350 3723 6345 579 171 1532
JPA467 non-motile 3879 291 (3490) (35) (7) 3588 (56)
JPA1353 non-chemotactic 8555 2357 4732 333 114 1019
JPA2332 tlpT E296A 7530 1785 4400 362 99 884
JPA2367 tlpT E289A 5134 1014 3290 247 59 524
JPA2368 tlpT E478A 12655 2362 9560 213 52 468
JPA2369 tlpT Q485A 3598 979 1873 184 57 505
JPA2370 tlpT E296A E289A 8791 1890 6173 190 54 484
JPA2371 tlpT E289A E296A

Q485A E478A
4295 307 (3922) (19) (5) 3988 (42)

Figures 5.7 and 5.8 show MAC-NEMS plots and 25 randomly selected tracks from

each strain, for the TlpT strains containing one site mutated to alanine and strains

containing at multiple sites mutated to alanine, respectively. In both cases, clear

distinctions between strains are immediately noticed by eye.

The single mutants E296A, E289A, and E478A (Figure 5.7) all display smooth
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Figure 5.7: Free swimming tracks and MAC-NEMS plots for TlpT single mutants.

free swimming tracks, characterised by long, close to liniar tracks. This phenotype

supported by MAC-NEMS plots showing the population of tracks concentrated in

the bottom right region of the plot.
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The single mutant Q485A (Figure 5.7), as well as the mutant containing both E296A

and E289A (Figure 5.8) produced tracks that seem to have abnormally long tran-

sient stops. This is confirmed by the respective MAC-NEMS plots which show a

broad distribution of swimming speeds and rotation angles, with the most intense

signal located in the top left region, at lower mean speeds and higher angle change,

indicative of a strain that is more stoppy than wild-type (Figure 5.2).

Figure 5.8: Free swimming tracks and MAC-NEMS plots for TlpT double and
quadruple mutants.

The quadruple mutant (Figure 5.8) forms part of a separate category, with a free

swimming phenotype similar to the non-motile reference strain. In the MAC-NEMS

plot, the population of tracks is indeed found in the region of very low speed and

large angle change. (Figure 5.2).

Free swimming data was also acquired for the ∆tlpC strain. This was to compare

with existing free swimming data on ∆tlpT [28]. The behaviour of these two dele-

tion strains has already been characterised under dynamic conditions, hence will
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Figure 5.9: Free swimming tracks and MAC-NEMS plots for ∆tlpT and ∆tlpC.

not be repeated [28, 113]. The free swimming tracks and MAC-NEMS plots for

∆tlpC and ∆tlpT are presented in Figure 5.9. The free swimming phenotypes for

the two mutants are visibly different, with the ∆tlpC phenotype appearing similar to

wild-type.

Even though the data sets appear to be significantly different by eye, the complete

track data analysis was undertaken. This is to allow the data on the TlpT mutants

to be analysed alongside the adaptation protein mutants from the second part of this

chapter. A summary statistic such as the mean speed per track used in E. coli was not

considered because previous work has shown that the average swimming speed of

R. sphaeroides wild-type cells is not statisticaly different from that of smooth swim-

ming cells (lacking all chemotaxis proteins). This is likely because R. sphaeroides

spends 80% of the time in runs, while E. coli only spends 60%, thus making the

average swimming speeds more distinguishable for the two phenotypes in the latter

case, but not the former.
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The approach taken was to first separate the tracks into run and stop segments.

From the new set of summary statistics obtained after this classification, the time

spent stopped statistic was chosen over the frequency of stops statistic. This choice

was made on the one hand because the classification algorithm has a bias towards

assigning runs, thus introducing a level of noise into the data, and on the other

hand because the censoring protocol is not perfect, leaving a number of non-motile

and tortuous tracks in the data set, which would lead to an over-representation of

the number of stops identified [28]. However, these errors stemming from various

stages of the analysis only give rise to short-lived stops compared to true ones, hence

using the total time spent stopped should be a lot less polluted by these errors and

allow for discrimination between wild-type phenotypes and smoother or stoppier

ones.

Figure 5.10: Distribution of the fraction of time each TLP mutant spends stopped.
The wild-type is in a darker shade of blue. The boxplot edges indicate first and
third quartile, the box centre indicates the median, whiskers indicate minimum and
maximum, and circles and stars indicate outliers and extreme values, respectively.

The distributions of proportion of time spent stopped are presented in Figure 5.10,

and the differences noticed by eye seem apparent here too. The distribution for the

∆tlpC strain indeed appears similar to wild-type and different to ∆tlpT . The data for
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∆tlpT was obtained by de Beyer [28], using the same censoring and track analysis

parameters.

A one-way Kruskal-Wallis test rejects the null hypothesis that these distributions are

from the same population (p<0.05). Post-hoc pairwise comparisons are made with

the null hypothesis that each pair is from the same population. The corresponding

probabilities for this hypothesis are shown in Figure 5.11A. The resulting groups

are presented in Figure 5.11B, sorted by the amount of time spent stopped.

Figure 5.11: Analysis of TLP mutants. A. Pairwise comparisons between distribu-
tions of fraction of time spent stopped for each TLP mutant, giving the probability
that a pair is from the same population. Blue squares indicate an accepted null hy-
pothesis i.e. data sets from the same group. The numbers in the squares indicate the
p-value for that comparison. Comparisons not shown are p<0.001. B. The mutants
were grouped based on the proportion of time spent stopped, as judged by paiwise
comparisons.

Five groups emerged after this classification. The quadruple mutant forms a group

alone. There are two groups found to spend more time stopped than wild-type, and

another two groups found to spend less time stopped than wild-type. As suspected,
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∆tlpC was grouped with wild-type. In the case of the strains more stoppy than wild-

type, the difference was also noticed by eye: the quadruple mutant is practically

non-motile while the E478A single mutant and the E289A, E296A double mutant

also spend a large proportion of the time stopped, but are an obviously motile strain

(Figures 5.7 and 5.8).

Interestingly, while by eye the strains containing single E mutations all appeared to

be smooth swimming, statistical testing separated them into two groups: E478A

was grouped with ∆tlpT spending less time time stopped than wild-type, while

E289A and E296A were grouped separately with the least time spent stopped. The

analysis was also carried out without ∆tlpT , in which case E478A remained grouped

separately from the other two E mutants.

5.5.2.3 Tethered cell analysis

Data collection and analysis were performed as outlined in the first part of this

chapter. The phenotypes identified for each strain are listed in Table 5.8.

Table 5.5: List of the tethering phenotypes obtained for the TlpT methylation site
mutants.

Strain Genotype Tethering phenotype # cells
JPA2332 tlpT E296A Non-responsive 25
JPA2367 tlpT E289A Non-responsive 14
JPA2368 tlpT E289A E296A Responsive, early stop 14
JPA2369 tlpT E478A Non-responsive 24
JPA2370 tlpT Q485A Adaptive and stoppy 11
JPA2371 tlpT E289A E296A

Q485A E478A
Responsive, early stop 10

Strains containing single E296A, E289A, E478A mutations in TlpT showed no re-

sponse to a decrease in propionate. The TlpT Q485A mutant was the only one able

to respond and adapt to the decrease in propionate concentration. A representative

tethering signal density map for this strain is shown in Figure 5.12. The bacterium
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appears to be rotating smoothly before the negative stimulus, when rotation stopped.

Adaptation took longer than in wild-type, averaging 134±33 s, compared to the

40±5 s taken by wild-type. Rotation resumed in a stoppy fashion and it remains

unclear whether it became smooth. Judging by the free swimming results, this was

deemed unlikely, hence TlpT Q485A was classified as stoppy adaptive.

Figure 5.12: Representative rotational signal density map for TlpT Q485A. Cells
are able to respond to a drop in nutrient concentration and take longer than wild-type
to adapt. They resume spinning in a stoppy fashion.

The remaining two strains, each containing more than one mutation, have been

classified as Responsive, early stop. The TlpT E289A E296A double mutant is

motile but spends more time stopped than wild-type. This is visible in some cases

in the tethering plots. In most cases, cells stopped swimming before the decrease

in propionate, making it impossible to assess their response. Indeed, in some cases

intermittent rotation was observed both before and after the negative stimulus, but

not in response to any stimulus.

