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The internal organisation of bacteria is far more complex than originally thought.
Many components of the cell have specific localisation patterns. Proteins are lo-
calised to many different regions of the cell by numerous mechanisms, and often
their function depends on correct localisation.

Bacterial and plasmid DNA are also highly organised and actively positioned.
These tightly regulated positioning patterns ensure stable maintenance of genetic
material. Members of the ParA /MinD family of ATPases are responsible for the
segregation of a large number of bacterial chromosomes and plasmids. Recently
members of this family have been shown to position and segregate protein com-
plexes. One such complex is the cytoplasmic chemosensory cluster of Rhodobacter
sphaeroides. This large complexes are segregated from a single cluster positioned
at the mid-cell to two clusters at 1/4, 3/4 positions by the ParA homologue PpfA
using the nucleoid as a scaffold. This ensures that each daughter cell inherits a
cluster.

This study sought to investigate this cytoplasmic chemosensory cluster, and its
positioning and segregation by PpfA through the cell cycle.

The use of fluorescence recovery after photobleaching revealed that like mem-
brane bound chemoreceptor arrays the cytoplasmic cluster of R. sphaeroides is a
highly stable complex. The difference seen between the cytoplasmic cluster and
the data reported for the membrane bound cluster of Escherichia coli is probably
due to the lack of membrane helping hold the array together.

Investigation of the role of PpfA in segregation of the cytoplasmic cluster, us-
ing fluorescence imaging and single molecule tracking with a range of mutants
through the cell cycle, suggest that it uses a mechanism unlike any reported for
ParA homologues. Single molecule tracking of PpfA molecules shows that the
chemoreceptor TIpT stabilises PpfA molecules resulting in slower diffusion of
PpfA molecules at the cluster. The use of a AppfA mutant shows that PpfA re-
strains the movement of the cluster, together these results suggest a model in
which TlpT stabilises PpfA’s interaction with the nucleoid and PpfA positions
the cluster.
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Chapter 1

Introduction

1.1 Bacterial Motility and Taxis

In the laboratory bacteria are often grown shaking in rich media, and thus literally
bathed in food, however in their natural environments bacteria can experience
large changes in conditions. In order to ensure optimum growth across these
changing environments they must be able to adapt to these changes in multiple

ways, using changes in gene expression or behaviour.

A clear example of adaptive behaviour in varying environments is the ability
to move in response to changing conditions; moving towards favourable con-
ditions and away from unfavourable ones, a process known as taxis. Bacterial
species have demonstrated taxis in response to a wide range of stimuli. Examples
of such stimuli include magnetic fields (magnetotaxis) [103], oxygen (aerotaxis)
[154], light (phototaxis) [159], temperature (thermotaxis) [63], molecules (chemo-

taxis) [4], and internal energetic state of the cell (energy taxis) [1].

In order to move towards or away from such stimuli bacteria have evolved a
number of distinct approaches to motility (reviewed in [89]). These include var-

ious strategies for both moving across solid surfaces and for swimming through

1



liquid media.

Flavobacterium johnsoniae moves by rapidly gliding over surfaces. This is medi-
ated by the surface attachment and flow of proteins in the outer membrane of the

bacteria resulting in translocation of the cell body [121].

Myxococcus xanthus uses two mechanisms for surface motility, both distinct from
each other and that of F. johnsoniae. The first, termed A-motility involves focal
adhesion complexes attaching to the surface and propel the cell body forward
[113]. The second, S-motility, depends on the extension, surface attachment and
retraction of type IV pili [29]. Surface movement can also be mediated by the co-
ordinated rotation of semi-rigid helical filaments projecting from the cell, flagella

[91].

However by far the most prevalent use of flagella in bacterial motility is in swim-
ming through aqueous environments [4]. Swimming bacteria using flagella based

motility show a variety of swimming patterns, these variations are discussed in

L2

Motility and taxis provide clear advantages to cells over non-motile and non-
tactic cells. These advantages extend beyond simply searching for the conditions
which are beneficial for growth in isolation. Many bacterial species have life cy-
cles which involve interaction with other organisms, and motility and chemotaxis
play important roles in enabling the initiation of these favourable interactions.
Disruption of the chemotaxis signalling pathway of Helicobacter pylori (which in-
fects the gastrointestinal track resulting in ulcers) results in reduced pathogenic-
ity [153]. Multiple symbiotic relationships require both motility and chemotaxis.
The ability of Azospirillum brasilense to colonise wheat roots is dependent on both
its mobility and chemotactic performance [192]]; non-motile Vibrio fisheri mutants

are unable to colonise the light organ of their symbiotic squid host [65].

As well as using motility and chemotaxis to interact with host species, for either



pathogenesis or symbiosis, bacteria also use them to interact with surfaces, in-
dividuals of the same species, and other bacterial species through the formation
of biofilms, this has been shown in a number of species, including Vibrio cholerae

[117], Agrobacterium tumefaciens [112], and Rhodobacter sphaeroides [207]).

Whilst motility and taxis result in competitive advantages in all the above exam-
ples, these advantages do not come cheaply. Motility is an energetically expen-
sive activity (especially the production of large protein assemblies which gen-
erate it), so much so that when placed in an environment in which motility no
longer conveys an advantage, such as shaking liquid media all Salmonella ty-
phimurium cells become non-flagellate (and thus non-motile) via spontaneous
mutations within 10 days [110]. These non-flagellate cells displayed a ~2% ad-

vantage in growth rate over WT cells when grown in shaking liquid media.

This large energetic cost highlights the importance of motility and taxis to many
bacterial species in their native environment. Given this importance it follows
that increased understanding of bacterial motility and taxis can provide the ba-
sis for development of treatments against pathogenic bacteria as well as positive

applications of bacteria in industrial and agricultural settings.

1.2 Flagella-Mediated Taxis

Flagellate bacteria all use a rotary filament to produce cellular locomotion but

they can have different patterns and numbers of flagella.

Monotrichous bacteria possess a single flagellum, examples include Caulobacter
cresentus [3] and R. sphaeroides [134]. These two species position their flagellum
differently, with polar positioning in C. crescentus and sub-polar in R. sphaeroides ,

indicating the variety seen even within single flagellar bacteria.



Peritrichous bacteria possess multiple flagella. S. typhimurium and E. coli are both
examples of peritrichous bacteria, these species produce between 4 and 8 flag-
ella from the sides of the cell which come together to form a bundle at the rear
of the swimming cell [4]. Other bacterial species also produce multiple flagella
but position them with greater specificity, for example V. fisheri produces and po-
sitions multiple flagella at one of the cell poles [210], such bacteria are termed

lophotrichous.

Some bacteria can regulate flagella number depending on the form of motility
required. Proteus mirabilis typically has 4 - 10 flagella, however when swarming
on solid surfaces it increases the number of flagella by up to five fold [188]. As
well as regulating the number of flagella some bacterial genomes encode multiple
flagellar systems. Vibrio parahaemolyticus swims using a single polar flagellum,
however when moving on surfaces it expresses a second set of flagellar genes to

produce multiple lateral flagella [96].

An interesting variation on the use of flagella for locomotion is that of the spirochaetes.
Spirochaetes, such as Treponema pallidum, possess flagella which do not penetrate
the outer membrane, and instead exist within the periplasmic space [32]. The
rotation of the flagella results in rotation of the spiral shaped flexible cell body

causing cellular movement through viscous environments.

However the ability of bacteria to use flagella to propel themselves is not suffi-
cient to generate the directional movement required for tactic behaviour. Direc-
tional movement is achieved through the combination of 'runs’, where flagella
are used to generate propulsion, and ‘tumbles’, where forward motion ceases and
the cell body reorientates. If there is no control over the frequency of tumbling
events then the bacterial motion results in a ‘'random walk” and no net direction-
ality in movement, see fig. A. However if there is control over the tumbling

frequency then in response to chemical stimuli chemotaxis can occur. This hap-



pens by increasing the tumbling frequency in response to worsening conditions,
and decreasing the frequency in response to improving conditions, thus when
moving in unfavourable directions the cell changes direction more often. This

results in a ‘biased random walk” towards favourable conditions, see fig. 1.1/ B.

A

Figure 1.1: Directional movement by biased random walk. A: In the absence
of a chemical gradient bacteria move by random walk with no net directional-
ity to their movement. B: When a chemical gradient is present, represented as
the gradient from light (unfavourable) to dark (favourable), bacteria use a biased
random walk to produce net directional movement up the gradient. Black lines
represent runs, and red dots tumbles.

The core mechanism by which flagellate bacteria achieve these tumbling events is
similar across species but shows variation in complexity. The best studied model
organism for flagellar motility and chemotaxis is E. coli . When swimming (i.e. a
run) its flagella rotate in a counter-clockwise (CCW) direction resulting in rota-
tion of the flagellar bundle and locomotion. Tumbling is caused by one or more
flagella switching rotational direction to clockwise (CW), resulting in the bundle
breaking apart. Due to the small size of bacteria they have a very small Reynolds
number, meaning that they possess very little inertia, thus upon cessation of

propulsion the cells stop immediately. With multiple flagella now pointing in



various directions and rotating in different directions the cell randomly reorien-
tates as a result of Brownian motion. Once all the flagella return to CCW rotation
the flagellar bundle can reform and the cell will swim off in a new random direc-

tion [14].

Clearly however this paradigm cannot be extended to monotrichous bacterium.
The monotrichous bacteria R. sphaeroides achieves tumbling events by stopping
rotation of the flagellum rather than the switching of direction of rotation, whilst

stopped the cell reorientates through Brownian motion [134].

1.3 Chemotaxis

As discussed above tactic behaviour is dependent on the ability to modulate
tumbling frequency in response to stimuli. For chemotaxis this requires a link
between environmental conditions and the flagellar motor output. This link is
a two component signalling pathway consisting of a histidine-aspartate phos-
phorelay (HAP). The two components of HAP systems are a dimeric histidine
protein kinase (HPK) and a response regulator (RR). HAP signalling pathways
are common in bacteria, as well as being found in a small number of eukaryotic
organisms [197]. The signal is transduced by senosry domain of the HPK sens-
ing a stimulus and trans-autophosphorylating a specific histidine residue on the
other monomer. This phosphoryl group is then transferred to a specific aspartate
residue on the receiver domain of the response regulator. The phosphorylated
response regulator then goes on to elicit downstream effects, often gene tran-

scription regulation (two component signalling in bacteria is reviewed [21]).

Bacteria use modified HAP pathways to control their flagella. The best studied
and understood of these pathways is that of E. coli [5]. Like all HAP systems
this pathway uses a HPK (CheA) and a response regulator (CheY). However



unlike canonical HPKs CheA does not sense stimuli directly, instead it interacts
with transmembrane chemoreceptors termed methyl-accepting chemotaxis pro-
teins (MCPs) [197]. This interaction is coupled by an adaptor protein, CheW.
MCPs span the plasma membrane such that their sensing domains lie within the
periplasmic space, thus information about chemicals within the periplasm can be

transmitted across the membrane into the cytoplasm.

MCPs dimerise, and these dimers assemble into trimers of dimers. The existence
of MCPs in this trimer of dimers state is not required for ligand binding or trans-
membrane signalling, but importantly it is required for the control of CheA ac-
tivity [18]. E. coli has four MCPS and a redox receptor which sense a variety of
chemical stimuli, such as amino acids, some sugars, dipeptides and redox poten-
tial [181]. The MCP Tar is able to sense different stimuli through multiple mech-
anisms, sensing aspartate directly through binding, and sensing maltose through

interactions with maltose-binding-protein [118].

Ligand binding to MCPs results in signal transduction across the membrane through
a shift and rotation in one of the transmembrane helices [34]. This results in
changes in the interactions between the distal tip of the MCPs and CheA and
CheW, which in turn changes the rate of CheA trans-autophosphorylation [77].
CheA activity determines the level of phosphorylated CheY (CheY-P) in the cell.
CheY-P can bind to the flagella motor protein FliM, and when sufficient levels
of CheY-P are present result in the direction of flagellar rotation to switch from

CCW to CW and thus a tumbling event [205].

Given that the cell is attempting to swim towards increasing concentrations of
chemoattractants it needs to reduce the frequency of tumbling events in response
to increased attractants. This is achieved by inducing decreased CheA activity in

response to ligands binding to MCPs.

CheY is not the only response regulator phosphorylated by CheA, CheB is also
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Figure 1.2: Methylation based adaptation of MCP activity. Kinase (CheA) activ-
ity drops following the addition of chemoattractant. The decrease in CheA activ-
ity decreases the levels of CheB-P, which results in increased MCP methylation
(shown as red). This reduces the affinity of the MCP for ligands, which in turn
increases CheA activity and therefore CheB-P levels to of that before addition of
attractant. Thus the basal level of CheA activity has now been adapted to the cur-
rent attractant levels. When attractant is removed CheA activity increases, which
results in reduced MCP methylation (shown as white). This low methylation
state increases the affinity of MCPs for ligands. The high CheA activity increases
CheB-P levels and thus returns the methylation state to the pre-stimulus level.

phosphorylated. CheB is a response regulator with a methylesterase domain, and
acts alongside a methyl-transferase, CheR, to form the adaptation system. An
adaptation system is needed as in order for bacteria to swim up gradients they
have to be able to respond to relative changes in chemical concentrations across
a large range of absolute concentrations. Thus they need a mechanism by which
they can determine whether current conditions are better or worse than those just

previously experienced.

Both CheB and CheR act on specific glutamate residues of MCPs, demethylat-
ing and methylating them respectively; the methylation state of MCPs modulates
their sensitivity to stimuli [75]. CheR is constitutively active, whereas CheB ac-
tivity is increased 100 fold when phosphorylated (CheB-P) by CheA [2]. Ligand
binding reduces the activity of CheA and therefore reduces the levels of CheB-P,

resulting in increased MCP methylation. This in turn decreases the ligand affinity



of the MCPs and thus results in an increase in CheA activity [76]. This increased
CheA activity increases levels of CheB-P, therefore reducing the levels of MCP

methylation, and thus returns the MCPs to their pre-stimulus state.

Through this methylation based adaptation system the cell can continually as-
sess current conditions relative to the previous conditions, which the chemotaxis

pathway will have adapted to.

The final component of the E. coli chemotaxis pathway is CheZ. CheZ accelerates
the rate of CheY-P dephosphorylation, reducing the half-time of CheY-P from
~ 2 s to ~ 200 ms [197]. This high rate of dephosphorylation is required for
termination of the signal on fast enough time scales to allow bacteria to sense and
respond to changes temporally whilst moving. Mutants lacking CheZ tumble
excessively as the slow signal termination results in persistent signal and thus

tumbling.
A schematic of the E. coli chemotaxis pathway is shown in fig.

The elegant simplicity of the E. coli chemotaxis pathway make it an attractive
paradigm. However analysis of the genomes of motile bacterial species has re-
vealed that over 50% of them contain multiple copies of each of the core chemo-
taxis genes ( cheA, cheB, cheR, cheW and cheY) [70]. Therefore models based on the
study of E. coli chemotaxis alone may not be sufficient to describe chemotactic sig-
nalling in a large number of species. A species which has multiple homologues
of the E. coli chemotaxis genes and whose chemotaxis has been well studied is R.

sphaeroides .

The chemotaxis genes of R. sphaeroides are encoded in three operons (cheOp; ,
cheOp, , and cheOps ) as well as several other loci ( cheBRA and the cheY-mcpG
locus) [69]. Of these neither cheOp; or cheBRA are required for chemotaxis under

normal laboratory conditions [134].



Figure 1.3: The chemotaxis pathway of E. coli . Transmembrane chemoreceptors, methyl-accepting chemotaxis proteins (MCPs)
sense levels of chemical stimuli in the periplasmic space. Associated with them is a histidine protein kinase, CheA, and an
adaptor protein, CheW. A decrease in stimuli results in an increase in trans-autophosphorylation of CheA, which then phospho-
transfers to the response regulators CheY and CheB. Phosphorylated CheY is able to interact with the flagellar motor and induce
rotational switching, causing a tumbling swimming event. Phosphorylated CheB removes methyl groups from the MCPs and
results in adaptation. CheZ dephosphorylates CheY-P ensuring rapid signal termination.

or
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Interestingly the R. sphaeroides genome also encodes two sets of flagellar genes
(flal and fla2) [132]. Under normal laboratory conditions only flal is expressed
(producing a single sub-polar flagellum), however by selecting for motile cells
in a Aflal strain cells expressing fla2 have been isolated [132]. Analysis of these
mutants revealed that expression of fla2 produces a tuft of polar flagella, which

are controlled by proteins encoded in cheOp; [39]].
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Figure 1.4: Chemotaxis operons of R. sphaeroides . cheOp; , cheOp, , and cheOp3
and cheBRA are encoded on chromosome I, the cheYs-mcpG locus is encoded on
chromosome II. Adapted from [134].

The signalling between cheOp, and cheOps gene products and the flal flagellum
follows the same basic pattern as that of E. coli , but with several important dif-
ferences. Given that R. sphaeroides has multiple copies of the E. coli chemotaxis
proteins early studies investigated the organisation of these proteins in order to
compare it to that of E. coli . The use of immuno-gold electron microscopy and
fluorescent protein fusions revealed that the chemotaxis proteins of R. sphaeroides
localise to two distinct regions within the cell [198]. cheOp, gene products (with
the exception of TlpC) localise to the pole of the cell along with the transmem-
brane chemoreceptors, MCPs [199], whereas proteins encoded in cheOp3 form a
cluster in the cytoplasm of the cell. The chemoreceptors which localise to the cy-

toplasmic cluster are homologues of MCPs, but lack the transmembrane domain,
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and are known as transducer-like proteins (Tlps). Both TlpT and TlpC localise to

the cytoplasmic cluster [198, 201]].

The polar cluster contains a single CheA homologue, CheA; , and two CheW
homologues, CheW; and CheW3 . Due to the similarity in composition to that of
the E. coli chemotaxis cluster it is believed that signal transduction through this
cluster occurs much like it does in E. coli , although the requirement for two CheW
proteins remains unclear. CheA; auto-transphosphorylates, and has been shown
to phosphotransfer in vitro to the response regulators CheB; , CheB; , CheYs,
CheYy , and CheYs . However in vivo the localisation suggests CheB; and CheYy

are primarily associated with the cytoplasmic cluster.

The cytoplasmic cluster however is significantly different compared to both the
E. coli cluster and the polar R. sphaeroides cluster, especially regarding the CheA
proteins. This cluster has two CheA homologues, CheA3 and CheA, , however
they are both atypical CheA proteins. Canonical CheAs contain five domains
(P1-5), CheAs and CheA4 contain different subsets of these domains (P1-P5 and
P3-5 respectively). This means that they are unable to trans-autophosphorylate
as homodimers, instead the kinase domain (P4) of CheA, phosphorylates the P1
domain on CheAj , which then phosphotransfers to the CheB; and CheYj [134].

R. sphaeroides needs both chemosensory clusters to chemotax, and deletion of any
component of these clusters results in loss of taxis. Most components will com-
plement deletions of their E. coli homologues, but cannot complement deletions
of homologous components within the other cluster in R. sphaeroides . Swapping
the domains which localise CheA proteins results in switching of CheA locali-
sation but loss of chemotaxis [166], indicating that components of these clusters

must be in the correct cluster to function.

It has also been shown that the 794 amino acid linker domain between the P1

and P5 domains of CheAgj is able to act as a CheYs -P phosphatase, and that
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this activity is required for chemotactic ability [135]. R. sphaeroides lacks a CheZ
homologue, and therefore has adapted a CheA protein to achieve rapid signal

termination.

Both operons encode CheB and CheR homologues, and each pair is believed to
be responsible for adaptation of the chemotaxis proteins they are encoded with
due to their subcellular positioning. It is interesting to note that CheA, can phos-
photransfer to both CheB; and CheB, suggesting possible cross-talk between the

two clusters.

R. sphaeroides has multiple CheY homologues, of which a minimum of two are
required for chemotaxis, CheYs and either CheY3 or CheY, [136]. CheYg is the
only one which has been shown to be able to stop the flagellar motor, the roles of

CheY3; and CheYy4 remain unclear.
A schematic of the chemotaxis pathway of R. sphaeroides is shown in fig.

The polar cluster is proposed to sense the external environment, while the cyto-

plasmic one senses the metabolic state of the cell.