The quadruple mutant, also classified as Responsive, early stop, is a non-motile

strain, as shown by the free swimming experiments. However, cells started rotating

on the addition of propionate. Hence the tethering protocol was slightly modified

for this strain, by adding a small amount (10 µM) of propionate to the initial buffer.
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This allowed a field of view to be chosen with bacteria that were rotating. However,

despite the protocol modification, most cells stopped rotating before a decreasing

gradient of propionate. This suggests the bacteria have stopped motors, but on

addition of an attractant the cells rotate, adapting to stopped.

5.6 The adaptation proteins of R. sphaeroides

5.6.1 Introduction

In E. coli there is a single CheB and a single CheR protein. Deleting CheB results

in overmethylated chemoreceptors and that leads to a tumbling phenotype during

steady state swimming. Cells can resume smooth swiming in the presence of a

sufficiently large attractant stimulus, but cannot adapt quickly and recover tumbling

swimming very slowly. Conversely, deleting CheR in E. coli results in unmethylated

chemoreceptors, with smooth swimming cells under steady state. A sufficiently

large repellent stimulus will cause the cells to tumble, but again, they cannot quickly

adapt to the stimulus.

R. sphaeroides has two CheB and two CheR proteins expressed under laboratory

conditions. Previous data from the laboratory shows that ∆cheR2 and ∆cheR3 strains

are not chemotactic, being unable to respond to drops in nutrient concentrations.

CheR2 can complement an E. coli CheR deletion [64]. A ∆cheB1 strain is not

chemotactic, while a ∆cheB2 strain shows reduced chemotaxis, with CheB1 being

able to fully complement an E. coli strain lacking CheB, while CheB2 only being

able to partially complement the same E. coli deletion strain. These differences in

the effects of deleting either of the R. sphaeroides CheB proteins suggests different

roles in adaptation [64].
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Recent work from the laboratory performed an extensive characterisation of the

swimming behaviour under both steady state and dynamic conditions for a series of

R. sphaeroides chemotaxis protein mutants [28]. A summary of the data is presented

in Table 5.6 and will be discussed in the context of the results obtained here, in

Section 5.7.

Table 5.6: Summary of previous adaptation protein deletion swimming phenotypes
obtained under steady state (free swimming) and dynamic (tethering) conditions.

Genotype Free swimming phenotype Tethering phenotype
∆cheR2 more stoppy than wild-type Non-responsive stoppy
∆cheB2 more stoppy than wild-type Adaptive; longer adaptation time
wild-type wild-type Adaptive
∆cheR3 smooth swimming Non-responsive
∆cheR1,2,3 smooth swimming not tested
∆cheB1 smooth swimming Non-responsive
∆cheB1,2 smooth swimming not tested

As mentioned in the Introduction and discussed at the beginning of this chapter,

the CheB1, CheR2 pair is assumed to be responsible for polar chemosensory array

adaptation, while the CheB2, CheR3 pair is assumed to fulfill the same function for

the cytoplasmic chemosensory cluster. However, no mutant strains with the adap-

tation proteins deleted in these combinations have been studied. Strains containing

the adaptation protein pairs associated with each of the arrays deleted in turn and

together (mutagenesis performed by Elaine Byles) were characterised in this sec-

tion under steady state as well as dynamic swimming conditions. Finally, the data

obtained with the pair deletions is integrated with the data set obtained by de Beyer

[28].
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5.6.2 Results

5.6.2.1 Free swimming

The free swimming data was acquired and analysed as described in the method sec-

tion of this chapter (Section 5.3.2). A summary of the censoring steps is presented

in Table 5.7.

Table 5.7: Censoring table for ∆cheBcheR strains. Numbers of tracks removed
after each censoring step are listed. Numbers between brackets show the numbers
of tracks that would have been removed if that censoring step were used.

Strain Description Initial
Censoring

FinalSpeed MBR Length MAC

WS8N wild-type 12350 3723 6345 579 171 1532
JPA467 non-motile (∆fliA) 3879 291 (3490) (35) (7) 3588 (56)
JPA1353 ∆cheOp1,2,3 8555 2357 4732 333 114 1019
JPA1377 ∆cheR3 ∆cheB2 7274 1709 4385 368 82 730
JPA1378 ∆cheR2 ∆cheB1 8238 1588 5774 194 69 613
JPA1379 ∆cheR1,2,3 ∆cheB1,2 7493 1462 5101 308 63 559

Figure 5.13 shows 25 representative tracks and the MAC-NEMS plot for each of the

∆cheBcheR mutants. For all three mutants, the highest density of tracks is found at

high NEMS and low MAC. Of the three strains, the ∆cheB1R2 strain shows the

broadest distribution of speeds and angle changes. The MAC-NEMS plot suggests

a mildly stoppy phenotype, with a small proportion of the tracks distribution ex-

tending towards the top left corner. The tracks themselves typically have one or

more changes in angle, indicative of transient stops.

The ∆cheB2R3 tracks distribution is tightly placed in the bottom right corner of the

plot, suggesting a smooth swimming phenotype. Indeed, the corresponding tracks

are mostly straight lines, and hardly any angle changes can be seen in the random

selection of 25 tracks plotted in Figure 5.13.

Judging by both the MAC-NEMS plot and the shape of the tracks, the ∆cheB1,2R1,2,3
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Figure 5.13: Free swimming tracks and MAC-NEMS plots for ∆cheBcheR mu-
tants.

strain appears to have an intermediate free swimming phenotype. The broadness of

the tracks distribution in the MAC-NEMS plot extends further than the ∆cheB2R3

strain, but not as far as the ∆cheB1R2 strain. The shape of most tracks, while not a

straight line as in the case of the ∆cheB2R3 strain, does not have sharp angle changes

immediately obvious to the naked eye, as it is the case with the ∆cheB1R2 strain. It

is likely that the rounded shape of the tracks belonging to the ∆cheB1,2R1,2,3 strain

is due to shorter, more frequent transient stops than in the case of the ∆cheB1R2

strain.
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Figure 5.14: Distribution of the fraction of time each ∆cheBcheR mutant spends
stopped. The wild-type is in a darker shade of blue. The boxplot edges indicate first
and third quartile, the box centre indicates the median, whiskers indicate minimum
and maximum, and circles and stars indicate outliers and extreme values, respec-
tively.

While certain differences between these three strains could be noticed by eye, a

statistical test would verify if the differences were indeed significant between the

phenotypes of the three strains to consider them distinct. To provide more context

to the discussion of the intricacies of R. sphaeroides adaptation at the end of this

chapter, the free swimming data for these three mutants was analysed together with

equivalent data obtained by de Beyer for other adaptation protein mutant strains [28]

(Table 5.6). This merging of data sets was possible becuse the same acquisition,

tracking, censoring and classification parameters were used for all strains.

The distributions of the proportion of time spent stopped by each of the strains

considered in this analysis are presented as boxplots in Figure 5.14. A one-way

Kruskal-Wallis test was used to check the null hypothesis that all these distributions
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Figure 5.15: Analysis of ∆cheBcheR mutants. A. Pairwise comparisons between
distributions of fraction of time spent stopped for each ∆cheBcheR mutant, giv-
ing the probability that a pair is from the same population. Blue squares indicate
an accepted null hypothesis i.e. data sets from the same group. The numbers
in the squares indicate the p-value for that comparison. Comparisons not shown
are p<0.001. B. The mutants were grouped based on the proportion of time spent
stopped, as judged by pairwise comparisons.

arise from the same population. The null hypothesis was rejected (p<0.001) so a

post-hoc pairwise comparison was performed(Figure 5.15A). The groups resulting

after considering all identities established by the pairwise comparison are presented

in Figure 5.15B.
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In this case too, five groups emerged. The first group only contains ∆cheB2R3

and is the mutant that spends the least time stopped. In the order of increasing

amount of time spent stopped, next in line is a six-membered group that spends

less time stopped than wild-type. This group contains the ∆cheB1,2R1,2,3 strain, con-

firming its intermediate phenotype between the ∆cheB2R3 and ∆cheB1R2 mutants.

The middle group only contains the wild-type strain. The ∆cheB1R2 strain charac-

terised as part of this work was grouped with the ∆cheB2 strain, spending more time

stopped than wild-type, but less time than the stoppiest strain of the extended data

set, ∆cheR2.

5.6.2.2 Tethered cell assay

The ∆cheBcheR mutants were tethered to the glass coverslip of a flow cell using

anti-flagella antibodies and their rotational movement was recorded. A wild-type R.

sphaeroides cell stops swimming when it experiences unfavourable conditions e.g.

a decreasing propionate gradient. The ∆cheBcheR mutants analysed in this section

reacted neither to an increasing propionate gradient, nor to a decreasing one.

Table 5.8: List of the tethering phenotypes obtained for the ∆cheBcheR mutants.

Strain Genotype Smooth Stoppy Total
JPA1377 ∆cheB2 ∆cheR3 8 9 17
JPA1378 ∆cheB1 ∆cheR2 8 21 29
JPA1379 ∆cheB1,2 ∆cheR1,2,3 9 15 24

The non-responsive phenotype however, could be separated by eye into smooth

non-responsive (similar to the example in Figure 5.3B) and stoppy non-responsive,

a phenotype not reported in literature and first characterised by de Beyer [28] (Fig-

ure 5.16A). The stoppy non-responsive phenotype was identified in tethered cell

traces showing numerous clear, long (5-30s) gaps. Tethering phenotypes obtained

for the ∆cheBcheR mutants here argue that the stoppy phenotype cannot be defined
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discretely; Figure 5.16A shows an example of stoppy non-responsive phenotype

with clear gaps 5-30 s in length, as described by de Beyer. In the same data set,

tethering phenotypes similar to Figure 5.16B were also found to varying degrees.

The areas of dense signal on this plot contain shorter ( 2 s) alternating intervals of

rotation and pause. This explanation is supported by the video recording showing

the spinning cell completing 1-2 rotations with short pauses inbetween. In the same

data set still, cells combining the two phenotypic variations from panels A and B

within the 13 minute experiment can be found.

Overall, both smooth and stoppy non-responsive phenotypes were observed for all

three strains. The proportions between them varies, suggesting that some are prob-

ably more stoppy than others. The cells are able to start and stop rotation but not

influenced by external chemosensory signals. This suggests fluctuations in CheY6–

P generated by means other than removal of attractant.

The tethered cell technique with its associated analysis software in its present setup

is not optimised for quantifying short-lived events, so a pertinent comparison with

the free swimming results cannot be made. It should also be emphasised that the

clasification of tethering phenotypes is made by hand and is thus subjective and

becomes problematic with less clear phenotypes.

5.7 Discussion

5.7.1 Analysis of TlpT methylation site mutants

The putative methylation sites from TlpT – E289, E296, E478, Q485 – were mu-

tated to alanine. This type of mutation permanently removes the charge from those

sites, causing the receptor to behave as if it were permanently methylated. Methy-



108

Figure 5.16: Variations of the stoppy non-responsive tethering phenotype. A. The
stoppy non-responsive phenotype; B. A stoppy non-responsive phenotype with very
short alternating pauses and swimming intervals; C. A cell displaying both short-
interval and long-interval stoppy phenotypes.

lation sensitizes the chemosensory array by allowing tighter packing of the recep-

tors.

Of the four single alanine mutations of proposed methylation sites in TlpT, E289A,

E296A, and E478A produced a smooth free swimming phenotype and was non-

responsive in tethering experiments. The fourth site, Q485A, which was only found
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deamidated and not methylated in the MS/MS analysis, displayed adaptation on

propionate removal. The adaptation times were longer than for wild-type and it

also spent more time stopped than wild-type. Interestingly, the double mutant TlpT

E289A, E296A is more stoppy than wild-type in free swimming experiments, and

has a responsive phenotype in tethering experiments. Further, the quadruple mu-

tant TlpT E289A, E296A, E478a, Q485A is completely stopped under steady state,

but can respond to attractant and then stop after 3-4 minutes in the tethering ex-

periments. This pattern of swimming on propionate addition, followed by a return

to the stopped state is consistent with adaptation on propionate addition. As de-

scribed above, there is a range of phenotypes obtained for different combinations of

methylation site mutants. This diversity is similar to that seen in B. subtilis McpB

[120].

The similarity between the tethering phenotypes of the three non-responsive single

mutants and the non-chemotactic phenotype obtained through the deletion of TlpT

i.e. the absence of a cytoplasmic array deserves a brief discussion. The presence

of a cytoplasmic chemosensory array in the TlpT methylation site mutant strains

was verified using fluorescence microscopy. Even though the array does form, as

inferred from observing the fluorescent foci, the possibility that the assembled array

is not functional remains. However, if a single mutation to alanine, like E296A, does

disrupt the functionality of the array, then the same phenotype should be observed

when E296A is present alongside other methylation site mutants. This is not what

is observed. On the contrary, when two single non-resposnsive mutations are found

in a double mutant strain, the phenotyoe become stoppy responsive. This is very

likely a consequence of the methylation sites not being equivalent, as seen in B.

subtilis and pointed out before, but to conclusively prove this, more double mutant

combinations should be tested.
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The methylation state of the cytoplasmic chemoreceptor TlpT has an influence on

adaptation as seen in tethered cell experiments. Adaptation to a decreasing at-

tractant gradient, as seen for TlpT Q485A, suggests that the cytoplasmic array is

involved in the adaptive response to a negative stimulus. The ability to elicit an

adaptive response to a positive stimulus was not impaired, as seen in the case of the

quadruple mutant: the cell started rotating on propionate addition, and then stopped

rotating as it adapted.

The ∆tlpC strain displays an intriguing behaviour. While during steady state it

spends as much time stopped as wild-type, it is non-responsive in the tethered cell

experiment [113]. This comes in spite of the slight cluster delocalisation observed

by fluorescence microscopy in a ∆tlpC yfp-cheW4 strain [114]. A lack of TlpC

does not seem to change the wild-type ability to perform transient stops during

swimming, but the ability to respond chemotactically is lost.

5.7.2 The adaptation proteins of R. sphaeroides

All of the free swimming data described in this chapter was analysed and presented

together with previous data from the laboratory in Figure 5.17. The figure shows a

ranking of groups of R. sphaeroides deletion strains based on the fraction of time

they spend stopped. Strains from the same group were judged to have the same

distribution of fraction of time spent stopped. The strains were sorted from smooth

swimming to stopped, and also coloured according to their respective tethering phe-

notype (where available).

In Figure 5.17 the smooth end of the spectrum, contains strains that have a de-

creased level of CheY6 in comparison to wild-type. As a consequence, the motor

bias shifts towards smoother swimming (less time spent stopped). Similarly, the
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Figure 5.17: Overview of free swimming and tethering data. The groups of strains,
numbered 1 to 7, are sorted from smooth to stopped, according to their steady-state
behaviour. The group containing wild-type is emphasized with a darker shade. The
tethering phenotypes are colour-coded red for non-repsonsive and blue for respon-
sive, with darker blue for adaptive.

stoppy end contains strains that presumably have a relative excess of CheY6–P. In

both categories of steady state swimming phenotypes there are unexpected strains

present.

It is surprising to see ∆cheB1 classified as a smooth swimmer. Under the current

model for chemotaxis, the expected phenotype for ∆cheB1 is stoppy due to the

oversensitized polar array producing CheY6–P in excess.

It is also intriguing that ∆cheR2 is classified as stoppy when, by the current model

for chemotaxis, this strain should be smooth swimming due to lack of signaling

through the polar array.

Taken together, an interesting trend emerges from the data presented in Figure 5.17.

Judging by the phenotypes presented, it seems that an overstimulated polar array or

an understimulated cytoplasmic array will produce smooth swimming. Conversely,

an overstimulated cytoplasmic array or an understimulated polar array produces

stoppy swimming

Results presented here have emphasized discrepancies between predictions made

using the current model for chemotaxis and the phenotypes observed experimen-

tally. A new model for chemotaxis in R. sphaeroides will be proposed in the Con-
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cluding remarks chapter, taking into account the discrepancies pointed out here, as

well as other results described in this thesis.