Figure 1.5: The chemotaxis pathway of R. sphaeroides . Transmembrane and soluble chemoreceptors (MCPs and Tlps respectively)
form two spatially distinct chemosensory clusters. MCPs form a cluster at the pole, whereas Tlps form one in the cytoplasm.
Each cluster has its own CheA and CheW homologues which specifically localise to that cluster. Decrease in attractant results
in reduced CheA,; trans-autophosphorlyation, and CheAjs - CheA4 transphosphorylation. A number of response regulators are
then phosphorlated, with CheY; -P interacting with the motor and causing the stopping of flagellar rotation and therefore a
tumbling event. Only the proteins required for chemotaxis are shown.

14!
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1.4 Chemoreceptor Arrays

Chemoreceptor clusters form incredibly large protein complexes, containing tens
of thousands of copies of receptors and the associated chemotaxis proteins [106].
Given the importance of chemotaxis this large size raises several interesting ques-
tions. How are these vast numbers of proteins organised? How stable are these
clusters? And how are they formed, positioned and partitioned into daughter
cells? Why do the receptors along with CheW, CheA and adaptation proteins

form these large ternary complexes?

1.4.1 Architecture

Electron cryo-tomography has been an invaluable tool in revealing details of the
architecture of bacterial chemotaxis clusters. The use of electron cyro-tomography
on intact E. coli cells revealed that its chemotaxis cluster is organised into a lattice
of MCPs with CheA and CheW forming a base plate at the cytoplasmic side of the
lattice [217]. A side view of a chemoreceptor array is shown in fig. However

this study was unable to distinguish between possible models of MCP packing.

Investigation of the C. crescentus chemotaxis cluster, however was able to and
showed that MCPs in this species packed hexagonally into the array (see fig.
[25]. The presence of CheA and CheW is required for tight packing of the lattice,
deletions strains still possess chemorecptor clusters but these are considerably
more diffuse that WT [171},94]. This shows that CheA and CheW are not just im-
portant due to their direct role in signal transduction but also structurally in the
formation and maintaince of chemorecptor clusters. This approach was extended
to multiple bacterial species and showed that hexagonal packing of trimers of
dimers of MCPs was found across an evolutionarily diverse range of bacteria

[26].
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Figure 1.6: Chemoreceptor arrays. A: A typical tomograph of the chemoreceptor
array of Thermotoga maritima. The outer membrane (OM) and inner membrane
(IM) are visible and arrows indicate the location of the chemoreceptor array. Scale
bar is 100 nm. B: Enlarged view of a chemoreceptor array of Thermotoga maritima.
1: periplasmic domain of MCPs, 2: inner membrane, 3: cytoplasmic receptor
domains, 4: CheA-CheW base plate layer. Line between white arrows indicates
width of the array. Scale bar is 25 nm. Both A and B adapted from [26]

The polar cluster of R. sphaeroides shares these characteristics [26]. The architec-
ture of the cytoplasmic cluster is unknown, but the atypical CheAs suggests that
the CheA-CheW base plate may be organised differently. The lack of a membrane

to form around could also lead to different architecture.
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Figure 1.7: Hexagonal packing of trimers of dimers of chemoreceptors. A: Top
down view of chemoreceptor array of V. cholerae . Trimers of dimers are shown in
blue. The hexagonal packing is illustrated by highlighting six trimers of dimers
in red. Asterisks indicate centres of hexagonal packing units. Adapted from [26].
B: Schematic side view of receptor packing. Adapted from [168].

1.4.2 Dynamics

Techniques such as electron cryo-tomography reveal fantastic structural details
of large macromolecular assemblies, however the need to fix cells and the aver-
aging of tomograms mean that no details about the dynamics and mobility of
units within these assemblies can be determined. The use of fluorescent protein
fusions on the other hand allows details of dynamics and localisation of proteins
within live cells to be elucidated. A particularly powerful technique in the in-
vestigation of dynamics of proteins within assemblies is fluorescence recovery
after Ehotobleaching (FRAP). By photobleaching a region of the cell and then fol-
lowing the distribution of florescence in the cell following the photobleach it is
possible to determine the rate at which proteins can move within the cell and how
tightly held they are to their assemblies. FRAP has been performed on proteins
in the chemoreceptor cluster of E. coli [164]. This study analysed fluorescence

recovery of a number of proteins in two different strains, one with WT function-
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ality and stoichiometry but increased protein levels, and a second which did not
express any of the chemotaxis genes, resulting in loss of cluster formation. This
meant that mobility of the proteins could be assessed both as free proteins, and
when bound to the cluster. An example series of images of CheZ fluorescence

recovering in both the delocalised and localised strains is shown in fig.

3s

30s

300 s

Figure 1.8: Fluorescence recovery after photobleaching of E. coli CheZ-YFP. A:
Photobleaing of CheZ-YFP in a localised strain. B: Photobleaing of CheZ-YFP in
a delocalised strain. Adapted from [164

In the delocalised strain all proteins except for the chemoreceptor Tar displayed
fast recovery times and these recovery times correlated with their molecular weight.
Tar was expected to recovery slowly as it is a transmembrane protein, and its re-
covery is on a time scale similar to that shown for other transmembrane proteins

of a similar size.

When the recovery was measured of proteins in chemoreceptor clusters all pro-
teins except CheY showed decreased mobility. Tar recovery was very slow, ~ 30

min, suggesting that the MCPs form a hyper-stable core of the array. CheA and
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CheW also recovered slowly, though not as slowly as Tar, with recovery times of
~ 12 min. CheZ was also stable, recovery time ~ 8 min. Together MCPs, CheA,

CheW and CheZ are proposed to form a stable core.

The adaptation proteins CheB and CheR were both less stable and showed recov-

ery times of ~ 15 s, a time scale comparable to that of adaptation.

Bleaching only part of the cluster rather than the whole cluster resulted in similar
recovery rates, suggesting that the majority of exchange of CheA, CheB, CheR
and CheZ proteins is due to exchange with a cytoplasmic pool rather than within

the cluster.

CheY recovered very rapidly (= 0.6 s), and is not bound tightly at the cluster as
this recovery rate was independent of cluster presence. This fits with its role as
signalling messenger having to rapidly transmit signals from the chemoreceptors

to the flagellar motors.

1.4.3 Positioning and Partitioning

These large chemoreceptor arrays described above have been shown by electron
cryo-tomography and fluorescence microscopy to preferentially localise to the
polar regions of the cell across several bacterial species [26,175]. Whilst there is a
preference for the poles, it is common to find that cells with multiple clusters will

have some of them localised laterally [94].

Several models have been put forward to explain the positioning of both the polar

and lateral chemosensory clusters.

It was observed that the lateral clusters of E. coli were positioned periodically
along the length of the cell. These clusters were positioned such that upon cell
division lateral clusters would be positioned at the new poles of the daughter

cells. This lead to the hypothesis that these lateral clusters were positioned and
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anchored by a marker of pre-division sites [183]. The observation that the polar
clusters were relatively mobile (within the polar regions of the cell), but that the
lateral clusters immobile added further weight to the existence of a potential an-
chor. However no such anchor has been identified, neither cytoskeletal protein

MreB or the Min system (discussed in are required for this positioning.

A second proposed model is that of stochastic self assembly. In this model clus-
ters form and position independently of any cellular markers or anchors. In this
model clusters can stochastically nucleate and self-assemble. In a cell with an ex-
isting cluster, chemoreceptors which have just been translated and inserted into
the membrane can either join the existing cluster or nucleate a new cluster. The
probability of these two outcomes is dependent on the diffusion of the receptors
and the nucleation rate (itself dependent on binding kinetics and amount of free
receptor). If the receptor is inserted close to an existing cluster then there is a
high probability that it will encounter and be absorbed into that cluster before it
is able to nucleate a new one. Conversely if it inserted far from the existing cluster
then probability favours nucleation, as the time required for a nucleation event
to occur will be less than the time needed to encounter the existing cluster. This
model has been shown in computer simulations to be able to produce periodic
patterning reminiscent of that of chemosensory clusters in E. coli [202]. Examples

of patterns generated by this simulation are shown in fig.

The authors of the pre-division anchor model adapted their model to include
elements of the stochastic self assembly model [184]. Their previous model pre-
dicted between 5-9 pre-division site anchors, and that the lack of cluster occu-
pancy at all these sites was due to insufficient levels of chemotaxis proteins.
The deletion of the anti-o factor flgM, essential for the regulation of flagella and
chemotaxis gene expression, results in the overexpression of the chemotaxis pro-

teins and thus allowed this hypothesis to be tested.
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Figure 1.9: Stochastic self-assembly of chemoreceptor arrays in silico. The results
of computer simulations of the stochastic self-assembly of chemoreceptor array
formation. Green particles represent MCPs. Adapted from [202]

What was found was that the numbers of clusters initially increased with in-
creasing protein levels. The mean maximum number of clusters per cell was
3.7, clearly lower than the predicted 5-9. Using cephalexin treatment to elongate
the cells resulted in greater numbers of clusters per cell, but the cluster numbers
still saturated. The average distance between clusters was found tobe ~ 1 uym,,
indicating that there is a spatial limit relative to other clusters on cluster forma-
tion. As protein levels increased, the fluorescent intensities also increased. This
increase was gradual rather than in jumps suggesting that clusters grow by grad-

ual incorporation of receptors.

This updated model proposes that newly inserted receptors either join an existing
cluster or nucleate a new one, as in the stochastic self-assembly model. Once
nucleated, clusters can diffuse in the membrane until they are captured by an
anchor. Once the maximum number of clusters is reached any new receptors will
be captured before they can nucleate new clusters, leaving a number of anchor

points unoccupied. This model is illustrated in fig.

The use of super-resolution light microscopy has subsequently been applied to
this issue [66]. Using photoactivation localisation microscopy (PALM) it was pos-
sible to localise individual chemotaxis proteins with 15 nm precision (the resolu-

tion of conventional light microscopy is ~ 200 nm [79]).
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Figure 1.10: Stochastic self-assembly and capture model of chemoreceptor array
formation. Receptors are inserted into the membrane, and along with CheA and
CheW stochastically nucleate new clusters depending on the distance from ex-
isting clusters. These new clusters then diffuse in the membrane before being
captured by a marker of the pre-division site. Adapted from [184]

The localisation patterns of the E. coli chemoreceptor Tar (an example of which
is shown in fig. typically consist of several large clusters which are often
at the poles, a number of small lateral clusters and many even smaller clusters
and single proteins. Analysis of the size of these clusters produced a continuous
distribution of cluster sizes, suggesting that many small clusters form and then
absorb newly expressed receptors and each other rather than a single sudden

formation event from a large pool of free non-oligomeric receptors.

The fate of these small clusters is still defined by diffusion - self-assembly mecha-
nisms: they either diffuse, encounter a large cluster and are absorbed, or are able
to absorb enough new protein and other small clusters in order to grow and form
a new large cluster. This is supported by analysis of the number of clusters along
the long axis of the cell. In cells with one large polar cluster, the highest density of
clusters is at the opposite pole, as clusters near the large one are absorbed into it.

For cells with two large polar clusters the peak of cluster density is at the mid-cell.

The authors of this PALM study proposed a stochastic self assembly model which

does not require any anchors or markers to achieve the spatial patterning of
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Figure 1.11: Super-resolution imaging of the chemoreceptor Tar. A: DIC image of
the cell. B: Epifluorescence image of Tar-mEos. C: Total internal reflection PALM
image of Tar molecules. D: Epifluorescent PALM image of Tar molecules. E:
Composite image of TIR (in blue) and epi (in red) PALM images of Tar molecules.
F: Single Tar molecules. G: Small lateral clusters. H: Large polar clusters. Scale
bars are 50 nm. Taken from [66].

chemoreceptors seen in vivo .

If the anchor model was correct, then given the large number of small clusters
distributed across the cell, why do none of the small clusters get captured by each
predicted anchor point? Given this discrepancy and the fact that no anchor has
been found yet the stochastic self assembly model is the more attractive model. It
provides an elegant link between cluster formation, positioning and partitioning

on division.

Other models have been suggested, such as the helical insertion of chemorecep-
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tors into the membrane [169]].

In V. cholerae, a homologue of ParA (a type I plasmid partitioning ATPase) termed
ParC is responsible for the transition from a unipolar distribution of chemotaxis
clusters to a bipolar distribution prior to division [150, 214], this system is dis-

cussed further in [1.8.1]

A recent study addressing the positioning of the polar transmembrane chemo-
taxis cluster of R. sphaeroides also shows divergences from the E. coli paradigms
[35]. Like E. coli the membrane clusters of R. sphaeroides can be positioned both
polarly and laterally. However unlike E. coli , where the lateral clusters were
shown to position at pre-division sites [183], in R. sphaeroides the clusters posi-
tioned away from the Z-ring (a ring of FtsZ, which marks the septation site), as
shown in fig. It was also shown that the formation of a second polar cluster
may be due to the movement of an existing one (either polar or lateral) to the un-
occupied polar region. This does not fit with a stochastic self assembly model as
the second cluster does not form furthest from the existing cluster, but suggests

formation of mobile clusters of ~ 800 receptors.

Re-expression of cheWsand cheWsin a double deletion background (both are re-
quired for proper clustering of the MCPs [200]) resulted in the formation of clus-
ters, followed by their migration to and trapping at the poles, suggesting a pref-
erence for the curvature of the polar membrane. Together these results suggest
that a combination of stochastic self assembly, diffusion-capture by the polar re-
gions, and exclusion from regions around the Z-ring produces the positioning

and partitioning of the membrane cluster of R. sphaeroides .

However R. sphaeroides also has a second cytoplasmic chemosensory cluster. This
has been shown to depend on a ParA homologue, PpfA, for positioning and par-

tition [185,152]. This is discussed further in[1.8.2]
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Figure 1.12: A: Localisations of the Z-ring and membrane chemosensory clus-
ters in cephalexin-treated R. sphaeroides .White arrows indicate the positions of
Z-rings. B: The image from A showing only the chemosensory clusters. C: Move-
ment of small clusters. Arrows indicate small clusters, and the time is in minutes.
Scale bars 1 ym . Adapted from [35]

1.5 Subcellular Localisation of Proteins in Bacteria

Over the last few decades there has been a dramatic shift in the understanding
of bacterial intracellular organisation. Previously bacteria were considered ho-
mogeneous masses of protein and DNA bound by phospholipid bilayers. How-
ever recent advances in cellular imaging, and specifically fluorescent microscopy,
have revealed that bacterial cells exhibit a staggering level of intracellular organ-

isation. Proteins, chromosomal foci, plasmids and mRNAs across many species
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have been shown to have specific localisation patterns. Use of time-lapse mi-
croscopy has shown that this high level of organisation is not just spatial but
also temporal, with many proteins having dynamic patterns. A study using high
throughput approaches to creating fluorescent fusions to proteins, and then imag-
ing and analysing these fusions in vivo reported that over 10% of proteins ex-

pressed in C. crescentus showed non-uniform localisation [206].

Given both the numbers of proteins that localise and the range of subcellular lo-
calisation sites, it is clear that there cannot be a single universal mechanism for
protein localisation [64]. However by comparing protein localisation strategies
across species a number of general themes emerge. These include specific tar-
geting proteins by active processes, diffusion-capture mechanisms, the use of
differing physical properties of different subcellular regions, and protein self-

organisation.

1.5.1 Diffusion-Capture

Diffusion-capture is an increasingly apparent theme in the localisation of many
proteins [167]; its general principals are applicable to many seemingly different
modes of localisation. The general model of diffusion-capture mediated locali-
sation consists of proteins diffusing throughout the bacterial cell until they en-
counter a ‘target’, which itself is localised. This target captures the protein caus-
ing it shift from freely diffusing to localised along with the target. The target is
often a protein complex which itself has been localised, but the use of diffusion-
capture mechanisms means the the localisation of one protein can then be used

to localise many more through passive diffusion.

Diffusion-capture is responsible for localising a number of proteins. One example
is PleC, a transmembrane histidine kinase in C. crescentus which exhibits unipo-

lar localisation. By tracking single molecules it was shown that molecules of PleC
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are present throughout the membrane and that these molecules move through the
membrane by non-directional 2D Brownian motion. Through this random diffu-
sion they eventually reach the correct pole where they are captured and held by
a target [38]. Another example is the localisation of SpoIVFB (a transmembrane
protein) to the forespore membrane during sporulation in Bacillus subtilis. It was
shown that the transmembrane protein SpoIlVFA was required for correct locali-
sation of SpoIVFB [156]. SpoIVFEB is inserted into both the cytoplasmic and septal
membrane and is then captured by SpoIVFA which independently localises to
the septal membrane [157]. Once the forespore has been engulfed, SpoIVFA is
topologically isolated from the cytoplasmic membrane, rendering any SpolVFB

inserted into the cytoplasmic membrane delocalised.

1.5.2 Association with Cytoskeletal Elements

Protein localisation in eukaryotes is often achieved by trafficking via cytoskeletal
proteins. Although it was initially believed that bacteria did not possess any cy-
toskeletal proteins, recently homologues of the three major groups of eukaryotic
cytoskeletal proteins have been found. FtsZ is a tubulin homologue; MreB and

ParM are actin homologues; CreS is an intermediate filament (IM) homologue.

FtsZ

FtsZ is a bacterial homologue of the eukaryotic protein tubulin. Sequence align-
ments across many genomes have shown that the ftsZ is found in nearly all bac-
teria, as well as many archaea and chloroplasts [47]. It is the principle component
of the cytokinetic machinery (the divisome). Just prior to cell division FtsZ forms
a ring at the pre-divison site (Z-ring). This ring then recruits the other compo-

nents of the divisome [49]. Upon assembly of the divisome the Z-ring contracts
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Figure 1.13: Cytoskeletal proteins of C. crescentus . FtsZ is a tubulin homologue
and is required for septum formation. MreB is an actin homologue, and required
for cell shape and polarity. CreS is an intermediate filament homologue and also
require for correct cell morphology. Adapted from [62]

resulting in septation [48]. Therefore beyond its role in constriction of the cytoki-

netic ring, FtsZ is a target for the localisation of other divisome proteins. How the

Z-ring is positioned is discussed in[1.5.3|and [1.5.5

MreB

MreB is a bacterial actin homologue [190], which is encoded in the genomes of
many rod-shaped bacteria [36]. It regulates cell shape by directing the localisa-
tion of the peptidoglycan synthesis machinery [53]. Deletion or depletion of mreB
results in the loss of rod shape. In C. crescentus , mreB depletion also results in
the loss of unipolar localisation of the proteins PleC and Div] (amongst others)
[62]. Re-expression of mreB results in the restoration of unipolar localisation of
these two proteins, but whilst polar localisation is restored the polarity of the lo-
calisation pattern is lost. In WT cells PleC localises to the swarmer pole, whereas
Div] localises to the stalked pole. However after mreB re-expression this polarity

is lost with ~ half PleC and Div] foci at either pole [62].

There have been a number of conflicting reports on the organisation of MreB

within the cell. Early models favoured helical filaments that run the length of the
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cell, while other models suggested patches associated with the membrane. Elec-
tron cryo-tomography revealed that the helical pattern is almost certainly an arte-
fact of the N-terminal YFP tag; the placement of a mCherry tag on a loop within
the protein sequence resulted in cells with no helical pattern seen in fluorescent
images and significantly shorter filaments seen in tomograms [179]. Recently
the use of super-resolution microscopy has suggested that MreB forms short fila-

ments of variable length that move along straight line trajectories [126].

MreB has been shown to form a medial ring at the septal site prior to cell division,
with loss of the ring structure seen post-septation in E. coli , R. sphaeroides and
C. crescentus [193, 173, 62]. This medial ring formation is dependent on FtsZ in
C. crescentus but not in E. coli and R. sphaeroides , and has been suggested as a

mechanism to ensure segregation of MreB into both daughter cells.

CreS

CreS (cresentin) is a homologue of intermediate filaments, which has been shown
to be required for the crescent cell shape of C. crescentus [7]. Both fluorescence
microscopy and electron cyro-tomography have shown CreS to localise to the

inner curve of the cell [24].