CHAPTER 6
Photoactivation localisation

microscopy of CheB2

R. sphaeroides expresses two CheB methylesterase response regulators. CheB2 is

encoded in cheOp3 with the components of the cytoplasmic chemosensory array,

but fluorescence microscopy experiments show CheB2 is found diffuse throughout

the cytoplasm. Modelling and in vivo phosphotransfer work proposes that CheB2

interacts with both the polar and cytoplasmic chemosensory arrays. As of yet, it

remains unclear what the place of CheB2 is within the R. sphaeroides chemotaxis

signalling network. Work described in this chapter aims to provide more detailed

qualitative in vivo information about the localisation of CheB2 by employing single-

molecule fluorescence microscopy.

6.1 CheB2, a methylesterase response regulator

In E. coli, the methylesterase response regulator CheB localises with the membrane-

embedded chemosensory array. In contrast, both CheB homologues of R. sphaeroides

are found to be diffuse throughout the cytoplasm [115], making CheB1 and CheB2

113
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available to both the membrane-embedded as well as the cytoplasmic chemosensory

cluster (Figure 6.1 A, B). This further contrasts with the antagonistic adaptation pro-

teins, the R. sphaeroides methyltransferases CheR2 and CheR3. The CheRs localise

with the polar and cytoplasmic arrays, respectively (Figure 6.1 C, D).

Figure 6.1: Localisation of R. sphaeroides adaptation proteins. A. YFP-CheB1 is
found diffuse throughout the cytoplasm. B. YFP-CheB2 is found diffuse throughout
the cytoplasm. C. YFP-CheR2 is localised to foci at the cell poles. D. YFP-CheB1
is localised to foci in the cytoplasm. The images were taken from [115].

Phosphotransfer experiments provided comprehensive in vitro information on the

relationships between the R. sphaeroides CheA kinases and CheB response regula-

tors. Among the CheAs expressed under laboratory conditions, CheA2 can phos-

phorylate both CheB1 and CheB2 [73], while the CheA3 CheA4 split kinase can

only phosphorylate CheB2 [74]. It was also shown that CheB2–P can phosphory-

late CheA2 [73]. Hence it is currently assumend that CheB2 can be activated by

both the polar and cytoplasmic arrays, but it is unclear in the adaptation of which

chemoreceptors CheB2 is involved.

Mathematical modelling by Tindall et al. revealed potential reverse phosphorelay

from CheA3–P to CheA2, through CheB2 [107]. Thus the cytoplasmic cluster could

activate the polar cluster and indirectly activate its non-cognate response regulators.
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The model did not include the sensory and adaptation pathways (chemoreceptors

and CheR homologs), it only considered the CheA, CheB and CheY homologs.

The question of reverse phosphorelay relevance under physiologucal conditions is

further raised by the model being based on in vitro kinetic parameters.

Modelling work by Hamadeh et al. uses a model invalidation approach to establish

the connectivity between the two CheB proteins and the two chemosensory clusters

[36]. The model assumed a cascade control architecture for the two R. sphaeroides

chemosensory pathways and considered the sensory and adaptation systems as well.

All proposed connectivity models were invalidated, except for one proposing that

CheB2 interacts with both clusters, while CheB1 only interacts with the polar clus-

ter.

An E. coli CheB deletion strain can be complemented fully by expressing CheB1,

but only partially by expressing CheB2 [64]. Deleting CheB1 leads to a loss of

chemotaxis, with the cells being unable to respond to a drop in nutrient. In the case

of CheB2, deletion only leads to a decrease in chemotaxis ability, with the cells

being slower to adapt to changes in nutrient concentration.

Theoretical as well as in vitro work suggests that CheB2 interacts with both chemosen-

sory clusters, while CheB1 only interacts with the polar cluster with in vivo data on

these interactions being unavailable. Work in this chapter focuses on CheB2 and

makes use of photoactivation localisation microscopy (PALM) to track the move-

ment of individual CheB2 molecules in live cells.
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6.2 Photoactivation localisation microscopy (PALM)

6.2.1 The method

Single-molecule fluorescene microscopy techniques allow protein visualisation with

nanometer resolution. Photoactivated localisation microscopy (PALM) makes use

of fluorescent proteins that can be activated from an initial dark state to a fluores-

cent state. By tuning the intensity of the activation laser, a subset of all labelled

molecules can be activated at any time to determine their positions in a sequen-

tial manner. Tracks can be obtained by linking the positions of a single molecule

fluorescence spot over time.

Figure 6.2: Photoactivation localisation microscopy and tracking. A. The pro-
tein of interest is expressed as a photoactivatable fusion (grey spots). A subset of
fusion proteins are activated with low laser power (405 nm for PAmCherry) and
then excited (568 nm for PAmCherry) with high laser power, allowing for individ-
ual molecules to be imaged (red sport). The excited molecules will remain visible
throughout several consecutive frames (until photobleaching occurs, white spot) al-
lowing for its tracking over time. B. Signal from individual fluorophores is detected
and fitted to a Gaussian mask. The fitting allows for determination of the positon
of the fluorescent molecule below the diffraction limit. The signal from an individ-
ual molecule can be tracked through a series of consecutive frames, allowing for
movement parameters, such as diffusion coefficients, to be calculated.
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By factoring in the time between acquisitions, diffusion coefficients can be calcu-

lated. Recent developments have increased the sensitivity and temporal resolution

of PALM, such that it is now possible to track single diffusing fluorescent proteins

in the bacterial cytoplasm of live cells.

6.2.2 Applications of PALM in live bacterial cells

Uphoff et al. have used photoactivation localisation and tracking to discriminate

between bound and unbound DNA repair enzymes based on their diffusion coef-

ficients [109]. The method was applied in live E. coli cells to identify transient

DNA-binding events of single Pol1 molecules tagged with PAmCherry. Integration

of their single-molecule observations generated a systems-level description of the

DNA repair pathway in vivo.

Diepold et al. used PALM in their study of YscQ, the C-ring component of the

Yersenia enterolitica type III secretion system [31]. They were able to discriminate

in vivo between free-moving cytosolic and stable injectisome bound YscQ.

Work from our laboratory used a photoactivatable mCherry (PAmCherry) fusion

in live R. sphaeroides cells to track the movement of individual PpfA molecules

involved in cytoplasmic chemosensory array segregation upon cell division [48].

The method revealed a clear diversity of mobilities for PpfA.

6.3 Experimental approach

To gain more detailed insight into the localisation of CheB2, the approach taken

was to study the cellular localisation of individual molecules in correlation with

their diffusion coefficient.
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The R. sphaeroides inducible plasmid, pIND4 [43], was used to express CheB2

tagged with a photoactivatable fluorophor, PAmChery, in a range of background

strains (Table 6.1). The choice of fluorescent tag was due to its long fluorescence

lifetime, minimal blinking on the exposure time scales used, and lack of oligomeri-

saion, making it well-suited for the study of single molecule dynamics [92]. The

decision was reinforced by the previous successful use of PAmCherry in our labo-

ratory [31], especially in R. sphaeroides [48].

Table 6.1: Background strains used for PALM imaging and tracking.

Strain Genotype Description
WS8N wild-type This is the wild-type background.
JPA1353 ∆cheOp1,2,3

∆cheY4,5

All chemotaxis genes are deleted.

JPA1301 ∆cheOp3 the cytoplasmic cluster genes are deleted.
JPA1457 yfp-cheW4 The cytoplasmic cluster is fluorescently labelled.
JPA1418 yfp-cheW3 The polar cluster is fluorescently labelled.

The background strains listed in Table 6.1 would allow for CheB2 tracking in a wild-

type background strain (WS8N), as well as in strains lacking the cytoplasmic array

(∆cheOp3), or both the polar and cytoplasmic arrays (∆cheOp1,2,3). Differences

between diffusion coefficient distributions of PAmCherry-CheB2 corresponding to

these strains could be correlated with its interaction with the arrays. Additionally,

colocalisation experiments using background strains with fluorescently tagged po-

lar (YFP-CheW3) or cytoplasmic clusters (YFP-CheW4) would provide detailed

information on the cellular localisation of the bound molecules (tracks with a low

diffusion coefficient).
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6.4 Creation of a photoactivatable fusion construct

PAmCherry was cloned upstream of cheB2 within pIND4, the R. sphaeroides in-

ducible expression plasmid [43]. An N-terminal fusion protein was chosen over a

C-terminal one due to previous fluorescent protein work having been carried out

with N-terminal fusions [115].

Creating the PAmCherry-cheB2/pIND4 construct was not straightforward. The task

was complicated through a) the GC abundance within the cheB2 gene (75%) lead-

ing to a hairpin-rich secondary structure which interfered with PCR fragment as-

sembly by overlap extension, and b) multiple instances of two out of the four re-

striction sites in the pIND4 multiple cloning site being present in both cheB2 and

PAmCherry.

The approach taken was to insert the PAmCherry gene upstream of cheB2 in a pre-

existing cheB2/pIND4 plasmid. The cheB2/pIND4 plasmid did not have any restric-

tion sites upstream of cheB2, so an NdeI restriction site was inserted through site-

directed mutagenesis. The new plasmid was digested with NdeI, and treated with

Antarctic Phosphatase (NEB) to remove 5′ phosphoryl termini required by ligases

thereby preventing plasmid re-ligation. The linearised plasmid was then ligated

with the NdeI double digested PAmCherry PCR fragment. The ligation products

were transformed into XL-1 E. coli cells, which were grown on kanamycin selec-

tion LB-agar plates.

Because the insertion was performed using a single restriction site, PAmCherry

could have been ligated in in both directions. A pair of primers was designed

to identify colonies containing the correct insertion by colony PCR screen (see

2.3.2.4). The forward primer was designed to bind in the middle of the PAmCherry

gene, while the reverse primer was designed to bind 800 bp downstream, within
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cheB2. Thus, a successful construct would yield a 800 bp PCR product, while an

unsuccessful one would not produce a PCR product as the reaction would have been

performed using two reverse primers. Two of the colonies identified as successful

by PCR were grown up overnight in LB medium with kanamycin and the corre-

sponding plasmids were isolated using the Quiagen MiniPrep kit. The two plasmid

samples were all sent for sequencing and all were shown to contain the correct in-

sert.

The successful plasmid was used to transform S17-1 λpir so that it could be conju-

gated into the desired R. sphaeroides strains (Table 6.1).

6.5 Results

6.5.1 Tracking and classification of PAmCherry-CheB2 molecules

in live R. sphaeroides cells

Cultures of R. sphaeroides cells containing PAmCherry-CheB2 were grown in suc-

cinate medium to OD700 of 0.4-0.6. Expression was not induced as it was shown in

our laboratory that the leaky expression from pIND4 is enough to perform PALM

experiments. Keeping a low number of photoactivatable molecules in the cell is

important when doing PALM because the technique relies on the ability to activate

and image single molecules [110].

The cells were the immobilised on 1% low-melting agarose pads prepared with fil-

tered M9 medium. YFP fusion protein-containing strains were imaged using a 473

nm laser. Single molecules of PAmCherry-CheB2 were imaged using simultaneous

illumination at 405 nm (activation) and 561 nm (excitation), with a 15 ms exposure

at 50 ms intervals for 15000 frames. The intensity of the 405 nm laser was con-
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tinuously ajusted throughout the experiment to ensure that only single molecules of

PAmCherry were activated within an individual cell at any time [110].

The data analysis package, STORMTRACKER, contains custom-built MATLAB

(MathWorks) software, and was used to localise and track the molecules, as well

as to analyse the diffusion characteristics of PAmCherry-CheB2 [27, 42, 110]. The

mean-squared displacement (MSD) between consecutive localisations making of a

track of N steps is first calculated using Equation 6.1). Apparent diffusion coeffi-

cients were then calculated according to Equation 6.2, where the last term corrects

for the localisation error. For the setup used in these experiments, σloc=40 nm and

∆t=50 ms [110].

MSD =
1

N − 1

N−1∑
i=1

(xi+1 − xi)2 + (yi+1 − yi)2 (6.1)

D∗ =
MSD
4∆t

−
σ2

loc

∆t
(6.2)

Only tracks of at least four steps were considered for the calculation of diffusion

coefficients. It should be noted that D∗ is an apparent diffusion coefficient which

differs from a standard diffusion coefficient because of cell confinement, motion

blurring, and localisation error [65, 104].

6.5.2 PAmCherry-CheB2 in a wild-type background

PAmCherry-CheB2 conjugated into a WS8N background was imaged as described

above. The single molecule spots were localised for all the frames in the set (Figure

6.3B). The localisations were used to construct tracks, by connecting spots within a

radius of 8 pixels in successive frames (Figure 6.3D).
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A clearer way of visualising PAmCherry-CheB2 cellular positioning is by construct-

ing a density map of the localisations. Figure 6.3C presents a density map of the

localisations in 6.3B, obtained by convolution using a Gaussian mask.

Figure 6.3: Localisation and tracking of PAmCherry-CheB2 in WS8N. A. Trans-
mitted light image of wild type cells containing PAmCherry-CheB2. B. Localisa-
tions of individual fluorescent spots from an entire data set overlaid on to of the
trasmitted light image. C. Density map of the localisations, obtained by convolu-
tion using a Gaussian mask. The colour map is grayscale with light areas indicating
high density of localisation. D. Tracks of PAmCherry-CheB2 overlaid on top of the
transmitted light image. The scale bar in the first panel represents 1 µm.

Overlaying the localisations on top of the brightfield image provides a display of

where PAmCherry-CheB2 is most often located. By convoluting the localisations,

a density map is produced, with the preferred localisations of PAmCherry-CheB2

emerging as light spots (Figure 6.3C). The density map reveals a higher density

of PAmCherry-CheB2 localisations at specific points in the cytoplasm, as well as

around the edge of the cell.

The tracks resulting from the localisations were plotted over the same field of view

and revealed them to be distributed throughout the cell. (Figure 6.3D). This dis-

tribution was expected and is consistent with published data on CheB2 appearing

diffuse throughout the cytoplasm by fluorescence microscopy [115].

The distribution calculated D∗ values for each of the PAmCherry-CheB2 tracks in

the WS8N data set was plotted in Figure 6.4A. A skewed distribution is obtained,

with a large proportion of the tracks having a low D∗, close to zero. Without any

prior knowledge of in vivo PAmCherry-CheB2 diffusion coefficients, it is impossi-
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ble to identify the distributions corresponding to bound and unbound PAmCherry-

CheB2.

Figure 6.4: Tracks classification according to calculated diffusion coefficient.
A. Histogram of the calculated D∗ for PAmCherry-CheB2 tracks in a wild-type
background. B. Separation of the distribution into the slowest 25% tracks (D∗

≤0.0038µm2/s) and fastest 25% tracks (D∗ ≥0.2627µm2/s).

Similar studies have benefited from well-separated distributions for slow and fast

molecules, facilitating the classification of tracks into ones belonging to bound and

unbound molecules [109, 31]. Alternatively, other studies used D∗ values calculated

for homologous proteins under similar experiment conditions [48].

To investigate if indeed, the population of tracks obtained here contains both slow-

moving and fast-moving molecules with different cellular localisation patterns, the

25% slowest-moving tracks and the 25% fastest moving tracks were selected from

the data set and carried forward for analysis. Figure 6.4B shows the slowest 25%

with D∗ ≤0.0038µm2/s coloured in red, and the fastest 25% with a D∗ ≥0.2627µm2/s.

The tracks found in the intermediate 50% (grey) are likely to belong to both popu-

lation of fast-moving and slow-moving PAmCherry-CheB2.

By plotting these three categories of tracks separately, different cellular distributions

of tracks emerge (Figure 6.5). The molecules with the lowest diffusion coefficient
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Figure 6.5: Tracks classification. The various subsets of tracks from the same field
of view are plotted on top of the transmitted light image A. All tracks, each coloured
in a different colour. B. The slowest 25% of tracks (red); C. The intermediate frac-
tion of tracks (black); D. The fastest 25% of tracks (blue). The scale bar represents
1 µm.

(panel B) produced tracks that localise to discrete regions of the cell, either in the

cytoplasm or towards the edge of the cell. In contrast, panel D shows the tracks

with the highest diffusion coefficient covering the entire area of the cell. Panel

C, displaying the tracks with intermediate diffusion coefficients shows trajectories

zig-zagging throughout the area of the cell, as well as tracks localised to discrete

regions.

Judging by the results displayed in Figure 6.5, the tracks have successfully been

classified into slow, intermediate, and fast. Even though this approach only makes

use of 50% of the data, it ensures that the two categories carried forward exclusively
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contain tracks belonging to slow-moving and fast moving PAmCherry-CheB2, re-

spectively. The D∗ limits used here to define the two categories of tracks in a wild-

type background will be used in all subsequent tracks dataset classifications.