1.5.3 Self-organisation

Diffusion-capture mechanisms for protein localisation require a localised target,
which then raises the question of how the target is localised. There can’t be an
endless list of target proteins, therefore diffusion-capture models rely on ability of
some proteins to localise independently of a previously localised target. One way
to achieve this target-independent localisation is through self-organisation. An

example of this is the placement of the Z-ring by the Min system. As mentioned
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in FtsZ forms the Z-ring at the pre-division site, which then recruits the rest
of the divisome proteins, presumably by diffusion-capture. This ring is always
localised at the mid-cell ensuring equal distribution of genetic material between

the two daughter cells. But how does FtsZ localise to the mid-cell?

Three proteins were found to be essential for the correct placement of the Z-ring,
MinC, MinD and MinE; disturbing expression of these genes resulted in either
misplacement of the Z-ring and therefore minicells, or the loss of Z-ring forma-
tion [37]. MinC inhibits the polymerisation of FtsZ into the Z-ring [85], and is
localised to the poles of the cell by MinD and MinE [84, 146], thus only allow-
ing the Z-ring to form at mid-cell. The polar localisation on MinC is achieved by

rapid pole to pole oscillations, which are driven by MinD and MinE [145]].

MinD dimerises and binds to the membrane when in the ATP bound state, and
is monomeric and cytosolic when in the ADP bound state; MinE activates the
ATPase activity of MinD [99,83]. Thus MinE removes MinD from the membrane
by catalysing MinD ATP hydrolysis. Once cytoplasmic, MinD can exchange ADP
for ATP allowing it to bind to the membrane again, which it does so in the area

with lowest MinE concentration.

This results in a pattern where MinE moves towards one pole removing MinD

from the membrane, as it does this MinD rebinds the membrane at the other pole.

Once MinE has removed all the MinD at one pole it will then diffuse until it
tinds more MinD-ATP which is now located at the second pole, thus MinE causes
MinD to oscillate from pole to pole. The directionality of MinE movement is due
to the fact that the concentration of MinD-ATP is much higher in front of it than
behind it where it has just previously removed all the MinD-ATP. Therefore it is
always more likely to encounter MinD-ATP in front of it biasing its diffusion in a
forward direction until it has removed all the MinD-ATP at a pole where it will

reverse direction. MinC is not required for these oscillations [145]], rather it is the
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Figure 1.14: Self-organisation of the MinCDE system in E. coli . A: MinD binds
ATDP, allowing it to dimerise and bind the membrane. MinE activates the ATPase
activity of MinD resulting in MinD removal from the membrane by MinE. As
MinE progresses and removes MinD in a directional manner ADP bound MinD
diffuses in the cytoplasm. MinD-ADP can exchange ADP for ATP allowing it
to bind the membrane again, which it does distally from MinE. Once MinE has
removed all the MinD at one pole it will diffuse until it encounters more mem-
brane bound MinD (which has bound at the far pole) and then proceed to remove
this. The resulting pattern is one with MinD localised primarily at the poles. Ver-
tical arrow indicates progression of time. Horizontal arros indicate movement
of MinE. B: Z-ring formation is restricted to the mid-cell due to the interaction
between MinC and MinD, producing a gradient of MinC concentration.
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affinity of MinC for the membrane bound MinD-ATP that results in its oscillation

with MinD, as shown schematically in fig.

This dynamic patterning has been shown to be independent of any other proteins
or markers. Purified MinD and MinE will generate waves in vitro in the presence

of ATP and a lipid bilayer .

MinD-Bodipy

Figure 1.15: MinD and MinE form waves in vitro . MinD is shown in green and
MinE in red. Scale bar is 50 pm . Taken from

Mathematical models have also shown that these waves only require MinD, MinE,

ATP and a lipid bilayer, the only further requirement for oscillations is contain-

ment [97, 182].

The result of these Min oscillations is that in a time-averaged concentration pro-
tile MinC concentration will be highest at the poles and lowest at the mid-cell,
preventing Z-ring formation at positions other than the mid-cell. Another mech-

anism in Z-ring localisation is discussed in

Whilst the Min system is the best studied example of protein self-organisation, it
has been implicated in other protein localisation patterns, such as the stochastic

self assembly model for chemoreceptor arrays discussed in
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1.5.4 Membrane Properties

Another method of directed protein localisation without the need of a previously
located target protein is via the use of intrinsic variability of the membrane prop-
erties. Within each membrane there is variability in curvature and lipid compo-

sition. Examples of heterogeneity of curvature within bacterial membranes are

illustrated in fig.

A
B Negative curvature
M Positive curvature
| <
| <

Figure 1.16: Membrane curvature in bacteria. A: In rod shaped cells the poles
have negative curvature. B: In sporulating B. subtilis cells the membranes en-
gulfing the forespore have positive curvature. C: B. subtilis cells growing vegeta-
tively in chains have highly negative membranes at the septa, and less negatively
curved membranes at the poles.

Proteins with specificity for both positive and negative curvature have been found
in B. subtilis . During sporulation the mother cell engulfs the forespore [176]. Dur-
ing this process the protein SpoVM is localised to the membrane surrounding the
forespore and not the cytoplasmic membrane of the mother cell. The basis for
this localisation has been shown to be due to SpoVM preferentially localising to

areas of positive (convex) membrane curvature [142]. As illustrated in fig.
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B the only region of the membrane with positive curvature is the membrane sur-

rounding the spore.

The second example for B. subtilis is the localisation of DivIVA, which in this
species is responsible for the polar localisation of MinC (inhibitor of Z-ring for-
mation). In vegetative growth B. subtilis often grows as a chain of cells which have
undergone cytokinesis but have not separated [93]. This creates regularly spaced
division septa within the chain of cells (illustrated in fig. [1.16/C). These septa have
greater negative (concave) curvature than the poles of cells not in chains (with the
exception of a single pole in both cell found at the end of the chain). DivIVA has
been shown to localise to the poles and septa due to its preference for negatively
curved membranes [143]. In chains DivIVA primarily localises to the septa with
some localisation at the poles, whereas in single cells it is localised to the poles.
This suggests that DivIVA accumulates at regions with the greatest negative cur-
vature. Creation of spherical B. subtilis cells resulted in a uniform distribution of

DivIVA as all of the membrane was equally curved.

Membrane curvature has also been implicated in positioning of the membrane

chemosensory cluster, see[1.4.3]

Whilst this mode of localisation is exclusive to membrane proteins, these localised

membrane proteins can then be used as targets for many cytoplasmic proteins.

1.5.5 Nucleoid Occlusion

Nucleoid occlusion is the process by which proteins are excluded from the re-
gions of the cell occupied by the nucleoid. This mechanism was first seen in the
positioning of the Z-ring, which does not form until the two nucleoids in the pre-
division cell are spatially separate, ensuring equal and complete segregation of

the genome [209]. Here nucleoid occlusion works in conjunction with the Min
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system.

Recently proteins which bind sequence specific sites on the chromosome have
been shown to be responsible for the nucleoid occlusion of FtsZ in B. subtilis and
E. coli [213, 17]. Whilst the mode of FtsZ inhibition is still being debated, it is
clear that in this instance nucleoid occlusion of FtsZ is driven by the localisation
of inhibitory proteins through sequence specific DNA binding. For a review on

FtsZ nucleoid occlusion see [212].

Nucleoid occlusion has been shown to be the driving factor in the polar localisa-
tion of misfolded protein aggregates [208]. Distruption of the nucleoid resulted
in loss of polar localisation. Mathematical models have also shown that proteins
that aggregate or oligomerise into large complexes will exhibit polar localisation
due to nucleoid occlusion [158]. These results suggest that in the absence of an
active localisation process large structures or aggregates will localise to the poles

in an entropically driven process.

1.6 Plasmid Partitioning

Plasmids have mechanisms to ensure their maintenance through indefinite rounds
of cell division. High copy number plasmids are able to ensure low rates of plas-
mid loss simply through sheer numbers. Passive diffusion of high copy plasmids
is sufficient to establish stable maintenance [178, [155]. However for low copy
number plasmids (roughly 1-5 copies per chromosome equivalent) reliance on
passive diffusion alone results in rapid plasmid loss [155]. Therefore plasmids
have evolved a number of mechanisms to partition plasmids correctly before cell
division and thus ensure stable maintenance of the plasmid. These partitioning
systems are encoded in par loci, and to date three types of par loci have been

discovered. Type I encodes ATPases containing a deviant Walker box, type II en-
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codes actin-like ATPases, and type III encodes tubulin-like GTPases. Apart from
an NTPase each locus also encodes a DNA binding protein that binds with se-
quence specificity to a region often in the locus; this DNA binding protein also
interacts with NTPase. These tripartite systems are sufficient and necessary for
plasmid segregation, and thus independent of the host, meaning that in the event
of horizontal transfer to a different host species the plasmid’s ability to partition

remains intact.

1.6.1 Typel - Deviant Walker Box ATPases

The most commonly found par loci found on low copy number plasmids are Type
I'loci. These loci consist of three parts, parA and parB open reading frames and a

parS sequence [125) 8].

ParA is an ATPase, which belongs to the P-loop NTPase super family. Within this
super family both ParA and MinD form closely related subfamilies [104]. The
proteins in the ParA/MinD subfamilies all possess a ‘deviant” Walker A motif,
the consensus sequence of which is -KGGXXGKT- [104]. The second lysine in
this sequence is found in all Walker A motifs (deviant or otherwise), however the
first lysine is specific to this subfamily. This lysine has been shown to be involved
in dimerisation of the ATPase as it interacts with the ATP bound by the other

subunit [105].

Within type I par loci there are two sub-types: type Ia and type Ib. Type Ia loci
encode a ‘large’ ParA, which has an N-terminal helix-turn-helix DNA binding
motif, type Ib encode ‘small’ ParAs which lack this domain [61]. The N-terminal
domain of the type Ia ParAs mediate autoregulation of par gene expression. It
has been suggested that both type Ia and Ib ParA systems operate by similar
mechanisms, so both will be referred to as ParA, and, while many ParA proteins

have specific names when discussing general principals the terms ParA, ParB and
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parS will be used.

When ParA is in the ATP bound form it is able to dimerise [105]. This dimerised
and ATP bound form of ParA (ParA,-ATP; ) is then able to bind non-specifically
with DNA [105, 80]. The second protein encoded by type I par loci is ParB. ParB
is able to activate the ATPase activity of its cognate ParA [20]. ATP hydrolysis
results in an ADP bound form of ParA, which monomerises and is unable to bind
DNA and thus returns to a freely diffusing state in the cytoplasm [194]. How
do these two proteins produce plasmid partitioning through this cycle of DNA
binding and ATP hydrolysis?

ParB specifically binds the parS sequence of the par locus on the plasmid. When
this ParB-parS complex encounters ParA;-ATP; it triggers the hydrolysis of ATP
by ParA and results in ParA release from the nucleoid. Two models have been
put forward to describe how this process of ATPase stimulation and nucleoid
dissociation are used to partition plasmids. These are the filament pulling model

[151], and the diffusion ratchet model [[194].

In the filament pulling model ParA;-ATP; cooperatively binds the nucleoid to
create a nucleating core which then rapidly polymerises into a filament. As this
nucleoid associated filament polymerises it is able to explore space and will lead
to it encountering a plasmid containing a parS sequences with ParB bound (ParB-
parS ). The interaction with ParB-parS activates the ATPase activity of ParA and
causes the ParA molecules at the end of the filament to disassociate from the
nucleoid. ParB-parS then interacts with the newly exposed ParA;-ATP; end of
the filament; this persistent interaction between ParB-parS and the ParA filament
results in depolymerisation of the filament and movement of the ParB-parS com-
plex in the direction of depolymerisation. After each ParA,-ATP, hydrolysis step
the ParB-parS complex can either continue to depolymerise the filament or it can

fall away from the filament. The probability of the plasmid losing contact with
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Figure 1.17: Filament pulling model of plasmid partition by ParA ATPases. A:
Dynamic positioning of a plasmid over time (indicated by arrow). The ATP
bound form of ParA forms nucleoid associated filaments. The ParB-parS com-
plex stimulates the ATPase activity of ParA causing to depolymerise. The ParB-
parS remains in contact with the retracting end of the filament resulting in the
translocation of plasmid across the nucleoid. Free ADP bound ParA undergoes
nucleotide exchange and re-polymerises at the far end of the nucleoid. Repeated
cycles of filament depolymerisation results in plasmid oscillation across the nu-
cleoid. B: When two plasmids are present they oscillate between filaments which
form at the ends and middle of the nucleoid.
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the filament is inversely proportional to the length of the filament.

Eventually the entire filament will have depolymerised leaving the plasmid free
to diffuse. However the ParA-ADP released by filament depolymerisation will
have undergone nucleotide exchange and thus been able to nucleate and poly-
merise into a new filament. When this new filament reaches the plasmid the
ParB-parS complex will initiate a new round of ATP hydrolysis and filament de-
polymerisation. For an illustration of the filament pulling model see see fig.
A. This results in the plasmid being repeatedly pulled from one end of the nu-
cleoid to the other, generating a time-averaged position of mid-cell. When there
are two plasmids the same pattern occurs except that the plasmids will oscillate

between the edges of the nucleoid and the mid point, see fig. B.

In the diffusion ratchet model ParA also binds ATP and dimerises, but it has to
undergo a slow conformational change to be in a DNA binding competent state
(ParA3-ATP, ). ParA3-ATP, can reversibly non-specifically bind the nucleoid in
an ATP hydrolysis independent manner. ParB-parS induces ParA ATPase activity
causing ParA dissociation from the nucleoid. As ParA has to both exchange ADP
for ATP and then undergo a slow conformational change it is unable to immedi-
ately rebind the nucleoid. This results in a zone depleted of ParA3-ATP, around

the ParB-parS complex.

The interaction between ParB-parS and DNA bound ParA3-ATP; is made up of
many interactions, as the zone is depleted of ParA3-ATP, the number of these in-
teractions decreases. This decrease in tethering interactions means that the plas-
mid will become increasingly mobile due to Brownian motion. As the plasmid
moves out of the depletion zone it will make more interactions, but these will
then decrease again as it stimulates ParA ATPase activity. The slow regeneration
time of ParA3-ATP, means that ParB-parS will continue to move in a directional

manner as there will be more ParA3-ATP, in front of it compared to the region
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Figure 1.18: Diffusion-ratchet model of plasmid partition by ParA ATPases. A:
Dynamic positioning of a plasmid over time (indicated by arrow). The ATP
bound form of ParA binds the nucleoid as dimers. The ParB-parS complex stim-
ulates the ATPase activity of ParA resulting in its release from the nucleoid.
Affinity for nucleoid bound ParA bias the diffusion of the ParB-parS complex.
Free ADP bound ParA undergoes nucleotide exchange and re-binds the nucleoid
away from the ParB-parS complex. The resulting pattern consists of the plasmid
chasing ParA dimers off the nucleoid, oscillating across it. B: When two plasmids
are present they oscillate between multiple ParA maxima.
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it has just passed over removing the ParA3-ATP, from the nucleoid. Once the
plasmid reaches the end of the nucleoid it will either reverse direction due to the
absense of ParAj-ATP; in front of it, or it will wrap around the nucleoid and

travel back along a different face of the nucleoid.

This behaviour produces a pattern where the plasmid oscillates from one end
of the nucleoid to the other. When plasmids are present, two plamids moving
towards each other will create a large depletion zone with the lowest ParA7-ATP,

concentration being between them, resulting in reversal of direction.

Both models are based on the same underlying principles. ParB-parS destabilises
ParA’s interaction with the nucleoid, and due to ParB-parS affinity for DNA bound
ParA this results in ParB-parS chasing ParA off the nucleoid in an oscillatory man-
ner. The core difference between these models is the ability of ParA to form fila-

ments.

Vecchiarelli and colleagues were unable to detect filaments of the P1 plasmid
ParA, at concentrations up to 30 #M only dimers were detected [194]. Two recent
studies have used in vitro DNA carpets to investigate the ParAs of both the P1
plasmid (ParA) [87] and the F plasmid (SopA) [195]. In both cases the ParA was
seen to bind the DNA carpet as dimers or small oligomers in a dynamic and ATP
hydrolysis dependent manner. ParB-parS complexes bound to the ParA bound to
the DNA carpet via numerous tethers and were relatively immobile upon bind-
ing. Over time ParB-parS created a ParA depletion zone around it and ParB-parS
displayed increasing mobility. In most cases the plasmid detached from the ParA-
DNA carpet, although instances of the plasmid moving across the carpet were
seen. The authors of these studies suggest that spatial confinement (i.e. the lim-
ited space between the nucleoid surface and the inner membrane) would result

in the detached plasmids reattaching.

The data from both these studies strongly supports the diffusion ratchet model.
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However numerous cases of ParA filaments have been reported. The ParA of the
P1 plasmid forms filaments in vivo [42], and ParA from ChlI of V. cholerae , SopA
from the F plasmid, ParF from the TP228 plasmid, ParA from the pB171 plasmid
and Soj from the B. subtilis chromosome have all been shown to form filaments in
vitro [86)} (19} 11} 44, 105]. It should be noted however that many of these in vitro

filaments were formed under high concentrations of ParA.

To date the exact mechanism of plasmid segregation by type I par loci remains un-
resolved, although recent results favour the diffusion ratchet model they cannot
yet rule out the filament pulling model. Given that ParAs are closely related to
MinD it is tempting to envisage a similar reaction-diffusion type mechanism (i.e.
the diffusion ratchet model). However a lesson to be taken from the Min system
is that MinD positioning (and therefore Z-ring inhibition) is achieved by different
mechanisms in different species (for a review of ParA/MinD family positioning
patterns see [109]). It therefore seems entirely possible that there may be no single

universal mechanism by which ParAs partition plasmids.

1.6.2 Type Il - Actin-like ATPases

Type II par loci consist of a gene encoding an actin-like ATPase (ParM), a gene
encoding a sequence specific DNA binding protein (ParR) and the centromeric

site to which that protein binds (parC ) [191].

ParM forms filaments which grow bidirectionally from ATP bound ParM sub-
units [58, [133]. Subunits in the filament can hydrolyse ATP, and they do so
cooperatively [115] meaning that ATP hydrolysis can propagate along the fila-
ment. ADP bound subunits dissociate rapidly from the ends of the filament, thus
ATP hydrolysis leads to catastrophic disassembly unless the terminal subunits

are maintained in an ATP bound form [115, 58].
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Figure 1.19: Plasmid segregation by ParMRC systems. A: Schematic of the
mechansism of plasmid segregation by ParMRC systems in cells. Plasmids are
shown in pink, ParR in blue, and ParM in orange. ParM filaments use dynamic
instability to find plasmids, and once a ParR-plasmid complex is bound at both
ends the filament will elongate thus segregating the plasmids. B: Dynamic in-
stability of ParM filaments. Uncapped ParM filaments undergo rounds of poly-
merisation, ATP hydrolysis and catastrophic disassembly, allowing filaments to
search space within the cell. ParM filaments are capped and stabilised by ParM-
parC complexes allowing elongation. Adapted from [160]

This stabilisation of the ends of ParM filaments is performed by ParR-parC com-

plex, which forms a cap over the end of the filament [161} 127, 165].

The ParM filaments find the plasmid (and therefore the ParR-parC complex) through
successive rounds of polymerisation and disassembly, a process termed dynamic
instability. This allows the filaments to repeatedly search space within the cell for

the plasmid [58]. Both ends of the filament need to be capped by ParR-parC com-
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plexes to prevent catastrophic disassembly, thus only once a plasmid is bound
at both ends is it able to elongate. This elongation results in the plasmids being

actively moved to opposite poles of the cell [114].

This model has been further validated by reconstituting it in vitro , with parC

coated beads being pushed apart by ParM filament elongation [59].

1.6.3 Type III - Tubulin-like GTPases

Recently a new plasmid par loci was discovered encoded on low copy number
plasmids in Bacillus anthracis and Bacillus thuringensis. As with other par loci these
loci encode a NTPase, and site-specific DNA binding protein, and a centromeric
DNA sequence. The NTPase is TubZ, a GTPase and homologue of FtsZ and tubu-
lin [[180, 101].

TubZ has been shown to form filaments in a GTP dependent manner [101]. Hav-
ing formed the filament in the GTP bound form, TubZ subunits will hydrolyse
GTP due to the high GTPase activity of TubZ. This results in most subunits within
the filament being in the GDP bound state, with a growing tip in the GTP bound
state stabilising polymerisation [33]. This leads to treadmilling of TubZ subunits
and filament movement [101]. The DNA binding protein TubR binds to the cen-
tromeric region of the par loci, and this TubR-plasmid complex is able to bind

TubZ filaments [122].