Overall, the tracks with the highest diffusion coefficients (blue) appear dispersed

throughout the cytoplasm, while the tracks with the lowest diffusion coefficients

(red) are concentrated to specific foci either in the cytoplasm or on the edge of the

cell. The latter could be interpreted as the slower sub-population of PAmCherry-

CheB2 interacting with both chemosensory arrays.

6.5.3 Colocalisation with the chemosensory arrays

To further investigate whether the slower PAmCherry-CheB2 molecules found to be

concentrated to specific foci either in the cytoplasm or on the edge of the cell could

indeed be interpreted as interacting with the chemosensory arrays, colocalisation

experiments were carried out. To this end, PAmCherry-CheB2 was conjugated into

strains with fluorescently tagged polar and cytoplasmic arrays. Because the PALM

microscope setup does not allow for the simultaneous imaging of a third fluorescent

protein, separate strains were chosen to image the polar array (JPA1418 yfp-cheW3)

and the cytoplasmic array (JPA1457 yfp-cheW4).

The same imaging, tracking, and track classification protocol as before was applied.

As seen in a wild-type background, the slower tracks cluster in distinct areas of the

cell (Figure 6.6C and 6.7C). The areas with an increased population of PAmCherry-

CheB2 are also highlighted in the density maps (Figure 6.6D and 6.7D) a similar

distribution is seen.

Panel C from Figure 6.6 shows slow tracks located to the polar areas overlapping

with the YFP-CheW3 foci marking the polar chemosensory array. Similarly, panel
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Figure 6.6: Colocalisation of PAmCherry-CheB2 with the polar chemosensory ar-
ray. The scale bar represents 1 µm and is the same for the whole series of images.

Figure 6.7: Colocalisation of PAmCherry-CheB2 with the cytoplasmic chemosen-
sory array. The scale bar represents 1 µm and is the same for the whole series of
images.

C from Figure 6.7 shows a proportion of the slow PAmCherry-CheB2 tracks on top

of the YFP-CheW4 foci marking the location of the cytoplasmic array. Both im-

ages have a number of slow PAmCherry-CheB2 tracks not coinciding with a YFP

spot, likely because this is where the untagged chemosensory array would be lo-

cated.

Overall, the positions of the slowest 25% of the tracks colocalise with both the polar
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and the cytoplasmic cluster.

6.5.4 PAmCherry-CheB2 in the absence of chemosensory arrays

To confirm PAmCherry-CheB2 interaction with the cytoplasmic chemosensory ar-

ray, the same experiment was performed in a ∆cheOp3 background, ensuring that

none of the array components – apart from TlpC which cannot form the array on its

own [114] – are present. Under these conditions, a decrease in the number of slow

tracks is expected. To further investigate whether the slow-moving PAmCherry-

CheB2 molecules were due to binding to a chemosensory array, the experiment was

also performed in a ∆cheOp1,2,3 background. These cells would have no chemosen-

sory arrays and a significant decrease – even depletion – of the tracks population

with a D∗ ≤0.0038 µm2/s is expected.

PALM data for these strains was acquired on at least two different days for at

least two fields of view each, adding up to at least 3000 usable tracks per strain.

The tracking, calculation of diffusion coefficients, and track classification was per-

formed as before. For the boxplots representing diffusion coefficient distributions

in Figure 6.8, all data available for that particular strain was used. The boxplots

reveal diffusion coefficient distributions that appear very similar, apart from the

∆cheOp1,2,3 background which visibly shows a broader distribution.

A Kruskal-Wallis test with a significance of 0.05 was applied to judge whether these

distribuitions are the same or not. The null hypothesis of the three distributions

being the same was rejected, with pairwise comparisons showing that the three

distributions are all different from each other.

As expected, the population of tracks for the ∆cheOp1,2,3 strain shows an increase

in mean diffusion coefficient, but the effect is not as dramatic as predicted. The
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Figure 6.8: Boxplot showing diffusion coefficient distributions of D∗ for
PAmCherry-CheB2 in a wild-type background (n=4249 tracks), a ∆cheOp1,2,3 back-
ground (n=4124 tracks), and a ∆cheOp3 background (n=3109 tracks).

corresponding histogram (Figure 6.9) confirms the persistence of a population with

low diffusion coefficient.

Even though the histograms for the wild-type, ∆cheOp3, and ∆cheOp1,2,3 strains

look very similar, differences emerge when single PAmCherry-CheB2 molecule lo-

calisations and tracks are plotted in top of the transmitted light images (Figure 6.9).

The general pattern that is observed shows the wild-type strain as described before,

with slower tracks localising to discrete regions in the cytoplasm and at the edge of

the cell. The density map highlights the cytoplasmic foci, suggesting a preference

for this localisation. The tracks corresponding to fast molecules cover the whole

area of the cell.
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Figure 6.9: PAmCherry-CheB2 tracks in deletion background strains. The data
for wild-type, ∆cheOp3, and ∆cheOp1,2,3 is organised into columns. The histogram
showing the distribution of diffusion coefficients for each strain is presented at the
top of each column. Next, images showing single molecule localisations overlaid on
top of the transmitted light image are presented. The second row of images shows
the density maps of single molecule localisations for each strain. The last two rows
of images show the slowest 25% and the fastest 25% of each population of tracks,
overlaid on top of the corresponding transmitted light image The scale bar is 1µm
and displayed in the first panel of the series.
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In the case of the ∆cheOp3 strain, the localisation densities from the cytoplasm are

no longer present. Indeed, the tracks corresponding to the slowest PAmCherry-

CheB2 molecules are localised at the cell poles and cell edges. The fast tracks fill

the area of the cell in this case too.

When all the chemotaxis operons are deleted, in ∆cheOp1,2,3, a population of slow-

moving cells persists and its localisation does not appear specific to any region of the

cell. The slowest tracks, while present in discrete groups, are scattered throughout

the cell, with no obvious preference for the cytoplasm or the edge of the cell. In this

case too, the fast tracks fill the area of the cell.

6.6 Discussion

The current chapter describes the successful application of PALM imaging and

tracking to provide qualitative insights into the cellular localisation of CheB2. The

ability to see below the diffraction limit has brought new in vivo information regard-

ing the potential interaction partners of CheB2.

First, PAmCherry-CheB2 molecules could be classified into slow-moving and fast-

moving, based on the calculated D∗. Because two distinct populations could not

be identified from the distribution of D∗, subsets of the slowest and fastest 25% of

tracks were used. These subsets of tracks were shown to have different and homoge-

neous localisation patterns. The slowest tracks according to the calculated diffusion

coefficient, accumulated to distinct regions of the cell, either in the cytoplasm or at

the edge of the cell or cell poles. The fastest 25% of tracks from all strains studied

here were found to cover the whole area of the cell.

Second, the slow tracks were found to colocalise with both the polar and cytoplas-

mic arrays. Because the PALM microscope setup did not allow imaging of a R.



131

sphaeroides strain having both the polar and the cytoplasmic arrays tagged, it can-

not be concluded that the slow-diffusing PAmCherry-CheB2 molecules colocalise

exclusively with the chemosensory arrays. This result is in agreement with existing

in vitro and modelling data.

Third, work with deletion strains aimed to confirm interactions with the clusters by

a process of elimination. In a ∆cheOp3 background lacking the cytoplasmic cluster

and most of its components – apart from TlpC which is encoded in cheOp2 – the

cellular distribution pattern changed to having concentrated spots of PAmCherry-

CheB2 at the cell pole. In some cases, slow tracks were localised around the edge

of the cell, not only at the poles. This can be explained through the formation of

mini-clusters that migrate from the old pole to the new pole during the cell division

process [24].

Even though the images displaying PAmCherry-CheB2 localisations did not show

preference for any region of the cell in a ∆cheOp3 background, a high popula-

tion of slow molecules was still present in a ∆cheOp1,2,3 background which does

not have any chemosensory arrays. This was unexpected under our assumption of

CheB2 interacting with CheA2 from the polar array (encoded in cheOp2). Delet-

ing cheOp1,2,3 leaves the orphan chemoreceptors found mostly on Chromosome II

(Table 1.1, which would still be expressed in the strain used here.

Studies on E. coli and S. typhimurium which contain a single CheR or CheB show

that, apart from binding at the methylation site, some chemoreceptors bind CheR or

CheB through additional high-affinity sites at the C terminus, known as the pen-

tapetide tether [10]. Such a high affinity site has not yet been identified in R.

sphaeroides, but their existence has been predicted in McpA, McpB, McpM, McpG,

McpR, TlpC, TlpS, and TlpT using a relaxed consensus pentapeptide sequence [28].

The first three and TlpS are not expressed under laboratory conditions so will not
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be considered. TlpT was not expressed in either of the deletion strains, while TlpC

being expressed in a ∆cheOp3 background does not form cytoplasmic arrays and is

unlikely to interact with PAmCherry-CheB2 given the bacterial two-hybrid results

(Section 3.4.4). The localisation of McpR has not yet been tested [28], hence McpG

remains the only candidate from a high affinity pentapetide tether perspective.

Indeed, McpG was shown to localise at the cell poles and in the absence of cheOp2

proteins, McpG became delocalised throughout the membrane [112]. While a direct

interaction between CheB2 and McpG has not been observed, one could speculate

that it is the reason for the high population of slow-diffusing PAmCherry-CheB2

in a ∆cheOp1,2,3 background. This proposal could be tested by carrying out the

same experiment in a background strain with an additional McpG deletion. In adi-

tion to that, the CheB2-McpG interaction could also be probed unsing the BACTH

method.

However, not just McpG, but any polarly localised chemoreceptor expressed under

laboratory conditions (Table 1.1) is a good candidate for binding CheB2, since none

of the orphan chemoreceptor genes were deleted in the ∆cheOp3 and ∆cheOp1,2,3

strains used in the study.

At this stage, an interaction between CheB2 and chemoreceptors in the polar array

is mere speculation. However, entertaining this possibility could mean that CheB2

is involved in the adaptation of the polar array, playing a role in deactivating CheA2

when the cytoplasmic array is signalling.

While the predicted reverse phosphotransfer through CheB2 may well be a way in

which the two chemosensory arrays are connected, work in this chapter suggests it

may not be the only way.
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6.7 Conclusions and future work

To conclude, it was possible to identify two types of PAmCherry-CheB2 based on

apparent diffusion coefficient. It was also shown that PAmCherry-CheB2 colo-

calises with both the polar and cytoplasmic clusters, as predicted by in vitro and

modelling work. Interestingly, in the absence of all the chemotaxis operons, PAmCherry-

CheB2 interaction partners were still present, likely candidates being membrane-

embedded chemoreceptors, such as McpG.

The results obtained here can be further developed by investigating potential in-

teractions between CheB2 and the transmembrane chemoreceptors through both

PALM imaging and tracking, BACTH interactions assays, as well as other methods.

The qualitative data described here would benefit from quantitative measurements

of protein localisation in relation to cellular landmarks [103]. Lastly, the meth-

ods discussed here could be successfully applied to study the behaviour of other

chemotaxis proteins such as the similarly diffuse CheB1, or to establish whether the

prediction of Robers et al. of CheY3 and CheY4 regulating the cytoplasmic cluster

[83] hold true in vivo.

Moreover, regardless of the background strain used, the localisation density maps

reveal high-density regions which correspond to the positioning of the chemosen-

sory arrays at certain points during the cell cycle.



CHAPTER 7
Concluding remarks

The current model for chemotaxis proposes periplasmic sensing of decreasing pro-

pionate gradients by the polar chemosensory array and cytoplasmic metabolic sens-

ing by the cytoplasmic array. Signalling by the polar array is assumed to occur

through CheY3,4,6–P and signalling through the cytoplasmic array only through

CheY6–P. Adaptation at the polar and cytoplasmic arrays is assumed to occur through

CheB1, CheR2, and CheB1, CheR2, respectively.

Results described in this thesis have showed that this model does not correctly pre-

dict the phenotypes for ∆cheB1 and ∆cheR2. It also does not predict adaptive re-

sponse to addition of propionate. The current model does not take into account the

methanol release experiments that have suggested that adaptation occurs both upon

addition and removal of propionate [64].

A new model for chemotaxis in R. sphaeroides is proposed (Figure 7.1) in an at-

tempt to incorporate the results described in this thesis. The proposed model senses

positive stimuli e.g. increase in propionate through the polar array and signals only

through CheY3,4. CheY3,4 is proposed to introduce bias towards runs, potentially by

displacing CheY6–P from the motor. The cytoplasmic cluster senses the metabolic

134
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state of the cell which could reflect negative stimuli e.g. decrease in propionate,

and effect a stop by signalling only through CheY6–P, the only CheY capable of

stopping the motor. It also includes the possibility of CheB2 desensitizing the po-

lar array as well (red arrow) and the putative role of TlpC in regulating the ki-

nase/phosphatase equilibrium (blue arrow)

Figure 7.1: Outline of the new model proposed for R. sphaeroides chemotaxis.

Building the interaction network between the components of the cytoplasmic cluster

revealed a network architecture that mirrors the one of the well-studied polar arrays.

CheA4 was shown to interact with itself, and further biophysical studies revealed it

forms dimers. This suggests that the role of CheA4 within the cytoplasmic array

might be to connect the hexagonal rings in the CheA/CheW baseplates through its

P3 dimerisation domain. Similar studies could be carried out to find out whether

CheA3 could perform a different function.

The CheA4-TlpC pair stood out by not showing any interactions in the two-hybrid
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assays. This could mean that the two cytoplasmic chemoreceptors respond to or

regulate different responses. It could be the case, for example, that TlpT – which

interacts with both CheA3 and CheA4 – regulates kinase activity at the cytoplasmic

array, while TlpC regulates the phosphatase activity of CheA3.

These putative interactions propose an antagonistic action of the signalling output

from the two cytoplasmic chemoreceptors, threby regulating the level of CheY6–P

in the cell. This model is consistent with partial CheY6 localisation at the cytoplas-

mic array.

Further, steady state swimming experiments performed with combinations of adap-

tation protein mutants suggested distinct roles for the two arrays. Smooth swim-

ming was found to be a result of increased signalling through the polar array, while

stoppy swimming occurs when the cytoplasmic array signalling is increased. This

correlates the polar cluster with producing runs, and the cytoplasmic cluster with

producing stops. It is thus unlikely that CheY6 gets phosphorylated to physiologi-

cally relevant levels by CheA2.

Super-sensitized TlpT mutants are non-motile due to the flagellar motor being sat-

urated with CheY6–P. This can be temporarily displaced through addition of propi-

onate which causes the cells to start rotating. Rotation ceases typically within 3-4

minutes.

∆tlpC suggested that TlpC is involved in the response to dynamic changes, by hav-

ing a wild-type free swimming phenotype and a non-responsive tethering pheno-

type. The proposed role of TlpC in maintaining the balance between kinase and

phosphatase activities could be applicable to this scenario.

Despite unsuccessful attempts to map the interactions of the cytoplasmic array pro-

teins with the adaptation proteins, single molecule microscopy has provided in-
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sight into the cellular localisation of CheB2. It was revealed to predominantly colo-

calise with the cytoplasmic array, though a ∆cheOp3 strain showed it accumulating

to the cell poles. It was also speculated that CheB2 might interact with MCPs,

as suggested by localisation experiments with both the ∆cheOp3 and ∆cheOp1,2,3

strains.

Overall, the results obtained here fit with a chemotaxis model where the polar array

responds and adapts to positive changes in periplasmic propionate concentrations

and the cytoplasmic array elicits and adaptive response to metabolic cues produced

as a result of a decrease in propionate. Evidence for methylation-based adaptation

occurring at the cytoplasmic array was brought through in vivo study of methylation

site mutants. Additionally, the data suggest separate roles for the two cytoplasmic

chemoreceptors, and propose TlpC to be involved – directly or indirectly – in reg-

ulating phosphatase activity. Experimental proof for the latter could validate the

model proposed here.



CHAPTER 8
Appendices

Table 8.1: Primers used for BACTH cloning. Restriction sites are highlighted in
bold.