The model put forward based on these data (summarised in [9]) is as follows:
TubZ binds GTP and assembles into a protofilament which then begins to tread-
mill with new GTP subunits being added at the plus end and GDP subunits being
lost at the minus end. When it encounters a TubR-plasmid complex it binds it and
causes the plasmid to move with it. When it gets to the cell pole the plasmid is

released, resulting in segregation. How this polar release occurs is not clearly un-
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derstood, but it has been suggested that the membrane curvature of the cell poles

causes the TubZ filament to bend in a way which releases the plasmid [122].

1.7 Chromosome Organisation and Segregation

Advances in fluorescent microscopy have not only revealed high levels of subcel-
lular organisation of proteins, they have also been instrumental in the exploration

of the organisation and segregation of the bacterial chromosome.

1.71 Chromosome Organisation

Most bacteria have a single circular chromosome, though many including V. cholerae

and R. sphaeroides , have two, and some species have linear chromosomes [147].

The use of techniques such as fluorescent in situ hybridisation, and use of fluo-
rescent fusions to DNA-binding proteins (e.g. ParB, Lacl, TetR) and the insertion
of their cognate target sequence (parS , lacO, tetO) at specific sites has enabled
the cellular positions of specific loci to be determined throughout the cell cycle.
Initial studies used such methods to determine the localisation of the origin (ori
) and terminus (fer ) of replication, as well as the left and right replichores (the

regions between the ori and ter , see fig. A).

In E. coli the ori is positioned at the mid-cell, and the left and right replichores
are positioned in separate halves of the cell, see fig. A. The ter is relatively
mobile and can associate with either replichore [123] 204]. C. crescentus however
has a very different chromosomal organisation. The ori and ter are positioned at
opposite poles. The ori is at the old pole, and ter at the new pole with both left
and right replichores running the length of the cell [196]. The two chromosomes

of V. cholerae display different positioning, chromosome one (Chl) has polar ori
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Figure 1.20: Bacterial chromosome organisation. A: Top: Circular bacterial chro-
mosome. The origin of replication is shown as a black circle, left and right repli-
chores in blue and orange respectively, and the terminus in gray. Bottom: E. coli
orilocalises to mid-cell, left and right replichores localise to separate halves of the
cell, and the ter can localise to either replichore. During DNA replication the two
origins segregate into different halves of the cell. After replication and segrega-
tion the left-right organisation is maintained in the daughter cells. B: Chromo-
some organisation in other bacteria. C. crescentus localises ori and ter to opposite
poles of the cell. V. cholerae has two chromosomes, one displays polar ori ter or-
ganisation, whereas the other localises ori to mid-cell. B. subtilis localises ori to the
pole during sporulation. Taken from [148].

positioning , where as the second chromosome (Chll) has its ori positioned at
mid-cell [55]. B. subtilis differentially organises its chromosome depending on
its growth state. During vegetative growth the ori is positioned at mid-cell [15].
When it enters sporulation however the origins of the two sister chromosomes

exhibit polar positioning .



47

0.2 0.4 0.6 0.8 1
Relative distance along cell length

% spot

0 0.2 0.4 0.6 0.8 1
Relative distance along cell length

Figure 1.21: The positioning of the origins of replication of both R. sphaeroides
chromosomes. A: Image showing the origin of chromosome I fluorescently
tagged. B: Histogram of positions for Chl origin. Light blue is before orgin
replication, and dark blue after. C: Image showing the origin of chromosome
IT fluorescently tagged. D: Histogram of positions for ChlI origin. Light red is
before orgin replication, and dark red after. E: Image showing origins of both
chromosomes fluorescently tagged. Chl in blue, ChlI in red.

R. sphaeroides has two chromosomes, both of which contain a parABS locus, dele-
tion of the par locus of chromosome II results in some loss of Chll and, whilst
cells appear aberrant, the locus is not essential. Several attempts at creating a
AparChl strain have failed, suggesting that the par locus of chromosome I may be
essential (Nelly Dubarry, personal communication). The origin of ChlI localises
to the pole, and switches from unipolar to bipolar after replication, the origin of
ChlI is positioned at mid-cell, and after replication moves to 1/4 & 3/4 positions
(Nelly Dubarry, personal communication). The positioning of the origins of both

R. sphaeroides chromosomes is shown in fig.
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1.7.2 Nucleoid Structure

As seen above the bacterial chromosome is a highly organised and specifically po-
sitioned molecule. Bacterial chromosomes are many times the length of the cell,
and thus must be compacted ~ 1000 fold [81]. These compacted chromosomes,
which for E. coli occupies 25% of the cellular volume [218], form structures termed
nucleoids. Both the structure of the nucleoid and exactly how it is compacted are

still being revealed, but significant insights have been made.

The E. coli chromosome consists of ~ 400 independently supercoiled domains
(each of roughly 10kb) [40,[138]], and these exist within higher order macrodomains
[50]. Supercoiling alone however is not sufficient to produce the level of com-
paction required, and therefore other factors must be involved. A number of
nucleoid associated proteins have been discovered, most of which are localised
throughout the nucleoid, but one, H-NS has been shown to bring together DNA
regions distal in sequence [203]. Other reports have shown that nucleoid asso-
ciated proteins with different modes of sequestering DNA are expressed differ-
entially depending on external and internal conditions [149, 28], suggesting both
regulatory and structural roles of many of these proteins. The differing levels of
compaction also show that the bacterial nucleoid is a dynamic structure, whose

organisation can be modulated.

Loci within the nucleoid are also dynamic, and diffuse within constrained re-
gions, until the chromosome replicates and segregates when loci move as part
of bulk chromosome movement [45, 52]. Therefore whilst loci within the chro-
mosome may have specific cellular positions which are robust through division

cycles, both the macro and micro structure of the nucleoid is dynamic.

This is mirrored in a recent study which determined the force required to com-
pact the E. coli chromosome to its in vivo size. By gently lysing the cells and

then using an optical trap and bead to compress the nucleoid back to its orig-
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inal size the forces required for this compression were measured. The results
demonstrated that the force needed to compress the chromosome is ~1000 fold
less than the turgor pressure within the cell [130]. It was also possible to restore
compaction through in vitro molecular crowding, a process which was reversible
and repeatable with the sequential addition and removal of molecular crowding
agents. Together this suggests that molecular crowding may be the primary driv-
ing force behind chromosome compaction, and nucleoid associated proteins are

used to promote, modify and organise this process.

Figure 1.22: Deconvolution fluorescence image of the nucleoid. B. subtilis cell
treated with fluorescent nucleotides. Fluorescent image shown in green, phase
contrast in blue, and to the right a cartoon shematic. Scale bar 0.5 ym . Adapted
from [16].

The use of both cryo-electron microscopy and fluorescence microscopy has helped
to begin to resolve the shape and large scale organisation of the nucleoid. In
growing cells nucleoids exhibit dense cores with multiple projections into the cy-
toplasmic space [46]. On a larger scale it has been observed that nucleoids can

exist in a helical shape [30, 16, 54].
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1.7.3 Chromosome Segregation

The tagging of a large number of loci within the C. crescentus chromosome demon-
strated that each locus has a specific subcellular position and that this position is
linearly related to its position on the chromosome [196]. The same study also used
time-lapse microscopy to follow 10 of these loci through replication and segrega-
tion. The results reiterated that unlike eukaryotes, which replicate and segregate
their chromosomes in temporally distinct events, the loci are segregated swiftly
after their replication and before completion of replication of the whole chromo-

some. [196].

Fluorescent tagging of chromosomal loci enables clear descriptions of chromo-
some positioning and segregation both spatially and temporally, but alone it does

not answer the question of what drives this positioning and segregation.

Early suggestions included the idea that the closing septum pushed the two chro-
mosomes to either side, segregating them into different daughter cells. However
it has been shown that the septum can guillotine chromosomes which have not
been segregated correctly. Another suggestion was that the origins were tethered
to the inner membrane of the cells, and as the cell grew the origins drifted apart
with the expansion of the growing membrane, however loci are seen to segregate

at speeds incompatible with this model [147].

Many proteins have been proposed to be the driver of chromosome segregation.
However, for most of these, disruption of expression only leads to reduced seg-
regation efficiency rather than complete loss of segregation. For detailed descrip-
tions of proteins and processes that may be involved in chromosome segregation

please see [147,[187].

One interesting model suggests that chromosome segregation can be achieved

simply by the demixing of polymers (i.e. chromosomes) due to entropic forces
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[90]. Whilst the simplicity of this model is attractive, the influence of other pro-
cesses and proteins on segregation suggests that entropic forces are unlikely to
be the sole driving forces. The lack of necessary and sufficient processes found
for chromosome segregation in many bacterial species favours a model where a

number of redundant processes work in tandem.

A system that has been shown to be required for chromosome segregation in
some instances is the ParAB-parS system. ParAB-parS systems are used to seg-
regate low copy number plasmids (ParAB-parS systems are described in detail
in [1.6.1). An increasing number of bacterial chromosomes have been found to
contain a parABS locus, with over 65% of sequenced genomes containing a chro-

mosomal par locus (the E. coli chromosome however does not).

In C. crescentus the chromosomal ParAB-parS system has been shown to be re-
sponsible for segregation of one of the newly replicated sister origins to the far
pole. Before the initiation of replication the parS locus is held at the old pole
by PopZ, which binds the ParB coating the parS sequence [43]. ParA forms a
tilament-like structure which is nucleoid associated [140]. When the parS se-
quence is replicated one sister parS remains held by the PopZ matrix, while the
other comes into contact with the ParA filament. The ParB-parS complex acti-
vates the ParA ATPase activity resulting in depolymerisation of the ParA fila-
ment [140]. As the ParA filament depolymerises the ParB-parS complex remains
in contact with the retracting end of the filament thus ensuring that the ParA
filament contracts all the way to the new pole and that it brings the ParB-parS
complex and therefore the parS proximal region of the chromosome with it. This
contraction of the ParA filament results in a local increase in ParA concentration
at the new pole, which faciliates the nucleation of a second PopZ matrix [100].
This combined action of ParA to “pull’ the parS sequence and help nucleate a new

PopZ matrix means that, as the second ParB-parS complex reaches the new pole
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there is a PopZ matrix already formed to capture and hold it [100]. A study in
which the parS sequence is moved to various points in the chromosome showed
that no matter where the parS sequence was located on the chromosome it was
the first locus to be segregated [186], strongly suggesting that the par locus is the

primary driver of the segregation of the C. crescentus chromosome.

V. cholerae has two chromosomes, both of which have a parABS locus. The seg-
regation of ChIl has be shown to be dependent on its ParAB-parS system [215].
However for Chl the ParAB-parS system is only required for polar ori positioning

and not for segregation.

The chromosome of B. subtilis has a par locus which expresses a ParA ATPase
(termed Soj), a ParB homologue (Spo0J) and contains a parS sequence, which are
also found elsewhere on the chromosome. Unlike C. crescentus this ParAB-parS
system is not used for chromosome segregation during normal division. The parS
sites are found in a chromosomal region near the origin of replication [107, 23];
Spo0J binds to these par§ sites and then spreads over the DNA flanking the parS
sequence [23,120]. Soj interacts with the protein DnaA at the ori ; DnaA initates
DNA replication, and interaction with Soj can either activate or repress this ac-
tion depending on the state of Soj [119]. In the monomeric ADP or nucleotide-free
form Soj inhibits DnaA, whereas in the ATP dimeric form it activates it [163]. Dur-
ing normal growth (i.e. before chromosome replication) Spo0J, which is bound to
the parS sites near the ori, activates the ATPase activity of Soj and thus keeps it in
the ADP bound monomeric form. In response to a currently unknown trigger Soj
is able to overcome regulation by Spo0]J; proposed models for this involve either
local increases in Soj or decreases in Spo0] concentration by mechanisms such as
increasing soj expression, or delocalisation of of SpoQJ [163]. This results in a shift
in the Soj population towards the dimeric ATP-bound state, activating DnaA and

chromosome replication.
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As well as being important in the control of chromosome replication in B. sub-
tilis Spo0J is also important in the chromosomal organisation. Spo0OJ bound to
parS sequences recruits the structural maintenance of chromosomes (SMC) com-
plexes [177,168], which play a role in condensing the chromosome [27]. Loading
of SMC onto origin proximal regions of the chromosome has been shown to have
an important role in chromosome segregation [177, 68]. This is believed to be
of particular importance during sporulation when the chromosome reorganises,
moving from mid-cell origin positioning to polar [13]. The nucleoid forms a con-
densed rod-like structure called the axial filament, with origins of replicated chro-
mosomes tethered at opposite poles through the combined action of the proteins
DivIVA and RacA. RacA binds specific sequences near the ori [13]12], and DivIVA
localises preferentially to curved regions of the membrane [143]]. The interaction

between the two results in polar localisation of the origins [211].

In B. subtilis both the ParA (Soj) and the ParB (Spo0QJ) perform distinct roles, in
the control of replication (Soj) and promotion of chromosome segregation and

compaction (Spo0J), linking these processes.

It is becoming increasingly clear that ParAB-parS systems are important in a num-
ber of aspects of chromosomal behaviour in many bacterial species; to date iden-
tified roles include chromosome segregation, positioning of origins of replication
to specific subcellular regions, and changes in large-scale nucleoid organisation.
The diversity of roles of ParA ATPases highlights the many ways the core tripar-

tite system has been adapted by many bacterial chromosomes and plasmids.
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1.8 Protein Partitioning by ParA Homologues

1.8.1 Polar Chemotaxis Cluster in V. cholerae

A subset of chemotaxis proteins (CheW; and CheY3) in V. cholerae form polar
foci, with young cells having a single polar focus, and pre-division cells contain-
ing foci at both poles, therefore when the cell divides each daughter cell inherits
a single focus at the old pole [150]. The study by Ringgaard et al. then went
on show that this positioning pattern is dependent on a ParA homologue, ParC.
Fluorescent fusions to ParC revealed that its positioning pattern was very similar
to that of the chemotaxis proteins, and time-course microscopy has shown that
ParC transitioned from unipolar to bipolar before the chemotaxis proteins did so,
indicating that ParC moved to the new pole and through association whith ParC

the chemotaxis proteins were able to follow.

This dependence on ParC for chemotaxis protein positioning was demonstrated

in AparC cells, in which ~ 25% of cells had non-polar foci.

A photoactivatable mCherry fusion to ParC was used to show that photoacti-
vated protein in a unipolar focus exchanged with a cytoplasmic pool, which was
then captured by an anchor at the new pole. Therefore the transition to bipolar
foci is due to dynamic localisation of ParC, rather than the size of a single focus

reaching a maximum size and newly expressed protein forming a new focus.

An ATP locked mutant of ParC showed both uni- and bipolar localisation, as well
as some non-polar foci, whereas a mutant defective in ATP binding was cytoplas-
mic and formed non-polar foci. Both mutants were defective in positioning the

chemotaxis proteins.

A subsequent study by Yamaichi et al. identified the protein which captures and

anchors ParC. This protein, HubP, is required for correct postioning of ParC and
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thus the chemotaxis proteins associtated with it [214]. HubP acts as a polar anchor
for a number of ParA homologues within V. cholerae . It was shown to also recruit
the ParA of chromosome I (ParAl) and FIhG. ParAl has been previously shown

to be required for proper positioning and segregation of chromosome I [56].

1.8.2 Cytoplasmic Chemotaxis Cluster in R. sphaeroides

The cytoplasmic cluster of R. sphaeroides localises to the mid-cell. Prior to cell
division the cluster is duplicated and the resulting two clusters are positioned at
1/4 and 3/4 positions within the cell [185]. Both the positioning and segregation
of this cluster is dependent on a ParA homologue PpfA [185]. PpfA is encoded

within cheOp3 , immediately upstream of the soluble chemoreceptor Tlpt (see fig.

1.4).

In order to confirm that PpfA acts as a ParA a CFP fusion was expressed in E. coli
[152]. This is because DAPI doesn’t condense the R. sphaeroides chromosomes,
whereas in E. coli the nucleoid can be clearly distinguished from the total cyto-
plamsic volume. These results showed that PpfA can non-specifically bind the E.
coli chromosome, and this binding is dependent on dimerisation and ATP bind-

ing of PpfA [152].

Genomic replacement of WT PpfA with mutants defective in dimerisation, ATP
binding, ATP hydrolysis, and DNA binding, resulted in a loss of R. sphaeroides

cytoplasmic cluster segregation in all cases [152].

The PpfA-CFP fusion expressed in R. sphaeroides was distributed across the nu-
cleoid with a bright focus coinciding with the cytoplasmic cluster, this bright fo-
cus is not seen for the dimerisation, ATP binding, and DNA binding mutants,
however the ATP hydrolysis mutant produced brighter foci than WT [152]. Ex-

pression in E. coli showed that DNA binding was dependent on ATP binding,
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and dimerisation, whereas mutant PpfA locked in the ATP bound state remained

co-localised with the nucleoid.

The chemoreceptor TlpT was considered a potential interaction partner due to its
gene’s position immediately downstream of ppfA in the operon. However tlpT
deletion results in loss of cluster formation [200], meaning that this hypothesis
could not be tested via the use of the AtlpT strain. Previous work has shown that
proteins that activate the ATPase activity do so through N-terminal basic residues
[10, 105]. The N-terminus of TlpT also contains a number of basic residues, and
it was indeed shown that truncation of the 120 N-terminal amino acids of TlpT

resulted in loss of cluster segregation and PpfA foci [152].

Taken together these results show that not only does the cytoplasmic cluster of
R. sphaeroides display strikingly similar positioning to some plasmids, but its po-
sitioning and segregation is dependent on the dimerisation, ATP hydrolysis and
DNA binding of a ParA protein. However no oscillations in PpfA were ever de-

tected leaving the mechanism by which PpfA segregates the cluster unclear.

1.8.3 Carbon Fixation Complex in Synechococcus elongatus

Fluorescent fusions to the large subunit of ribulose-1,5-bisphosphate carboxylase-
oxygenase (RbcL) and the carboxysome shell protein CcmK in the cyanobac-
terium Synechococcus elongatus revealed that carboxysomes were positioned with
even spacing along the length of the cell, the size of this spacing was dependent
on the length of the cell [162]. The study by Savage et al. then went on to use time-
lapse microscopy to assess the mobility of the carboxysomes, and determined that

they were constrained and not freely diffusing in the cell.

Deletion mutants of five genes annotated as encoding cytoskeletal proteins were

created, and from these it was found that deletions of mreB and a parA -like gene
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the authors termed parA result in disrupted carboxysome positioning. AmreB
cells displayed a number of additional phenotypes including morphological aber-
rations. AparA cells on the other hand appeared WT except for carboxysome po-

sitioning.

A GFP fusion to ParA showed that it formed a cloud-like patch which moved
from pole to pole in an oscillatory manner. Given that oscillations are seen in
many plasmid ParAB-parS systems, this suggests that this dynamic relocation of

ParA is positioning carboxysomes.

The loss of ParA resulted in the loss of symmetrical division of carboxysomes on
cell division. Cells that inherited less carboxysomes showed reduced fitness and
reduced rates of carbon fixation, clearly indicating the need to have a system to

ensure equal segregation.

The mechanism behind the positioning and segregation of the carboxysomes by
ParA is still unclear but the similarity of positioning and ParA distribution is

strikingly similar to some plasmid segregation systems.

1.8.4 Cellulose Biosynthesis Complex in E. coli

In a study Le Quéré et al. investigated two uncharacterised genes encoded near
the bacterial cellulose synthesis (bcs) genes in E. coli . One of these genes, renamed
besQ, was shown to be required for cellulose biosynthesis [102]. Sequence align-
ment showed that BcsQ is a ParA/MinD homologue, and a fluorescent fusion to
BesQ displayed unipolar localisation. Cellulose production is also localised to a
pole suggesting a potential link between BcsQ positioning and the positioning of
cellulose production, although co-localisation was not tested. Cellulose biosyn-
thesis was dependent on the ability of BcsQ to bind ATP, however its localisation

was not.
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This study provides another example of a ParA homologue being required for im-
portant cellular functions and exhibiting specific positioning patterns, however
many questions remain regarding BcsQ'’s role in positioning cellulose machinery

and the mechanisms behind its positioning.

1.9 Diversity Within the ParA/MinD Family

The ParA /MinD family of ATPases are involved in the subcellular positioning of
cellular components, producing a diverse range of positioning patterns through

a number of distinct mechanisms.

The diversity of mechanisms used is highlighted by their role in the control of the
formation of the Z-ring by Min proteins. In E. coli the inhibitor of Z-ring forma-
tion, MinC, is positioned at the poles in order to restrict Z-ring formation to the
mid-cell. This positioning pattern is created through self-organisation and oscil-
lation of MinD and MinE (as discussed in[I.5.3). In B. subtilis MinC also inhibits
Z-ring formation (albeit by mechanisms proposed to be distinct from that of E.
coli MinC) [67]. The positioning of MinC in B. subtilis is however very different to
that of E. coli . DivIVA localises to the curved membrane of the forming septal site
[111, 141], which recruits Min]J, which recruits MinD, which then recruits MinC
[129, 22} 51]]. Together these proteins prevent the formation of additional Z-rings
in the vicinity of the septation site through the use of targeted localisation rather

than self-organisation as seen in E. coli .

In C. crescentus the Z-ring positioning is controled by a different ParA ATPase
termed MipZ, which prevents FtsZ from forming the Z-ring [182]. Here the Z-
ring is only permitted to form at the mid-cell due to a bipolar MipZ gradient
[182], unlike MinC in E. coli this gradient is not an oscillatory one. The gradient

of MipZ is set up through its interaction with the chromosomal ParB, which along
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with the origin of replication localises to the poles [116]. ParB promotes the ATP-
bound dimeric form of MipZ [95], which is then able to bind the nucleoid. The
basal ATPase activity of MipZ results in its release from the nucleoid, these MipZ
monomers then dimerise at the poles, where ParB is located [95]. This creates
a gradient of nucleoid bound dimeric MipZ, with greatest concentrations at the
poles. Interestingly ParB is also used to control the dynamic localisation of ParA,
which is required for chromosome segregation [43]. ParB activates the ATPase
activity of ParA, thus promoting the monomeric form of ParA [140], the opposite

of the affect it has on MipZ, clearly demonstrating the versatility of these systems.

The above examples demonstrate three distinct mechanisms by which ParA/
MinD family ATPases are used to prevent Z-ring formation from the polar re-

gions of the cell.

There is also a large degree of variation in DNA positioning by ParA proteins.
Low copy number plasmids are positioned equidistantly along the length of the
cell [60] by a number of proposed mechanisms (discussed in[1.6.1), whereas ParAB
systems encoded on primary chromosomes are implicated in a wider range of
roles, including origin positioning, SMC recruitment, and control of replication

initiation (discussed in(1.7.3).

Increasing numbers of ParA/MinD family proteins are being implicated in the
positioning and segregation of protein complexes (as discussed in [I.8). Bioin-
formatic approaches have shown that ParA homologues are encoded in a large of
number chemotaxis operons [71}150], with two of these ParA homologues having
been shown to position and segregate chemosensory arrays [185,150]. ParC of V.
cholerae positions the membrane bound chemotaxis cluster at the old pole, and
then both poles just prior to division [150], and PpfA of R. sphaeroides positions
the cytoplasmic chemosensory cluster at mid-cell, and then 1/1 & 3/4 positions be-

fore division [185] 152]. These two examples alone suggest that the diversity seen
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in DNA positioning and segregation by ParA proteins is mirrored in their roles

in protein complex positioning.

Segregation of DNA by ParA ATPases is not limited to bacteria. A recent study
showed that a ParA homologue, SegA, is required for chromosome segregation
in the archaeon Sulfolobus solfataricus [92]], further highlighting the widespread
use of ParA/MinD family proteins. In this system the protein that modulates
SegA polymerisation, SegB, is unrelated to ParB or any other bacterial protein

[92], indicating that the ParA partner protein is also variable.

This use of proteins other than ParB homologues to partner ParA proteins is also
seen in bacteria. The plasmid TP228 contains a par locus encoding a ParA homo-
logue parF and a second gene parG whose gene product has no homology to ParB
proteins [74]. ParG however performs the same role as ParB, activating the AT-
Pase of its cognate ParA [10]. In R. sphaeroides the chemoreceptor TlpT has been

proposed to act as the ParB for PpfA.

The use of proteins beyond to ParB homologues to control ParA ATPases has
a number of benefits. It has been suggested that it represents a mechanism by
which to reduce cross-talk between ParA segregation systems [57], something
especially important for plasmids which may find themselves in a number of
host species alongside various other plasmids which may contain parABS loci
themselves. It also suggests a way by which ParA/MinD proteins can further
diversify the positioning patterns they generate and the mechanisms by which

they achieve these.

The diversity of the roles and mechanisms of ParA /MinD proteins suggest that
they represent a core system in bacteria in positioning and segregating many cel-
lular components. Despite the apparent complexity of these systems the core
mechanism they are all based around is elegantly simple. They consist of an

ATPase whose nucleotide state acts as switch between different localisation be-
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haviours, and interactions with partner proteins modulate this switch to create

dynamically localised patterns, which in turn controls the position of its cargo.
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1.10 Aims of the Project

The aims of this project were to investigate the cytoplasmic chemosensory cluster
of R. sphaeroides and the mechanisms used to ensure stable inheritance of this

cluster through cell division, specifically:

* Quantification of the turnover of proteins within the cytoplasmic cluster
for comparison with known data for membrane associated chemoreceptor

clusters in E. coli .

¢ Use a range of fluorescence microscopy techniques to address the role of
PpfA in the segregation of the cytoplasmic cluster, building up an under-

standing of the process from the molecular to cellular level.

* Analyse imaging data to of the cytoplasmic cluster and PpfA to quantify

results.

¢ Test known models of partitioning by ParA ATPases to determine if any of
these adequately describe the data acquired for PpfA and the cytoplasmic

cluster.

* Generate a model of how the cytoplasmic cluster is segregated and posi-

tioned by PpfA.
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2.1 Strains and Plasmids

2.1.1 Strains

Strain Species Genotype/description Source
XL1-Blue E. coli General cloning strain, used for Stratagene
plasmid creation and modifica-
tion. Tetracycline resistant.
S17-A pir E. coli Plasmid mobilising strain, used [131]
for introducing plasmids into R.
sphaeroides strains. Streptomycin
resistant
RP437 E. coli Wild-type strain [128]
WS8N  R. sphaeroides Spontaneous naladixic acid re- [174]
sistant strain of the wild-type
strain WS8
JPA543  R. sphaeroides tIpC-gfp [201]
JPA1215 R. sphaeroides AcheY1 — 5 cheY¢D57N. Non- [152]
motile
JPA1331  R. sphaeroides AtlpT [137]
JPA1425  R. sphaeroides yfp-cheA3 [198]
JPA1438  R. sphaeroides yfp-cheA4 [198]
JPA1456  R. sphaeroides cfp-cheWy [198]
JPA1457  R. sphaeroides yfp-cheW4 [198]
JPA1519  R. sphaeroides yfp-cheW4 AtlpT [200]
JPA1558  R. sphaeroides tipT-yfp [200]
JPA2290  R. sphaeroides AtlpT AppfA This study
JPA2291  R. sphaeroides AtlpT AppfA cfp-cheWy This study

Table 2.1: Strains
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2.1.2 Plasmids

Plasmid Name Description Source
pBAD33-yfp-tipT pBAD33 containing the tlpT David Zollman
with an N-terminal yfp fusion
pIND4 IPTG inducible plasmid for gene [88]

expression in R. sphaeroides .
Kanamycin resistance.

pIND-tIpT pIND4 containing the t/pT gene. This study
pIND-ppfA-cfp pIND4 containing a C-terminal [152]
cfp fusion to ppfA

PIND-ppfA-PAmCherry ~ pIND4 containing a C-terminal This study
PAmCherry fusion to ppfA
pK18mobsacB Kanamycin resistance suicide [131]
plasmid, sucrose sensitive.
pK18mobsacB:AtlpTAppfA  pK18mobsacB containing 500bp This study
flanking regions up and down
stream of the adjacent ppfA and

tlpT genes.
pROD-PAmCherry pROD containing the PAm- Rodrigo Reyes-
Cherry gene Lamothe

Table 2.2: Plasmids

2.2 Growth conditions

2.2.1 Antibiotics

Antibiotic ~ Concentration for E. coli Concentration for R. sphaeroides

Kanamycin 25 pg/ml 25 ug/ml
Nalidixic acid 25 pg/ml 25 ug/ml

Ampicillin 100 pg/ml -

Tetracycline 25 pg/ml —

Table 2.3: Antibiotic concentrations
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2.2.2 Liquid Cultures of E. coli

Liquid cultures of E. coli were grown in LB, see Appendix [A}containing the ap-

propriate antibiotic/s at 37°C with shaking.

2.2.3 Agar Plates for E. coli

E. coli was grown on solid agar plates made from LB, see Appendix |A| and 2%
agar containing the appropiate antibiotic/s.

2.2.4 Aerobically Grown R. sphaeroides

R. sphaeroides was grown aerobically in succinate media, see Appendix |A} con-
taining the appropriate antibiotic/s with shaking at 30°C .

2.2.5 Photoheterotrophically Grown R. sphaeroides

R. sphaeroides was photoheterotrophically grown in succinate media, see Appendix
containing the appropriate antibiotic/s in sealed bottles with minimal air space

and incubated at 30°C under white light.

2.2.6 Agar Plates for R. sphaeroides

R. sphaerodies was grown on solid agar plates,made as described in and

incubated at 30°C .
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2.2.7 Agar Plates for Sucrose Selection

Plates for sucrose selection were made using M22 minimal media, see Appendix

10% sucrose and 2% agar.

2.3 Genetic Techniques

2.3.1 Extraction of R. sphaeroides Chromosomal DNA.

Cultures were grown aerobically to stationary phase (48hrs). 1.5ml of culture
was centrifuged and the pellet was snap frozen in liquid nitrogen, the frozen pel-
let was then resuspended in 0.5ml lysis buffer, see Appendix|A| heated to 65°C .
100ug of proteinase K was added before incubation at 45°C for 2 hours. The chro-
mosomal DNA was then extracted twice with 0.5ml phenol:chloroform:isoamyl-
alcohol (25:24:1), and precipitated with 100% ethanol and incubated at -20°C for
30 minutes. Following incubation the sample was centrifuged at 16000 x g for 15
min, the pellet was then washed with 70% ethanol and spun again as above. The
pellet was then dried at 37°C overnight and resuspended in 50 pl sterile water

and stored at -20°C .

2.3.2 Polymerase Chain Reaction (PCR)
Standard PCR

PCR was carried out with reaction mixture composition as described in table
Reaction mixtures were then placed in a thermocycler and subjected to the pro-
gram described in table annealing temperature was dependent on the Ty of

the primers used in each reaction.
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Component Quantity
Template DNA 0.5 ul
Primers 1 ul of each at 100 uM
Pfu DNA polymerase (Promega) 1ul
10x Pfu polymerase buffer (Promega) 5ul
dNTPs S5ulat 2.5 mM
Oul for 0%
DMSO 2.5 ul for 5%
5 ul for 10%
MilliQ Make up to total volume of 50 ul

Table 2.4: PCR reaction mixture composition

Stage Number of cycles Temperature Time
Initial denaturation 1 98°C 10 min
Denaturation 98°C 1 min
Annealing 30 Annealing temperature 1 min
Extension 72°C 2 min per 1kb product
Final Extension 1 72°C 5 min

Table 2.5: PCR reaction program

Overlap Extension PCR

Overlap extension PCR was used to create constructs for generating deletion

strains and genomic replacement strains. A schematic of the process is shown
in fig.
2.3.3 Restriction Enzyme Digests

Restriction enzyme digest reaction mixtures (as described in tables 2.6/ and

were incubated at 37°C for at least 2 hours or overnight.

2.3.4 De-phosphorylation

Restriction digests of plasmids were stopped by heating them to 80°C for 20 min,

and then cooling to 4°C . 1 ul of calf intestinal alkaline phosphatase (CIP) (New
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Figure 2.1: Overlap extension PCR to create deletion construct. A: First round
of PCR. Two reactions (grey arrows) are run using primers designed to amplify
the flanking regions (green and red) of the gene to be deleted (blue). The inner
primers contain a region of overlap with other flanking region. The products cre-
ated contain a region of complementarity. B: Second round of PCR. Both products
and the outside primers are used in a single reaction. The regions of complemen-
tarity between the two products of the first round allow them to act as primers
and this results in elongation of a single fused sequence.



70

Component Quantity
25 ul for PCR products
DNA 10 ul for plasmids
10 x buffer 5ul
Bovine serum albumin 0.5 ul
Enzyme 1 ul each
MilliQ make up to 50 pl total volume

Table 2.6: Restriction enzyme digest reaction mixture composition

Component Quantity
Plasmid 5ul
10 x buffer 2ul
Bovine serum albumin 0.2 ul
Enzyme 0.5 ul each
MilliQ make up to 20 pl total volume

Table 2.7: Restriction enzyme digest reaction mixture for confirmation of ligation

England Biolabs) was added and the mixture incubated at 37°C for 1 hour.

2.3.5 Gel Electrophoresis

DNA framents were separated using gel electrophoresis. Gels were made using
between 0.8% and 2% multi-purpose agarose (Roche) in 0.5 x TBE, see Appendix
depending on the fragment sizes that required separation. Fragments were
electrophoresed at voltages between 80-140 V. Visualisation of gels was achieved
by staining them in 1 ng/ml ethidium bromide for 15 minutes and viewing on a

UV transiluminator.

2.3.6 Purification of DNA Fragments

DNA fragments were purified from agarose gels and solution using the Gel Ex-

traction Kit (QIAGEN), following the provided protocol.
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2.3.7 DNA Ligation

DNA ligation mixtures were made up as described in table the volume of

plasmid and insert DNA was adjusted to give a specific molar ratio of insert to

plasmid, usually 3:1.
Component Quantity
Digested plasmid 10 ul
Digested insert 24 ul
T4 DNA ligase (Invitrogen) 1ul
T4 DNA ligase buffer (Invitrogen) 10 pul
MilliQ 5ul

Table 2.8: DNA ligation reaction mixture

2.3.8 Competent Cells

E. coli cells were made chemically competent using rubidium chloride method as

follows.

50 ml of LB-broth was inoculated with 1 ml of stationary phase E. coli and then
incubated at 37°C until it reached an ODgg,,;,; of 0.4. The culture was then trans-
ferred to a 50 ml falcon tube and incubated on ice for 15-30 minutes, before being
centrifuged at 1000 x g for 10 minutes at 4°C . The pellet was resuspended in 16
ml ice cold TFB-1, see Appendix|A} and incubated on ice for 1 hour, before being
centrifuged at 750 x g for 10 minutes at 4°C . This pellet is then resuspended in 4
ml ice cold TFB-II, see Appendix[A}. 200 ul aliquots of the resuspended cells were

then flash frozen in liquid nitrogen and stored at -80°C .

2.3.9 Transformation of Plasmids into Competent Cells

100 ul competent E. coli XL-1 cells were defrosted on ice, and then incubated on

ice with plasmid DNA for 45 min. For ligations 25 ul of ligation mixture was
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added, for purified plasmid 1 ul was added. The cells were then heat shocked by
incubating them at 43°C for 45s and then immediately on ice for 45s. 1ml of soc
medium was then added and incubated at 37°C for 1 hour before being plated on

LB agar plates with the appropriate selective antibiotic.

2.3.10 Plasmid Purification

E. coli cultures containing the plasmid of interest were grown overnight in LB-
broth and the appropriate antibiotic at 37°C . The plasmid was then extracted
using the QIAGEN QIAfilter plasmid mini or midi kit according to the manufac-

ture’s instructions.

2.3.11 DNA Sequencing

DNA sequencing was done using the Automated DNA Sequencing Service from
Geneservice (Source BioScience). The BigDye termination method (PE Biosys-
tems) was used on on a 3730 DNA sequencer (Applied Biosystems). Contigs were

generated using the Staden software package and analysed using Clone Manager

(Sci Ed Central).

2.3.12 Conjugation of Plasmids into R. sphaeroides

R. sphaeroides cannot be made competent therefore plasmids were introduced via
conjugation from E. coli S17-1Apir cells. These cells were made competent as de-
scribed in and plasmids transformed into them as described in 1ml
of mid-log phase E. coli cells and 1 ml of photoheterotrophic phase R. sphaeroides
were centrifuged at 3500 x g. Pellets of both E. coli and R. sphaeroides were washed

in 1 ml LB-broth (without any antibiotics), before being finally resuspended in
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100 ul LB-broth. Special care was taken when resuspending the E. coli S17-1Apir
cells as to not shear the pili. 10 ul of E. coli were gently mixed with 100 pl of R.
sphaeroides , and this mixture was pipetted onto a sterile nitrocellulose filter on an
LB agar plate with no antibiotic. This plate was then incubated to 30°C overnight,
before the cells were washed off the filter in LB-broth and spread onto LB agar
plates containing nalidixic acid and the appropriate selective antibiotic for the

plasmid.

2.3.13 Recombination for Genomic Replacement and Deletion

Mutants in R. sphaeroides

Recombination was used in order to delete genes from the genome or replace
genomic genes with fluorescently labelled mutants. This was done using the sui-
cide plasmid pK18mobsacB. For genomic deletion mutants constructs were cre-
ated that contained the 500bp regions flanking the gene upstream and down-
stream but not the gene itself, see fig. For N terminally tagged genomic
replacements constructs contained the upstream 500bp, the tag and 500bp of the
gene, for C terminally tagged replacements they contained the final 500bp of the

gene, the tag and the downstream 500bp.

These plasmid constructs were transferred into the background R. sphaeroides
strain by conjugation, described in[2.3.13} and spread onto LB agar plates contain-
ing kanamycin and naladixic acid. R. sphaeroides is unable to replicate pK18mobsacB
and thus the only way the cells can pass the kanamycin resistance encoded on
pK18mobsacB is by integrating the plasmid into their genome by homologous re-

combination. This is the first round of recombination.

Colonies from the first round of recombination were grown in succinate media

with naladixic acid for 48 hours. The absence of kanamycin allows the second
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recombination event to occur as this excises the vector backbone, including the
kan" and sacB genes, from the genome. The second round of recombination is
selected for by plating cells from the first round of recombination onto M22 10%
sucrose plates. Replica plates were also used to confirm the loss of the kan" gene.
This second recombination event also results in the excision of either the parental
gene or the mutation construct, and thus two possible end results; the desired

mutant strain or reversion to the wild type genotype.

PCR screens were used to distinguish between the two possible double recombi-

nants.

2.4 Phenotypic Analysis of R. sphaeroides Strains

2.4.1 Swim Plates

Swim plates were used to asses the chemotactic ability of R. sphaeroides strains.

Semi-solid agar plates were made using 0.25% agar (BiTek) in M22 minimal me-
dia, see Appendix |Al The plates contained naladixic acid and a chemoattractant
(100 uM proprionate), which was the only carbon source available on the plate.
5 ul of stationary photoheterotrophic culture was pipetted onto spots. Plates are
incubated at 30°C for 48 hours. As the cells grow they consume the proprionate
and thus create a concentration gradient, which if the cells are motile and chemo-
tactic they will swim up. The area of the rings formed around the inoculation
site is measured and used as a measure of chemotactic ability relative to control

strains.
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2.5 Microscopy

2.5.1 Preparing Cells for Microscopy
R. sphaeroides

R. sphaeroides cells were grown aerobically, as described in to mid-log phase
(OD700sm 0.4-0.6).

E. coli

E. coli cells were grow as described in to mid-log phase (ODgpopm 0.5-0.6),
unless otherwise stated. Cells were then washed in M9 minimal media,, see Ap-

pendix[A] to remove LB broth and therefore a highly autoflourescent background.

Elongated cell preparation

R. sphaeroides cells were grown aerobically, as described in to OD700nm 0.2,

then treated with 1ug/ml cephalexin and grown for a further 2 hours.