Primer name Sequence

B2H-cheA3-F CATCATTCTAGAATGTCCGACGCATTCGACG
B2H-cheA3-R ATGATGGGTACCGCCGGCTTCGGCAGGCAGC
B2H-cheA4-F CATCATTCTAGAATGAGCGCGCCTGTCGAGGCC
B2H-cheA4-R ATGATGGGTACCTGCCGCACCTCCCGCCG
B2H-cheB2-F CATCATTCTAGAAATGAAGGCTGCCGCCGACCG
B2H-cheB2-R ATGATGGGTACCCTGTCGTTTGACGCGAGGCTG
B2H-cheR1-F CATCATTCTAGAAGTGAAATACTGGTCGCG
B2H-cheR1-R ATGATGGGTACCCTATGCTGTCCCTGAGTGCC
B2H-cheR2-F CATCATTCTAGAAATGAGTCAGGCCTTGCGTCC
B2H-cheR2-R ATGATGGGTACCCTGGTTTTCCGAAAGACTGAGG
B2H-cheR3-F CATCATTCTAGAAATGACGCTCCGCGAGGAGGCG
B2H-cheR3-R ATGATGGGTACCCTGCGGGCCTCCTTCTGATGG
B2H-cheW4-F CATATGTCTAGAATGCCCGAAGACCTGACC
B2H-cheW4-R ATGTATGGGTACCGGCCTCCAGCTCGGCGGG
B2H-tlpC-F CATCATTCTAGAATGAAACTGGAGCCCGATCTGC
B2H-tlpC-R ATGATGGGTACCGAAGAAGATGTCTGCCAGATCC
B2H-tlpT-F CATCATTCTAGAATGACACGCCGCCCCAAGACG
B2H-tlpT-R ATGATGGGTACCGAAGTCGCCGAAGCCCCGC

Table 8.2: Extra primers designed for BACTH construct sequencing.

Primer name Sequence

T18-F GGAAAAGCCTGTTCGACGATGG
T18-R CCGATATTCATGTCGCCGTCG
T25-F CGATTTCGAGGCGGTCAAGG
T25-R CCAGGCGGAACATCAATGTGG
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Table 8.3: Primers used for PALM construct cloning. Restriction sites or modi-
fied sites are highlighted in bold.

Primer name Sequence

B2PALM-PAmCh-F CATACTCATATGGTGAGCAAGGGCGAGGAGG
B2PALM-PAmCh-R CATACTCATATGCTTGTACAGCTCGTCCATGC
B2PALM-check-F CGTATCACGAGGCCCTTTCGTCTTCACCTC
B2PALM-check-R CGTTCGTACTGTTCCACGATGGTGTAGTCC
QC-B2(D70N)-F CGACGTGGTGACGCTCAATCTCGAGATGCC
QC-B2(D70N)-R GGCATCTCGAGATTGAGCGTCACCACGTCG
QC-B2PALM-F AAAGAGGAGAAATTACATATGAAGGCTGCCGCCG
QC-B2PALM-R CGGCGGCAGCCTTCATATGTAATTTCTCCTCTTT

Table 8.4: Primers used for colony PCR. These primers were used to screen for
the insertion of yfp upstream of cheW4 after the second recombination step.

Primer name Sequence

rec-X-W4-F CGCCCAGCCTCGCGTCAAACGACTGAACCAGAGGAGACG
rec-X-W4-R GGTCTTGCCCACGCCCCCCTTCTGGTTGCAGATCATCG



140

Recipe 8.5: Luria Bertatni (LB) broth. Ingredients were dissolved in MilliQ
water, pH adjusted to 7.0 and autoclaved.

Ingredient Quantity per litre
Yeast extract 5 g
Bacto-tryptone 10 g
NaCl 5 g

Recipe 8.6: 2TY media. Ingredients were dissolved in MilliQ water, pH adjusted
to 7.0 and autoclaved.

Ingredient Quantity per litre
Yeast extract 10 g
Bacto-tryptone 16 g
NaCl 5 g

Recipe 8.7: Succinate media (Sux) Ingredients were dissolved in MilliQ water,
pH adjusted to 7.2 with KOH and autoclaved.

Ingredient Quantity per litre
1M Phosphate buffer pH 7.0 20 mL
Concentrated base (see below) 20 mL
Growth factors (see below) 2 mL
(NH4)2SO4 0.5 g
NaCl 0.5 g
Sodium succinate 2 g
Casamino acids 1 g

Recipe 8.8: LB agar. Ingredients were dissolved in MilliQ water, pH adjusted to
7.0 and autoclaved.

Ingredient Quantity per litre
Agar 20
Yeast extract 5 g
Bacto-tryptone 5 g
NaCl 5 g
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Recipe 8.9: 1 M phosphate buffer pH 7.0 Buffer pH was adjusted with KOH, the
solution autoclaved and stored at 4◦C.

Ingredient Quantity per litre
K2HPO4 174.18 g
KH2PO4 136.09 g

Recipe 8.10: Concentrated baseNTA was dissolved first and pH adjusted to 5.0
with KOH. This pH allows FeSO4 to dissolve. After the addition of all the other
ingredients, the pH was adjusted to 6.8 with KOH. The solution was autoclaved and
stored a t 4◦C.

Ingredient Quantity per litre
Nitrilotriacetic acid (NTA) 5.94 g
Metals 44 solution 25 mL
MgSO4 · 7H2O 14.5 g
CaCl2 · 2H2O 1.67 g
FeSO4 · 7H2O 50 mg
Ammonium molybdate ·4 H2O 4.6 mg

Recipe 8.11: Metals 44 solution The solution was filter sterilised and stored at
4◦C.

Ingredient Quantity per litre
EDTA 2.5 g
ZnSO4 · 7H2O 11 g
FeSO4 · 7H2O 5 g
CuSO4 · 5H2O 0.39 g
MnSO4 · 4H2O 3 g
CoCl2 · 6H2O 0.2 g
3M H2SO4 1.5 mL
H3BO3 0.12 g
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Recipe 8.12: Growth factor The solution was autoclaved and stored at 4◦C.

Ingredient Quantity per litre
Biotin 20 mg
NaHCO3 0.5 g
Niacin 1g
Thiamine hydrochloride 0.5 g

Recipe 8.13: M22 minimal media The solution was made in MilliQ water, the pH
adjusted to 7.2 with KOH, and autoclaved.

Ingredient Quantity per litre
1 M phosphate buffer 20 mL
Concentrated base 20 mL
Growth factor 2 mL
(NH4)2SO4 0.5 g
NaCl 0.5 g

Recipe 8.14: 10x M9 salts The salts were dissolved in MilliQ water.

Ingredient Quantity per litre
Na2HPO4 75.2 g
KH2PO4 30 g
NH4Cl 10 g
NaCl 5 g

Recipe 8.15: SOC media

Ingredient Concentration
Glucose 20 mM
MgCl2 10 mM
MgSO4 10 mM
NaCl 10 mM
Tryptone 20 g/L
Yeast extract 5 g/L
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Recipe 8.16: 5x DNA loading dye

Ingredient Quantity w/v
Glycerol 70%
Bromophenol blue 0.1%
Xylene cyanol 0.1 %
TBE buffer 29.8%

Recipe 8.17: 10x TBE Ingredients were dissolved into MilliQ and pH adjusted to
8.3.

Ingredient Quantity
Tris base 108 g
Boric acid 55 g
EDTA 7.4 g

Recipe 8.18: TFB I The pH was adjusted to 5.8 with 0.2 M acetic acid and the final
solution was filter sterilised.

Ingredient Concentration
KCH3COO 30 mM
RbCl 100 mM
CaCl2 · 2H2O 10 mM
MnCl2 · 4H2O 50 mM
Glycerol 15% (v/v)

Recipe 8.19: TFB II The pH was adjusted to 6.8 with 0.2 M HCl and the final
solution was filter sterilised.

Ingredient Concentration
PIPES 10 mM
RbCl 10 mM
CaCl2 · 2H2O 75 mM
Glycerol 15% (v/v)
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Recipe 8.20: PIPES buffer The pH was adjusted to 7.2 with HCl and the final
solution was filter sterilised.

Ingredient Concentration
Piperazine-N,N‘-bis(2-ethanesulfonic acid) 10 mM

Recipe 8.21: Phosphate buffer saline (PBS)

Ingredient Concentration
Dulbecco A PBS tablets 10 in 1 L
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