E. coli cells were grown to ODgooy, 0.2, and then treated with 100 #g/ml cephalexin

and grown for a further 2 hours.
2.5.2 Preparing Slides

Agarose Pad Slides

Agarose pad slides were created by adding a thin layer of 1% agarose in succinate
medium to a slide and then applying 2 y 1 of cells to the agarose before adding a

cover slip.
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Figure 2.2: Tunnel slide

Tunnel Slides

Tunnel slides were created by applying two strips of double sided tape (3M) to
the slide and affixing a cover slip to these strips, as shown in fig. to create
a small space between the slide and the cover slip of 25 ul. A solution of poly-
L-lysine (0.01% w/v in water) is then wicked through this space and the slide is
incubated upside down for 2 min. This solution is then was washed out twice
with 100 pl of the media the cells will be in when imaged. 100 u I of the media
containing the cells is then wicked through and incubated with the slide upside
down for 10 min. Any non-stuck cells are removed by washing the slide with 100
il of media three times. The open ends of the tunnel are then sealed with nail

varnish to prevent evaporation.

2.5.3 Microscopes

Nikon Eclipse Ti

The system used to acquire fluorescence images of cells consisted of an inverted
Nikon Eclipse Ti microscope using differential interference contrast (DIC) en-

hancement. Either 60X or 100X oil objectives (Nikon) were most commonly used,



77

with an additional 1.5X magnification applied within the microscope also com-
monly used. The microscope was controlled using NIS Elements software (Nikon).
The Perfect Focus System (PFS) was used when time courses or multiple fields of
view were captured in order to maintain focus. This microscope could be used

either in confocal mode or epifluorescence mode (see below).

Nikon Eclipse Ti - Epifluorescence Mode

For epifluorescence image acquisition the Nikon Eclipse Ti microscope was used
with a mercury lamp and appropriate excitation and emission filters for YFP and
CFP. Brigtfield images used a halogen lamp for illumination. The images were

captured using an Andor iXON CCD camera.

Nikon Eclipse Ti - Confocal Mode

For confocal image acquisition the Nikon Eclipse Ti microscope was used with a
Nikon AIR module. Images were captured using a photon multiplier tube, which

was also controlled by NIS elements software.

Nikon Eclipse TE200

In addition to the Nikon Eclipse Ti a Nikon Eclipse TE200 microscope was also
used. Samples were illuminated with a mercury lamp with the appropriate exci-
tation and emission filters (Chroma) for YFP, CFP, GFP, RFP and DAPI. Brightfield
images used a halogen lamp for illumination, and contrast was enhanced using a
DIC set up. Images were captured using a Hamamatsu ORCA-ER CCD camera.

The microscope was controlled using the Simple PCI 6 software package.
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Photoactivation Localisation microscope

For photoactivation localisation microscopy (PALM) a custom built microscope
was used. YFP fusion proteins were excited with a 473 nm laser, PAmCherry fu-
sion proteins were photoactivated with a 405 nm laser (CNI), and excited with a
561 nm laser (Oxxius). Brightfield images were aquired using a LED light source
(coolLED) and an Olympus condenser. The objective used was 100x oil immer-
sion Olympus objective with 1.4 numerical aperture. For futher details please see

[189].



Chapter 3

Image Analysis

3.1 Epifluorescence Images of Bacterial Cells

In order to gain information about the localisation of proteins within cells by
epifluorescence microscopy several pieces of data must be acquired and stored
within the output image. These include (i) the signal from the fluorescently
tagged protein/s and (ii) a signal which indicates the boundaries of the cell body.
This is normally done through the acquisition of a non-fluorescence brightfield
image, although it can also be done by using a fluorescent dye or tag that marks
the cell membrane. These data are acquired as individual greyscale images, the
bit-depth of which will depend on the camera. These greyscale images are then
compiled and stored as an individual image or file. The two file types used in

this study are detailed below.

3.1.1 RGSB .tif files

The RGB .tif format is a lossless image format which consists of three channels

which are displayed visually as red, green and blue, thus coming together to

79
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form an RGB image. Due to the RGB format no more than three channels can be
stored within an single .tif file. The colours seen in the RGB.tif file are false and
are simply the greyscale images displayed in the colour of the channel to which
they have been assigned, which is arbitrary. It is also possible to save a single

channel as a greyscale .tif file.

This results in an image where each pixel has 5 pieces of information associated
with it, an X coordinate, a Y coordinate, a R pixel value, a G pixel value and a
B pixel value. Thus each image is an m x n x 3 matrix where m and n are the

number of pixels in X and Y respectively.

Images acquired using the Nikon Eclipse TE200 (see 2.5.3) were saved as RGB.tif

files.

3.1.2 .nd2files

When using the Nikon Eclipse Ti microscope (see the images were saved in
the Nikon proprietary format .nd2. This file format had several advantages over
tif files. There is no limit on the number of channels which can be stored within
a single file, and when capturing time course or Z-stack data all the images are
stored within a single file. The file also saves meta data about the image including

microscope and camera settings used to acquire all the images within the file.

However a major disadvantage of the .nd2 file format is that these files cannot
be viewed or processed outside the NIS Elements software package. Therefore
in order to process the images they must be exported as individual greyscale .tif
tiles for each channel. Once exported as .tif files the meta data are lost, so after

exporting both .nd2 and .tif files were retained.
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3.2 Contrast Enhancement Techniques

As bacterial cells are aqueous and are viewed embedded on or within aqueous
media (such as agarose pads - see or tunnel slides - see simply il-
luminating the sample with white light produces very little contrast between the
cells and the background medium. Various techniques have been created in order
to increase the contrast between biological samples and the background. Whilst
this can be done with the use of stains, it is preferential to use optical techniques
which do not perturb the sample. Phase contrast and differential interference
contrast (DIC) are two of the most commonly used optical contrast enhancement
techniques, both of which utilise the changes in the phase of light as it passes

through matter.

3.2.1 Phase Contrast

&

Figure 3.1: Typical phase contrast image of C. crescentus . Adapted from [100]

Phase contrast works through the addition of two elements to a traditional bright-
field set up, these are a phase annulus and a phase plate (see fig. [3.2). The phase
annulus is an opaque plate containing a transparent ring and is placed between
the light source and the condenser lens. This results in two parallel wavefronts il-
luminating the specimen. When light passes through the biological sample some

of the light will be scattered and have its phase retarded by one quarter of the
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wavelength (%/\). The light then passes through the objective and the phase plate.
The phase plate consists of a transparent plate with a ring (which corresponds to
the ring in the annulus) which has been treated such that it will advance the phase
of the light by 11 as well as attenuate the amplitude of the light. Light which has
not passed through the sample and thus not had its phase altered is focussed onto
this region of the phase plate, where as light that has had its phase altered passed
through other regions of the plate. Therefore the light that has passed through
the sample has been retarded by 411/\ and the light that has not has been advanced
by }L/\, resulting in a %/\ difference between them. When these waves interfere
it will produce a wave with decreased amplitude due to destructive interference
compared to light which has passed through regions of the slide with no biologi-
cal sample. Thus the resultant image will have darker regions where the cells are
compared to where they are not, hence images such as fig. |3.1|showing dark cells

on a light background.



83

Camera
n
AN
AR
i )
i A
Phase Plate 1 'y om mi 1
i )
Vi —— '}
Objective (""— ™~ 5
‘*‘-—-__,.-/
Specimen e Y
 —
Condenser (”-’ \ >
e —

Phase ANUIUS  pm s —

- ™

Figure 3.2: Phase contrast microscope light path schematic. Yellow paths show
light that has not had its phase altered by the specimen and therefore passes ex-
clusively through the coated region of the phase plate, shown in black. Light
which has had its phase altered is shown in red and is able to pass through un-
coated regions of the phase plate.

3.2.2 Differential Interference Contrast

In a DIC set up (shown in fig. light first passes through a polariser, this
polarised light then enters a Wollaston prism. The Wollaston prism splits the
beam into two beams polarised at 90°C relative to each other, as the beams are
polarised orthogonally to each other they cannot interfere. These two beams are
then focused by the condenser such that they pass through specimen plane adja-

cent to each other rather than coincidently, this offset is referred to as the shear.
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Figure 3.3: Typical DIC image of R. sphaeroides .

The beams then pass through the objective which focuses them onto a second
Wollaston prism. Here the two beams are recombined into a single beam with
one polarisation state, before passing through a second polariser and hitting the

camera.

If when the two beams pass through the specimen plane they both pass through
material of the same depth and refractive index then they will remain in phase
with each other. However if one of the beams passes through a cell, for example,
then its phase will be retarded. When the beams are recombined by the second
Wollaston prism the difference in phase will produce interference, either con-
structive or destructive creating brighter or darker regions of the image. If both
beams pass through the cell they will both have their phase altered equally and

thus remain in phase with each other, and there will be no interference.

This creates images where regions with differences in refractive index or depth
relative to the media will have a light edge, a dark edge and a middle with the

same intensity as the background, creating a pseudo-3D effect as seen in fig.

The position of the light and dark edges of the objects is related to the angle of

the shear and independent of the objects.
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Figure 3.4: Differential interference contrast microscope light path schematic. The
yellow line represents a single beam, which is split into two adjacent beams with
orthogonal polarisations by a Wollaston prism. These beams pass through the
specimen before being focused onto a second Wollaston prism which recombines
them before the light reaches the camera.

3.2.3 Comparison of DIC and Phase Contrast

Both phase contrast and DIC have advantages and disadvantages, listed in table
Based primarily on the fact that DIC can capture greater amounts of fluores-
cent light than phase contrast both the Nikon Eclipse Ti and the Nikon Eclipse
TE200 are equipped with a DIC set up. Greater fluorescent light captured means

that in order to acquire the same strength of fluorescent signal less excitation
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light is needed in a DIC set up compared to a phase contrast one. This reduces

the amount of photobleaching, something especially advantageous in time course

experiments.

Technique

Disadvantages

Advantages

Phase contrast

The phase annulus reduces the
amount of light able to illumi-
nate the sample.

Not dependent on the use of po-
larised light and therefore can be
used with materials that affect
the polarisation of light such as
plastics.

Presence of halos around ob-
jects. Some of the defracted light
will pass through the treated re-
gion of the phase plate and cre-
ate a reversal of contrast around
objects

The phase plate reduces the
maximum numerical aperture
objective that can be used.

DIC

The contrast is directional, with
maximum contrast parallel to
the shear angle, and no contrast
perpendicular to it.

Can work with higher numer-
ical aperture objectives, and
therefore can collect more fluo-
rescent light.

Dependent of polarised light,
and therefore can’t be used with
plastics.

Good for use with thick speci-
mens.

Table 3.1: Comparison of phase contrast and DIC microscopy

3.3 Current Image Analysis Approaches

Where as previously it was common for images to be analysed in a qualitative

manner it has become increasingly important and possible to do so quantita-

tively. Doing so allows better definition of fluorescent protein positioning and

cell morphology. Importantly it removes a significant amount of bias that can

be introduced by subjectively defining features. It also gives greater insight into

variation within populations.
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Quantifying images means that statistical measures can be used, allowing for a
more rigorous comparison of strains and species. However this requires a large
enough number of data points, hence the increasing desire to create high through-

put semi-automated methods for image analysis.

3.3.1 Mean Grey Level Analysis

Mean grey level analysis has been used to determine whether proteins within
bacterial cells are clustered or diffuse, it has also been used to determine the
dependence of a protein’s clustering ability on the presence of other proteins.
[200] 198]]. In order to perform this analysis strains to be compared are grown
on the same day and imaged using identical microscope and camera settings.
The fluorescent channels from the resultant images are then thresholded. The
threshold value is determined by imaging non-fluorescent cells using identical
settings and determining the maximum pixel value within these non-fluorescent
cells. Using a threshold generated like this means that any pixel values above
the threshold are due to the presence of a fluorescently tagged protein and not
simply autofluorescence. Once this threshold has been determined then objects
are defined as adjacent pixels within the image that above the threshold value.
For each of these objects mean grey values are then calculated. If the protein of
interest forms clusters then these objects will be smaller than the cells, however if
the protein is diffuse the objects will occupy the whole of the cell body. When try-
ing to determine which proteins are required for clustering of a specific protein
the mean grey values can be compared. Assuming that the expression level and
therefore the amount of protein is the same across the strains then the more clus-
tered a protein the higher the concentration of fluorophore, and therefore mean

grey level, in the defined objects.

This approach has its drawbacks. The determining of a threshold level is arbitrary
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and subject to bias. As only the fluorescent channel is being analysed it gives you
no quantitative information about the level of clustering within single cells, just
across the whole image and therefore information about cell to cell variation is

averaged out.

3.3.2 Manual Object Position and Cell Morphology Analysis

Using software such as NIS Elements, Simple PCI or Image] (http://rsbweb.
nih.gov/ij/) it is possible to measure distances between two points. This is done
by drawing a line between those two points and outputting the length of the line
drawn in pixels. This distance is then converted to um using a pixel to um
scale factor created by imaging a 100 um graticule and calculating the distance

occupied by one pixel.

In order to gain cell morphology information a line must be drawn for each piece
of information required, for example measuring the length and width of cells re-
quires lines spanning the length and width of the cells to be drawn and measured

sequentially.

Measuring the position of fluorescent objects within cells, typically done relative
to the long axis of the cell requires measuring the length of the cell and then the
distance between the object and a cell pole. To measure the position relative to
the short axis of the cell then the width of the cell and the distance of the object

from one edge of the cell must also be measured.

As the technique is entirely dependent on user input to define the point between
which the distances are measured it is prone to user error and care must be taken
to ensure consistent placement of points at cell poles and edges, across multiple
measurements within an individual cell and across all cells in the study. Due to

the number of points that have to be manually defined for each cell this technique
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is very time consuming, limiting the number of cells feasibly possible to analyse.

3.3.3 Semi-automated Image Analysis Approaches

Due to the limitations for the approaches described above groups have been in-
creasingly trying to develop higher throughput methods with a greater level of
automation. In order for high throughput method to analyse images at a single
cell level the first step required is to segment the image into regions that corre-
spond to individual cells. Once these regions have been defined they can be ap-
plied to the fluorescent channels and information about the fluorescence within

each individual region can then be extracted.

The difficulty in this approach is being able to reliably, rapidly and accurately
define the cell outlines from the images. Several methods for segmenting images

of cells are discussed below.

Whilst semi-automated image processing software can be written in virtually any

programming language, two of the most commonly used environments are Im-

age] and MATLAB, both of which are discussed in[3.5.1]

3.4 Image Segmentation

3.4.1 Phase Contrast and fluorescent Image Segmentation

The methods used to segment phase contrast images take advantage of the fact
that the cells are dark objects on a light background (see [3.2.1). The simplest
method for segmenting phase contrast images involves a one step threshold al-
gorithm. Firstly the image is inverted so that the cells now appear light on a

dark background and then the image is thresholded, this is illustrated in fig.
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The threshold value used is arbitrary and usually chosen to give the best results
across all the images. It is often advantageous to apply median or Gaussian filters

to reduce noise before the threshold step.

Another method for defining cell regions is edge detection. It is possible to use
built in functions in both MATLAB and Image] to find edges within images and

use the resultant image to create a binary mask similar to that shown in fig. [3.5/C.

Figure 3.5: Phase contrast image thresholding. A Phase contrast image of C. cres-
centus , adapted from [100]. B The image from A inverted so that they cell body
now appears light on a dark background. C A binary image created by apply-
ing a threshold to the inverted image in B. This binary image contains regions of
white corresponding to the cell bodies.

The same methodologies can be used to segment fluorescent images where the
fluorescent signal either fills the cell volume evenly or where it stains the cell
membrane (this will require some additional steps to fill the regions so that they
correspond to the whole of the cell body and not just the membrane). As the
fluorescent signal is light against a dark background there is no need to invert the

image before applying the threshold.

For both threshold and edge detection analysis some post processing will be re-
quired. This is because it is very unlikely that every object identified in an image
will be a cell. Individual pixels may have a high pixel intensity due to noise, es-
pecially in images acquired with long exposure times and/or high camera gain
settings. Also dust particles within the light path may visible in the image and be
above the threshold cut-off. Any cells overlapping will have no definable edge

between them and thus will be interpreted as one large region. The best solu-
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tion is to manually determine a range of acceptable cell sizes (in px?) and then
exclude all regions that do not fit within this range. Care must be taken to en-
sure this range is appropriate and is not biassing the data. In some cases further
post-processing has been to the binary image created by thresholding [172], and

is discussed later.

3.4.2 DIC Image Segmentation

Segmenting DIC images is not as straight forward as segmenting phase contrast
images. This is due to images having a pseudo-3D appearance (see[3.2.2). Objects
having both light and dark edges means that simply applying a single threshold
(as can be done for phase contrast images) will produce images containing only
either the light or dark areas(see fig. 3.6/B and C). The presence of light and dark
edges to objects also precludes the use of edge detection algorithms as this will
only extract the two contrasting edges and not the object as a whole. Therefore

more complicated approaches must be considered.

A simple approach is to threshold at two levels, one to extract the dark areas and
one to extract the light areas. This is done by initially thresholding the image
to create regions from the light areas, and then inverting the original image and
thresholding again, creating regions which are dark in the original image (and
light in the inverted image). Whilst this method has been used previously [170],
it is not ideal. This is due to the lack of contrast perpendicular to the shear angle
meaning at this angle the edge of the cell will be the same intensity as both the
centre of the cell body and the background. Thus when combining binary images
created with thresholds for dark and light regions the resulting regions will not

correspond to the complete cell boundary (see fig 3.6/ D).

More complex approaches include the fitting of templates to the image [216] and

imaging objects multiple times at different shear angles and reconstructing the
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Figure 3.6: DIC image thresholding. A DIC image of R. sphaeroides cells. B The im-
age in A. thresholded to create a binary image containing the light regions of the
original image. C The image in A. thresholded to create a binary image contain-
ing the dark regions of the original image. D Binary images B and C combined
to create a binary with both the light and dark regions of the DIC image. Both
single level and bi-level thresholds are insufficient to create binary images with
regions that encompass the entire cell body, this is due to the lack in contrast in
the direction perpendicular to the shear angle.

object [139]. Template fitting was not feasible for images of bacterial cells as it
requires a relatively constant cell size, and is not suitable for the large number of
cells within a single image. The rotational approach is also not feasible here as it
requires either the rotation of the sample or the Wollaston prisms, both of which

are not possible on microscope set ups used.

Approaches which attempt to reconstruct the object from a single DIC image (i.e.
without the need to rotate the shear angle) are more appropriate for the types of
images collected and microscope set ups used in this study. These approaches
seek to transform the DIC image to an image where the objects within resemble
objects seen in phase contrast images, i.e. made up of uni-directional contrast
against the background. These reconstructed images can then be subjected to the
techniques used for phase contrast image segmentation (discussed above). These
methods are discussed and compared in [78] and [6], both of which determine

that the use of the Hilbert transform gives the best results.

An example of a simulation of a 1D Hilbert transform on a the cross-section of a
model object is shown in fig. In effect the Hilbert transform renders asym-

metric features (such as DIC objects) symmetric. In a 1D example the asymmetry
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Figure 3.7: Hilbert transform of a 1D model of a DIC object. A A 1D model of an
object. B The object in A having been imaged by DIC where the shear angle is
along the x-axis. Where there will be differences in the path length on one beam
relative to the other (i.e. at the edges of the object) deviations in amplitude are
present. The positve and negative peaks correspond to the light and dark edges
of DIC object respectively. C The Hilbert transform of the signal in B. Whereas in
B the object was asymmetric, symmetry has now been restored. In all three the
shaded region represents a threshold level that could be used to distinguish the
object from the background, in B the centre of the object is indistinguishable from
the background. Taken from [6].

is along the x-axis, however in a 2D example the asymmetry can be along any
axis, and thus the 2D Hilbert transform requires an angular argument. In the
case of a DIC image the asymmetry is along the angle of greatest contrast, the

shear angle.
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3.5 Semi-automated Image Analysis Software Pack-

ages

3.5.1 Image] and MATLAB

Image] is a free java-based software package, which comes with a number of
image processing and analysis functions. It also has a larger number of plugins
created by third-party developers creating an extensive library of tools available
for image analysis. Whilst Image] is primarily GUI-based it is possible to create
macros and automate the processing of multiple images through a single work

flow.

MATLARB is a software package from Mathworks (http://www.mathworks.co.
uk/) designed for matrix manipulation and mathematical treatment of data. An
additional image processing toolbox contains a large number of additional func-
tions created specifically for the manipulation and analysis of images. MATLAB
has its own programming language and environment in which new functions
and programmes can be created. Two examples of software packages which run

within the MATLAB environment are detailed below.

3.5.2 Microbe Tracker

MicrobeTracker ([172]http://www.microbetracker.org/) is a MATLAB based
software package designed to segment phase contrast images, and analyse the
fluorescent signal within the segmented cells. The segmentation process starts
with a thresholding step as described in which is coupled with an edge de-
tection algorithm to create a binary image. Regions in this binary image are then
assessed according to pixel area, if a region’s area does not fall within a user-

defined range of areas it is disregarded. The second stage consists of applying


http://www.mathworks.co.uk/
http://www.mathworks.co.uk/
http://www.microbetracker.org/
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contour which describes the model shape of an individual cell to the remaining
regions. This outline is adjusted until it converges with the shape of the region in
the binary image using an active contour algorithm. These contours have a num-
ber of internal constraints based on parameters defined by the user such as the
typical length, width and curvature of the bacterial species under investigation
and magnification used to acquire the image. If the object’s shape is sufficiently
different from that described by the parameters then the algorithm will be unable
to converge the contour and the outline of the binary region. This means that ob-

jects in the image which are not cells but fall within the area range are excluded.

If analysing time-lapse image sequences MicrobeTracker segments the inital frame
as above, but for subsequent frames it uses the contours from the previous frame
as its initial guess for the contour of the cell in the new frame, significantly reduc-
ing the time required to define the contours. Doing so also allows it to retain the
identity of each cell through a time-course meaning that it is easy to investigate

the changes in fluorescent signal in individual cells over time.

Having created the contour MicrobeTracker extracts and saves a number of data,
both morphological and regarding the fluorescence signal. It however has an ad-
ditional feature to determine the presence of clustered protein within the fluores-
cent image, this can be done manually (SpotFinderM) or automatically (SpotFind-
erZ). SpotFinderZ defines spots automatically through an algorithm which fits a
2D Gaussian to the fluorescent signal, this fitting is dependent on user defined
parameters such as the width and intensity of the spot. Once the 2D Gaussian
has been fitted data is extracted. These data included magnitude (total intensity)
of the spot, its position in x and y within the image, and its distance along the

centreline of the cell.

Together these features make MicrobeTracker a powerful tool for extracting data

from images of bacterial cells. However the dependence on user-defined param-
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eters means that care must be taken not to introduce bias.

The main drawback concerning MicrobeTracker’s use in this study is that it has
been designed to process phase contrast images, and whilst it does have a tool to

process DIC images it rarely produces satisfactory results.

3.5.3 DIC Bacterial Cell Image Analysis Toolbox

The DIC Bacterial Cell Image Analyis Toolbox (DICbc toolbox) [124] isa MATLAB
based software package specifically designed to segment and analyse DIC images
of bacterial cells. It does so through the use of the 2D Hilbert transform (see
3.4.2) in order to reconstruct the DIC image. Segmentation is then done through
a single step by applying a threshold. The resultant binary image is then filtered

to remove regions below a user-defined threshold size.

A local thresholding algorithm is then applied to the fluorescence image in order
to define fluorescent protein clusters. The software then outputs and saves data
on cell length, cell area, total cell fluorescence intensity, fluorescence intensity of

define clusters, and positional information about the cluster.

This software package has some limitations. Whilst there is a step to remove re-
gions below a certain size, there is no maximum value meaning that overlapping
or touching cells have to be removed manually, and as there is no cell shape cri-
teria non cell objects also have to be removed manually. The methodology used
to define clusters of protein is the use of a threshold which requires input values,
and may result in false positives where a slightly brighter areas in an diffuse fluo-
rescent signal are defined as clusters. Compared to MicrobeTracker it lacks many

features including tools to help analyse the output data.
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3.6 Processing Images for use with the Microbe Tracker

Suite

Given the strengths and weaknesses of both MicrobeTracker and the DICbc tool-
box, custom software was written in MATLAB to adapt the 2D Hilbert transform
step used in the DICbc toolbox to process DIC images so that they can be seg-
mented by MicrobeTracker. Thus MicrobeTracker’s superior segmentation pro-

cess and analytical tools could be used on the DIC images collected in this study.

The processing steps used to create images suitable for MicrobeTracker use are
as follows. Firstly the image undergoes a 2D Hilbert transform, this image is
then subjected to a top-hat filtering step. The MATLAB top-hat filter performs
an opening by a structuring element of user defined shape and size (here a disk
of variable size was used). The opening performs a morphological erosion fol-
lowed by a dilation of the image by the structuring element, this results in objects
smaller than the structuring element being removed. The top-hat filter then sub-
tracts the image created by the opening from the original image. As the opening
step results in an image with only large features remaining the subtraction of this
serves to remove large features from the image. This proved especially useful
at removing the effects of uneven illumination on the image whilst preserving
the details of the cells. The image was then inverted so that the cells appeared
dark on a light background, and rescaled between the minimum and maximum
pixel intensities. The final step was to apply a low-pass filter to remove noise
from the image. This was done by creating a mask which was applied to the
Fourier transform of the image such that it removed information near the edges
of the transform. In Fourier space regions furthest from the origin represent high
frequency information, such as noise. Having masked off this area an inverse

Fourier transform was applied. This process is shown with an example image in
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Figure 3.8: Image sequence showing the processing steps in DIC image recon-
struction for use with MicrobeTracker. Top shows a DIC image of R. sphaeroides
cells. Subsequent images show the result of the processing step indicated by the
arrows preceeding them. The final result is shown at the bottom, in which cell
bodies appear dark against a light background.

The processed DIC can now be segmented by MicrobeTracker. Fig. shows
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that the cell outline MicrobeTracker creates from the processed DIC image is a
good fit for the cell bodies as seen in both DIC and fluorescence. It was therefore
possible to analyse DIC images and time-courses in a high throughput manner

using MicrobeTracker.

A
-

Figure 3.9: MicrobeTracker segmentation of a processed DIC image. A: The pro-
cessed DIC image with the MicrobeTracker defined cell outline shown in green.
B: The original DIC image overlaid with the cell outline defined from the pro-
cessed image in black. C: The fluorescent image of a labelled protein occupying
the entire cytoplasmic volume overlaid with the cell outline defined from the pro-
cessed image in yellow. In both cases the cell outline defined from the processed
DIC is seen to be a good fit for the cell body.



Chapter 4

Cluster Numbers and Positioning

In order to validate the analysis method described in[3.6la number of strains were
chosen for analysis, specifically a strain with tIpT tagged with yfp (JPA1558) and
the same genotype with ppfA deleted. This allowed the results produced to be
compared against results from previous studies, and were also directly relevant
to this study. Further results produced in this study using this approach could

therefore be directly compared to that of these strains.

41 tipT -yfp

Images of cells containing t/pT -yfp expressed from the native promoter from the
chromosome (JPA1558) were acquired. The DIC component of these images was
then processes and segmented as described in The segmentation produced
cell outlines with a mean length of 2.2 ym and a standard deviation of 0.5 ym,
this is similar to previously produced data (David Wilkinson, unpublished data),
and suggesting that the cell outlines produced by MicrobeTracker following the
Hilbert transformation and additional processing steps accurately describe R.

sphaeroides cells.

100
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The segmented images were then subjected to MicrobeTracker’s spot finding al-
gorithm. These results were then analysed to determine the percentages of cells
within the population with different numbers of clusters. The results of this anal-
ysis are shown in fig. They show that 7% of cells contain no visible cluster,
78% contain one, 14% two and 1% three. A comparison of this data with previ-

ously published data is shown in table
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Figure 4.1: Percent of tIpT -yfp cells with 0, 1, 2, and 3 clusters. 7% are seen with
0 clusters, 78% are seen with 1, 14% with 2, and 1% with three. 1517 cells were
analysed. Refer to legend for colouring.

Number of clusters
Data source 0 1 2 3
This study 7% 78%  14% 1%
Thompsonetal. [185] 0.1% 72% 26.6% 0.7%

Table 4.1: Comparison of cluster numbers in a tipT -yfp strain with previously
published data

Whilst not identical these two sets of results are in close agreement, especially
regarding the number of cells containing a single cluster. Given the different

microscope and updated analysis routines an exact agreement was unlikely.
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Figure 4.2: The position of clusters within t/pT -yfp cells relative to cell length were
binned into 20 equally spaced bins between 0 and 1. The number of clusters in
each bin was then expressed as a percentage of the total number of cluster across
both 1 and 2 cluster populations. The results for clusters in cells with 1 cluster are
shown in red, and those in cells with 2 in blue. 1649 clusters were analysed.
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Figure 4.3: A: Gaussian fit of the distributions of cluster positions in cells with a
single cluster. The peak of the fitted Gaussian is 0.55 and and standard deviation
is 0.25. B: Gaussian fit with two terms to the distributions of clusters in cells with
two clusters. The peaks of the fit are 0.33 and 0.72, both with standard deviations
of 0.12

In the cells with detectable clusters, the positions of these clusters were extracted
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and calculated relative to cell length. The relative positions were then binned
into 20 equally spaced bins. The histograms produced for cells containing one

and two clusters are shown in fig.

In order to extract quantitative information from the histogram shown in fig.
Gaussian curves were fitted to the data (fig. showing that the mean one clus-
ter position relative to cell length is 0.55 with a standard deviation of 0.25. Fitting
a two term Gaussian curve to the two cluster distribution allowed information
about each sub-population in the distribution, giving mean positions 0.33 and

0.72, both with standard deviations of 0.12.
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Figure 4.4: Positions of clusters in tlpT -yfp cells containing 1 cluster plotted
against cell length. Solid lines represent the position of the poles, and the dashed
line that of the mid-cell

The position of clusters can be further explored by plotting their positions within
the cell against cell length, the resulting plot for one cluster cells is shown in fig.

and two cluster cells in fig. These figures show that there are a greater
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number of small cells with one cluster than two, and that in cells with one cluster
the cluster can occupy most positions within the cell with exception of the poles.
In cells with two clusters it can be seen that the clusters tend to occupy regions
around the 1/4 and 3/4 positions of the cell. However some clusters are seen to
be positioned around the mid-cell, suggesting that there is not something specific

about the mid-cell with repels clusters.
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Figure 4.5: Positions of clusters in tIpT -yfp cells containing 2 clusters plotted
against cell length. Solid lines represent the position of the poles, and the dashed
line that of the mid-cell

4.2 Filamentous tipT -yfp

Treating cells with cephalexin (as described in [2.5.1) results in elongated cells.
Whilst these cells are unable to divide they do replicate and segregate the cyto-
plasmic chemosensory cluster, resulting in greater numbers of clusters than in

untreated cells. By applying the same analysis as described above, the numbers
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of clusters in these cells was determined and is shown in fig. These results
show that 11% of cells are seen with zero clusters, 19% with one, 40% with two,

19% with three, 9% with four, 2% with five, and 1% with more than five.

The positions of these spots relative to the cell length for clusters in cells with
one, two, three and four clusters were calculated. For clarity these results were
displayed across two figures, one and two cluster positions are show in fig.
and those for three and four clusters shown in fig. The results for single
cluster cells show a distribution about the mid-cell, and those for two clusters
show peaks at the mid-cell, 1/4 and 3/4 positions. The distributions of cluster

positions in three and four cluster cells show less distinct patterns.
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Figure 4.6: Percent of filamentous tIpT -yfp cells with 0, 1, 2, 3, 4 and 5 clusters.
11% are seen with O clusters, 19% with 1, 40% with 2, 19% with 3, 9% with 4, 2%
with 5, and 1% with more than 5. Refer to legend for colouring.
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Figure 4.7: The position of clusters within filamentous t/pT -yfp cells relative to
cell length were binned into 20 equally spaced bins between 0 and 1. The number
of clusters in each bin was then expressed as a percentage of the total number of
cluster across both 1, 2, 3 and 4 cluster populations. The results for clusters in
cells with 1 cluster are shown in red, and those in cells with 2 in blue. 384 clusters

were analysed.
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Figure 4.8: The position of clusters within filamentous t/pT -yfp cells relative to
cell length were binned into 20 equally spaced bins between 0 and 1. The number
of clusters in each bin was then expressed as a percentage of the total number of
cluster across both 1, 2, 3 and 4 cluster populations. The results for clusters in
cells with 3 cluster are shown in green, and those in cells with 4 in magenta. 384
clusters were analysed.

4.3 tlpT -yfp Appfa

As seen in deletion of ppfA results in the loss of the segregation of the cy-
toplasmic chemosensory cluster on cell division, resulting in only one daughter
cell inheriting a cluster. Therefore at any one time a percentage of the population
exists without a cluster, before it is able to form a new one from the continuously
expressed chemotaxis proteins. Analysis of the number of clusters in cells with
ppfA deleted and tIpT tagged with yfp expressed under native control from the
genome (JPA1553), shown in fig.



108

1007 Il O spots

1 spot

% cells
(@)
o

N
o

N
o

O !

Figure 4.9: Percent of AppfA tipT -yfp cells with 0 and 1 clusters. 42% are seen with
0 clusters,and 58% with 1. 235 cell were analysed. Refer to legend for colouring.

These results show that 42% of cells have no visible cluster, while the remain-
ing 58% have one cluster. No cells are seen with two clusters. These results are

compared with those previously published in table

Number of clusters
Data source 0 1 2
This study 42% 58% 0%
Thompson et al. [185] 28% 72% 0%

Table 4.2: Comparison of cluster numbers in aAppfA tipT -yfp strain with previ-
ously published data

There are differences in the proportions of cells with zero and one clusters, this
is probably due to differences in imaging and analysis. However what is clear

across both studies is that no cells with two clusters are ever seen.

Plotting the positions of these clusters relative to cell length (fig. 4.10) produces a
distribution that centres on mid-cell, which is similar to that of tIpT -yfp cells with
single clusters. When this distribution is examined in the context of cell length

(fig. 4.11) the only clear pattern that can be observed is that clusters remain away
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from the cell poles.
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Figure 4.10: The position of clusters within AppfA tipT -yfp cells relative to cell
length were binned into 20 equally spaced bins between 0 and 1. The number
of clusters in each bin was then expressed as a percentage of the total number of
clusters. 136 clusters were analysed.
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Figure 4.11: Positions of clusters in AppfA tipT -yfp cells plotted against cell
length. Solid lines represent the position of the poles, and the dashed line that
of the mid-cell

4.4 Filamentous AppfA tipT -yfp

Elongation of cells lacking ppfA by cephalexin treatment does not result in the
increase in cluster numbers seen in Quantitative analysis of the numbers of
clusters in cells is shown in fig. These results show that, in the absence
of ppfA , cells are still unable to form more than one cluster irrespective of cell
length. There is an increase in the proportion of cells with a single cluster, because
after the addition of cephalexin cells will no longer divide, and therefore no new
daughter cells, which would lack clusters, will be produced. Those cells lacking
clusters at the point of cephalexin addition will be able to form new clusters over

time.
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Figure 4.12: Percent of filamentous AppfA tipT -yfp cells with 0 and 1 clusters. 42&
are seen with 0 clusters,and 58% with 1. 63 cell were analysed. Refer to legend
for colouring.

The relative positions of these clusters are shown in fig. the resulting distri-

bution is similar to that of the non-filamentous cells.
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Figure 4.13: The position of clusters within filamentouss AppfA tIpT -yfp cells rel-
ative to cell length were binned into 20 equally spaced bins between 0 and 1. The
number of clusters in each bin was then expressed as a percentage of the total
number of clusters. 50 clusters were analysed.

4.5 Inter Cluster Distances

Having extracted the positional information of clusters in tlpT -yfp cells, it was
possible, by looking at cells with more than one cluster, to investigate the distance
between clusters. Inter-cluster distances for non-filamentous cells are shown in
tig. This shows that as cells increase in length the distances between clusters
increases, it also shows an increase in the spread of distances. This suggests that
there is not a clear fixed distance between clusters, in absolute distance or relative

to cell length, simply that the two cluster are kept apart.

Filamentous tIpT -yfp cells with two, three and four clusters were also analysed,

the results are shown in fig. As with the non-filamentous cells no clear pat-
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Figure 4.14: Distances between clusters in tipT -yfp cells plotted against cell
length.

tern is seen other than that in longer cells clusters are further apart, and that there
is a large overlap between the distances between two, three and four clusters. So
whilst clusters in a single filamentous cell appear regularly spaced there is not a

set spacing between clusters seen across multiple cells.
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Figure 4.15: Distances between clusters in filamentous tipT -yfp cells plotted
against cell length. Distances in cells with two clusters are shown in red, those in
cells with three in green, and in cells with four in blue.

4.6 Discussion

Results presented in this chapter show that the combined use of the Hilbert trans-
formation and MicrobeTracker produce segmented images that give cell outline
which fall within the range of previously reported results. MicrobeTracker’s spot
finding algorithm produces results which are comparable to those previously
published, validating its use for determining the numbers and positions of the
cytoplasmic chemosensory cluster. The analysis of the positioning of clusters
in cells with either one or two clusters also closely matches published results,
turther validating this approach, which is higher throughput than the previous

manual approaches used to analyse DIC images of R. sphaeroides cells.

Positions of clusters in cells with one cluster are distributed broadly about the

mid-cell, however clusters in two cluster cells are positioned around the 0.7 and
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0.3 positions (relative to cell length) with narrower distributions. When ppfA is
deleted cells have no more than a single cluster, with a distribution of positions

similar to that of the single cluster cells with ppfA .

The use of cephalexin to create elongated cells further highlights the importance
of ppfA in segregating the cytoplasmic cluster. In filamentous tipT -yfp cells a
greater number of clusters are seen when compared to non-filamentous cells.
This is because despite the inability of cells to septate, they still undergo suc-
cessive rounds of replication and segregation of cellular components, including
the chromosomes and cytoplasmic chemosensory cluster. However in cells with
ppfA deleted only a single cluster is formed in filamentous cells showing that the
formation of additional clusters is not simply limited spatially. The distributions
of cluster positions in filamentous t/pT -yfp cells show that in one cluster cells the
cluster still tends to position around the mid-cell, and for two cluster cells the
most common positions are the mid-cell, 1/4 and 3/4 positions. For three and four
cluster cells the distributions produced no clear patterns suggesting there was
large variability of both the length of these cells, and the positions of the clusters

within them.

To explore the spacing of clusters the distances between clusters was calculated.
For non-filamentous tIpT -yfp cells the results of this analysis show that there is no
fixed distance between the clusters, either in absolute terms or relative to the cell
length. A similar result is seen with filamentous cells, albeit with a larger range
of distances due to the increase cell lengths. Both these results show a minimum
distance between clusters, suggesting that it is important to keep clusters apart
but not at a constant distance from each other. This fits with the notion that in
order for each daughter cell to inherit a single cluster the clusters need to be
positioned either side of the septation site, but it is not important how far on

either side they are positioned.



Chapter 5

Cluster Formation

As seen in AppfA strains are unable to segregate the cytoplasmic chemosen-
sory cluster upon cell division. One daughter cell inherits the cluster and the
other does not. The cell with no cluster is however able to form a new one de
novo. This suggests that whilst ppfA is required for cluster segregation it is not for

cluster formation.

In this chapter investigations into de novo cluster formation will be described.
Specifically whether new clusters can be formed simply re-expressing core clus-
ter components. The system used to investigate this was the strain JPA1519 (AtlpT
yfp-cheW,) and a plasmid containing t/pT under the control of an inducible pro-
moter (pIND4).

Filamentous cells were used to determine the positioning of newly formed clus-

ters, and how this compares to WT positioning of clusters.

In both normal and filamentous cells, the effect of ppfA on the formation and

positioning of new clusters was investigated using a AtlpT AppfA cfp-cheWy strain.

116
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5.1 Creation of pIND-tIpT

tlpT was amplified from the WS8N genome by PCR using the primers TlpT-F and
TIpT-R (see Appendix B|for primer sequences). PCR products were purified and
their size confirmed by gel electrophoresis. tIpT PCR products were then digested
with BspHI and HindlIII restriction enzymes, and pIND4 digested with Ncol and
HindIII (BspHI and Ncol have compatible sticky ends). tlpT was inserted into
pIND by ligation and the presence of the insert was identified by 5 ul digestion
of mini-preps from transformed cells. Those plasmids containing the correct size
insert were then sequenced to confirm the insertion of t/pT and that the sequence

was free from PCR errors.

Once the sequence of the plasmid had been confirmed as correct, the plasmid
was transformed into E. coli S17-1Apir cells, which were then used to conjugate
the plasmid into the background R. sphaeroides strains WSSN (WT), JPA1215 (non-
motile), JPA1519 (AtlpT yfp-cheWy), JPA1331 (AtlpT) and AtlpT AppfA strains.

5.2 Creation of AtlpT AppfA strains

Testing the effect of ppfA on new cluster formation required the creation of strains
with both tlpT and ppfA deleted. As both tipT and ppfA genes are adjacent to
each other on the genome a single deletion construct was designed to delete both
genes in tandem. This was done by amplifying 500 bp regions up and down-
stream of the tIpT ppfA region (using primers PpfATlpT-del-UF, PpfATlpT-del-
UR, PpfATlpT-del-DF, PpfATlpT-del-DR, see Appendix B|for sequences) and fus-
ing them using overlap extension PCR. This fragment was then cloned into the
suicide vector pK18mobsacB . 5 ul digests were used to confirm presence of insert,
and sequencing to confirm correct DNA sequence. The plasmid was then trans-

formed into E. coli S17-1Apir cells, which were then used to conjugate the plasmid
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into the background R. sphaeroides strains WSSN and JPA1456 (cfp-cheWy).

pK18mobsacB : AtlpT AppfA was then used to delete the two genes through two
rounds of recombination (detailed in[2.3.13). The deletion was confirmed by PCR
screen using primers (see Appendix B|for primer sequences) binding outside the

cloning region.

5.3 Re-expression of tIlpT on swim plates

Swim plate assays were carried out to determine whether expression of t/pT from
a plasmid would restore chemotactic ability. Swim plates were created as de-
scribed in with the addition of varying amounts of IPTG. IPTG concentra-
tions of 0 uM , 10 uM , 50 uM , and 100 M were used.

To ensure that any restored chemotactic ability was due solely to the re-expression
of tlpT a number of controls were used. JPA1215 is a non-motile strain, JPA1331
(AtlpT ) is non-chemotactic, all strains were tested with 0 uM IPTG, and with
empty pIND4 rather than pIND-t/pT at all IPTG concentrations. A representative
swim plate is shown in fig.

The results of the swim plate assays are shown in fig. These results show
that the expression of tlpT from plasmid in AtlpT strains results in the restoration
of chemotaxis. JPA1331 pIND-tIpT shows levels of chemotaxis just above that of
WSS8N at IPTG concentrations of 50 uM and 100 uM . This result is mirrored
by JPA1519 (AtlpT yfp-cheWy) pIND-tipT , showing that the YFP tag on CheW,
does not effect chemotactic ability. The AtlpT AppfA strain shows near WT levels
of chemotaxis at 50 uM , and levels just above it at 100 M . The AtipT AppfA
cfp-cheW, strain shows near WT levels at both 50 M and 100 uM , showing
that both the absence of ppfA and the CFP on CheW, have no significant effect on

chemotaxis. All four of the above strains showed no response to all IPTG concen-
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Figure 5.1: A: A representative swim plate with 50 uM IPTG showing WS8N,
AtlpT yfp-cheWy (JPA1519), AtlpT (JPA1331) and the non-motile control (JPA1215)
all containing pIND4 .B: A representative swim plate with 50 M IPTG showing
WSSN, AtlpT yfp-cheW, (JPA1519), AtlpT (JPA1331) and the non-motile control
(JPA1215) all containing pIND-tIpT . These plates show that when in the presence
of IPTG but only empty plasmid both JPA1519 and JPA1331 remain non-motile.
However when these strains contain pIND-t/pT and are in the presence of IPTG
their chemotactic ability is restored to that of WT. They also show that the expres-
sion of tIpT has no effect on the non-motile control or WS8N.

trations when they contained empty pIND4, and the non-motile control (JPA1215)

showed no response irrespective of whether it contained pIND4 or pIND-tIpT.

In all the responding strains the results for 50 uM and 100 M were either not
significantly different or 50 uM gave results closer to WT. In light of this it was
decided to use 50 uM IPTG to test whether re-expression of tIpT is able to form

cytoplasmic chemosensory clusters de novo.
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Figure 5.2: The effect of IPTG concentration on chemotactic ability in combination
with either pIND4 or pIND-tIpT . Increasing IPTG concentrations show increas-
ing chemotactic ability in all the strains lacking tIpT . None of the strains contain-
ing pIND4 respond to IPTG across all concentrations. The non-motile strain is
also non-responsive to IPTG, both with pIND4 and pIND-t/pT . Results are the
average of three swim plate experiments, and error bars represent standard error.

5.4 Cluster formation through re-expression of tipT

In order to investigate whether the re-expression of t/pT would result in de novo
cytoplasmic cluster formation, cells were immobilised in tunnel slides as de-
scribed in With a final wash with succinate media containing 50 M IPTG.
The ends of the tunnel were then sealed and the slide immediately placed on the
microscope to be imaged. The final wash also contained 25 uM kanamycin to

ensure the retention of the plasmid.

Once on the microscope both DIC and fluorescent images were captured every 5

minutes for 3 hours.



121

5.4.1 Re-expression of tIpT Results in Cluster Formation

Re-expressing tipT in AtlpT yfp-cheWs background (JPA1519) results in the shift
in YFP-CheW, from diffuse to clustered. The fluorescent signal from a cell fol-
lowing IPTG addition can be seen in fig. Cluster formation happens rapidly
after tlpT induction, with changes in YFP-CheW, distribution visible within 5

minutes, and discrete clusters visible from 15 minutes.

This results shows that TlpT is able to bring together the other cytoplasmic cluster

components and form clusters de novo.

Omin 5min 10min 15 min 20 min 30 min

60 min 90 min 120 min 150 min 180 min

Figure 5.3: Fluorescent images of JPA1519 (AtlpT yfp-cheW,) pIND-tlpT with 50
uM IPTG. Following the addition of IPTG the distribution of YFP-CheW, goes
from diffuse throughout the cell to two discrete clusters. Time is from addition of
IPTG. Scale baris 1 ym .

In order to quantify these results images from the time course were analysed
using MicrobeTracker (as described in[3.6). Cells were then further analysed us-
ing MicrobeTracker’s spot detection algorithm to determine the number of spots
within each cell. The cells at each time point were then binned depending on the
number of spots. The percentage of cells with 0, 1 and 2 spots at each time point

was then plotted. The resultant plot for JPA1519 pIND-tIpT with 50 uM IPTG is
shown in fig.
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Figure 5.4: Expression of tIpT results in cluster formation. The number of cells
containing 0 spots is shown in red, cells containing 1 spot in green and cells con-
taining two spots in blue. Following the addition of IPTG the number of cells
with 0 spots decreases, while the number containing 1 and 2 increases, showing
that the expression of tIpT results in the clustering of YFP-CheW, . The x axis
represents time after induction with IPTG. The average number of cells at each
time point is 620 cells.

At 0 minutes 88% of the cells contain no detectable spot, 11.5% contain 1 and 0.5%
contain 2. By the end of the time course (180 minutes post induction) 17% of cells
contain 0 spots, 60% contain 1 spot, and 23% contain 2. This shows that across a
population of cells the reintroduction of TlpT is able to cause cluster formation in

the majority of cells, and results in either one or two clusters within cells.

The results show that within 15 minutes of induction there is a rapid drop in
the number of cells with 0 spots, and an increase in those with 1 and 2. The
increase in the number of cells with 2 spots is slower than that for cells with 1.
This may be due to that in cells forming 2 clusters one becomes more distinct
tirst and therefore is called as a cell with 1 cluster by the analysis and only when
the second cluster becomes clear is it identified as a 2 cluster cell. It may also
be possible that the clusters take longer to form when the newly expressed TlpT

protein is split into two clusters rather than one.
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By 50 minutes the percentage of cells in each category has stabilised with a slight
upward trend remaining in 1 spot cells, and a slight downward trend in 0 spot
cells. This says that there is a limit on the number of cytoplasmic chemosensory
clusters within a cell as the continued expression of tlpT over the 180 minutes
does not result in ever increasing numbers of cluster, or a secondary trend where
cells with one cluster form second clusters due to continued t/pT expression. This
would be seen as a decrease in cells with one cluster and an increase of cells with

two after the initial increase in cells with one, this is clearly not seen in the data.

The distribution of WT cells with zero, one and two clusters is 7%, 78% and 14%
respectively. Comparing this with the distribution of cell in the final image of the
time course (17%, 60% and 23% for cells with zero, one and two clusters respec-
tively) it can be seen that whilst in both instances cells with one cluster are in the
majority, the population with newly formed clusters has a greater number of cells

with zero and two clusters.

5.4.2 Cluster Formation is Independent of both pIND4 and IPTG

In order to ensure that the formation of de novo cytoplasmic clusters was due
solely to the re-expression of tIpT two controls were tested. The first control was
JPA1519 (AtlpT yfp-cheWy) pIND-tlpT with no IPTG added, and the second was
JPA1519 pIND4 with 50 uM IPTG added. For both cases no change in the dis-
tribution of YFP-CheW, was seen over time. Thus the cluster formation seen in
is not an artefact due to the presence of pIND4, IPTG or any part of the cell

preparation or image acquisition. Fluorescent images for both controls are shown

in fig.
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Figure 5.5: A: Fluorescent images of JPA1519 (AtlpT yfp-cheWy) pIND-tIpT with-
out the addition of IPTG. B: Fluorescent images of 1519 pIND4 following the
addition of 50 uM IPTG. Both cases show no change in the cellular distribution
of YFP-Wiv . Scale baris 1 ym.

By calculating the percentage of cells with zero and one spots over time for JPA1519
(AtlpT yfp-cheWy) pIND following the addition of 50 uM IPTG, as shown in fig.
it can be seen that not only is there no change in the distribution of cells over

time, but also virtually all the cells have no distinct spots.

Applying the same treatment to JPA1519 (AtlpT yfp-cheW,) cells with pIND-tlpT
but no IPTG also shows no change in the distribution of cells over time. How-
ever it does show that even in the absence of IPTG there is a basal level of cluster
formation in these cells, as over time approximately 12% of cells have a single
detectable spot. This value matches the percentage of cells with one spot at the 0
minute time point following the addition of IPTG to JPA1519 pIND-tIpT (11.5%).
The fact that this level of cells with spots is seen throughout the zero IPTG experi-
ment, and at the start of the experiment with IPTG, but not in the experiment with
empty pIND4 suggests that these spots are due to some leak in the expression of

pIND-tIpT and not due an artefact in the analysis of the images.
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Figure 5.6: In the absence of IPTG the number of JPA1519 (AtlpT yfp-cheW,) pIND-
tlpT cells containing clusters does not change over time. The average number of
cells at each time point is 567 cells.
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Figure 5.7: In the presence of 50 uM IPTG JPA1519 (AtlpT yfp-cheWy) cells con-
taining empty pIND4 there is no change over time in the number of cells contain-
ing zero detectable spots. The average number of cells at each time point is 187
cells.



126

5.4.3 Re-expression in AtlpT yfp-cheW, filamentous cells

Investigating the positioning and spacing of these newly formed clusters is lim-
ited by the small size of R. sphaeroides cells. Therefore cells were treated with
cephalexin (as described in 2.5.1) prior to being immobilised on slides and tpT

expression induced.

Fluorescent images of a filamentous JPA1519 (AtlpT yfp-cheWy) pIND-tIpT cell
following expression of tIpT is shown in fig. As with the non-filamentous case
the cell starts with a diffuse distribution of YFP-CheW, throughout the cell, and
subsequently distinct spots are seen to form over time. What is especially striking
in these images is that many more clusters are able to form in these filamentous

cells compared to normal cells.

0 min 30 min 60 min 90 min 120 min 150 min 180 min

Figure 5.8: Fluorescent images of filamentous JPA1519 (AtlpT yfp-cheW,) pIND-
tlpT with 50 uM IPTG. Following the addition of IPTG the distribution of YFP-
CheW, goes from diffuse throughout the cell to multiple discrete clusters. Time
is from addition of IPTG. Scale baris 1 ym .

Analysing a population of cells, shown in fig. it can be seen that as with non-
tilamentous cells the number of cells not containing a cluster rapidly decreases
following IPTG addition. However at the 0 minute time point there is a higher
percentage of cells with a single cluster than in the non-filamentous cells. Within
the first thirty minutes this value decreases slightly. This is due to the fact that
many of the cells which begin with a visible cluster will form many more once
tlpT has been expressed. The loss in cells with one cluster is countered by the
loss of cells with none which will result in cells which previously had no clusters
now having one or more, thus the net result is a small decrease in the percentage

of cells with one cluster. The number of cells with two and three clusters shows
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increases at a rate similar to that of the number of cells with two clusters in non-
filamentous cells (fig. [5.4). The increase in number of cells with four and five

clusters is similar, both being slower than that of cells containing two or three.

Like the non-filamentous cells by 50 minutes the number of cells in each category
has stabilised, suggesting that as with the non-filamentous cells there is a max-

imum number of clusters which are able to produced by the expression of tipT
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Figure 5.9: The number of cells containing 0 spots is shown in red, 1 in green, 2
in blue, 3 in yellow, 4 in magenta, and 5 in black. Following the addition of IPTG
the number of cells with 0 spots decreases, while the number containing 2, 3, 4
and 5 increases. The number of cells containing 1 spot starts at 33% and decreases
slightly in the first 30 mins. The x axis represents time after induction with IPTG.
The average number of cells at each time point is 178 cells

The greater proportion of cells with one cluster at the start of the time course may
be due to the greater number of plasmids within cells due to plasmid replication
and lack of cell division. Given that leak from pIND-tIpT in non-filamentous cell
results in cluster formation in 12% of cells in the absence of IPTG, then it is plausi-
ble that in cells which have undergone several rounds of plasmid duplication the

combined leak of tIpT expression could result in the 33% of cells which possess
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one cluster at the start of the time course.

A comparison of the proportion of cells with different numbers of clusters from
populations of filamentous JPA1457 (YFP-CheW,; ) and filamentous JPA1519
(AtlpT yfp-cheWy) pIND-tipT 50 uM IPTG at the end of the time course is shown
in table This shows that as with the non-filamentous cells there is a greater
proportion with no clusters when compared to WT. There is also a general skew

of proportions towards lower numbers of cluster compared to WT.

Number of clusters JPA1457 JPA1519 pIND-tlpT 50 uM IPTG

0 0% 12%
1 5% 23%
2 16% 28%
3 36% 17%
4 29% 10%
5 13% 6%
6 1% 0%

Table 5.1: Comparison of the percentage of cells with 0 to 6 clusters in filamentous
JPA1457 and JPA1519 (AtlpT yfp-cheWy) pIND-tipT treated with 50 M IPTG.

5.4.4 Re-expression in AtlpT AppfA cfp-cheW, background

This approach was extended to investigate the re-expression of t/pT in cells lack-
ing both tlpT and ppfA , to identify whether PpfA might influence the formation

of new clusters despite it not being required for formation.

As expected the expression of t/pT in this double deletion strain does result in the

formation of clusters, fluorescent images are shown in fig. [5.10}

0 min 30 min 60min  90min 120 min 150 min 180 min

Figure 5.10: Fluorescent images of AtlpT AppfA cfp-cheW, pIND-tlpT with 50 yM
IPTG. Following the addition of IPTG the distribution of CFP-CheW, goes from
diffuse throughout the cell to a single discrete cluster. Time is from addition of
IPTG. Scale baris 1 ym .



129

Looking at the percentage of cells with zero, one and two clusters over time fol-
lowing IPTG addition, shown in fig. there are several clear differences when
compared to that of JPA1519 (AtlpT yfp-cheW,) pIND-tipT (fig. [5.4).
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Figure 5.11: Expression of tIpT results in cluster formation in the absence of ppfA
. The number of cells containing 0 spots is shown in red, cells containing 1 spot
in green and cells containing two spots in blue. Following the addition of IPTG
the number of cells with 0 spots decreases, while the number containing 1 and
2 increases. The x axis represents time after induction with IPTG. The average
number of cells at each time point is 235 cells.

Firstly the decrease in the number of cells with no clusters, and corresponding in-
crease in cells with one cluster is much slower than in JPA1519 (AtlpT yfp-cheWy).
So slow in fact that by the end of the time course (180 minutes) the number of
cells in each category has yet to stabilise, compared to the 50 minutes needed in
JPA1519. Secondly the distribution of cells at the end of the time course is dif-
ferent. Similar numbers of cells have one cluster (65% and 60% for AtlpT AppfA
cfp-cheW, and JPA1519 respectively), however in the absence of ppfA only 6% of
cells are able to form two clusters. As a result of this there are more cells with no

clusters (28% compared to 17%).

Also striking is that unlike JPA1519 (AtlpT yfp-cheW,) at the beginning of the time
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course none of the cells have any clusters. This is also seen when analysing a 0
uM IPTG control, shown in fig. Virtually all of the cells have no clusters,
whereas in JPA1519 (AtlpT yfp-cheWs) pIND-tIpT even in the absence of IPTG ~
12% of cells have one cluster. Together these two results suggest that PpfA lowers
the threshold level of TlpT needed to trigger the self-assembly of the cytoplasmic

cluster.
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Figure 5.12: Distribution of cells with 0, and 1 clusters in AtlpT AppfA cfp-cheWy
pIND-tlpT 0 ym IPTG over time. The red line represents cells with 0 clusters and
then green those with 1. The average number of cells at each time point is 577
cells.

5.4.5 Re-expression in AtlpT AppfA cfp-cheW, filamentous cells

As with JPA1519 (AtlpT yfp-cheW,) pIND-tipT , cephalexin was used to elongate
the cells in order to investigate any effect PpfA has on the positioning and spacing

of the newly formed clusters.

Fluorescent images of a cell following IPTG addition is shown in fig.
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Figure 5.13: Fluorescent images of filamentous AtlpT AppfA cfp-cheW, pIND-tipT
cells with 50 M IPTG. Following the addition of IPTG the distribution of CFP-
CheW, goes from diffuse throughout the cell to multiple discrete clusters. Time
is from addition of IPTG. Scale baris 1 ym .
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Figure 5.14: The number of cells containing 0 spots is shown in red, 1 in green,
2 in blue, 3 in yellow, 4 in magenta, and 5 in black. Following the addition of
IPTG the number of cells with 0 spots decreases, while the number containing 1,
2,3, 4 and 5 increases. The x axis represents time after induction with IPTG. The
average number of cells at each time point is 248 cells

The change in the number of cells with different numbers of clusters following
IPTG addition is shown in fig. Comparing this to the result obtained ex-
pressing tlpT in filamentous JPA1519 (AtlpT yfp-cheWy) cells, it can be seen that
by the end of the time course fewer proportions of cells have three, four and five
clusters. The percentage of cells from the final image of the time course with
different numbers of cluster is shown in table This clearly shows that the

absence of PpfA results in fewer cells forming larger numbers of clusters.
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Interestingly unlike the non-filamentous AtlpT AppfA cfp-cheWy pIND-tIpT the
number of cells in each category stabilises, and does so in a time similar to that of
both filamentous and non-filamentous JPA1519 (AtlpT yfp-cheW,) pIND-tIpT cells

(~ 50 minutes).

Number of clusters JPA1519 pIND-tIpT AtlpT AppfA cfp-cheW, pIND-tIpT

0 12% 15%
1 23% 42%
2 28% 30%
3 17% 9%
4 10% 3%
5 6% 1%
6 0% 0%

Table 5.2: Comparison of the percentage of cells with 0 to 6 clusters in filamen-
tous JPA1519 (AtlpT yfp-cheWy) pIND-tipT and AtlpT AppfA cfp-cheWy pIND-tipT
treated with 50 uM IPTG.

5.5 Positioning of Newly Formed Clusters

Having assessed the number of clusters within cells as a result of re-expression
of tIpT , the data from these time courses was then analysed to investigate the
positioning of these newly formed clusters. The positioning of the new clusters
could then be compared to the WT cluster positions. It could also be used to
determine whether PpfA has a role in positioning these new clusters. It was also
hoped that this would reveal whether the new clusters form first and then are
positioned, or if they form at their positions, and what effect PpfA has upon this

process.

5.5.1 JPA1519 (AtlpT yfp-cheW,) pIND-tipT

In order to investigate the positioning and movement of new clusters within in-

dividual cells kymographs were created. A kymograph for a JPA1519 (AtlpT yfp-



133

cheWy) pIND-tIpT cell following expression of tIpT (the same cell as in fig. is

shown in fig.
- |E
0

) ) 180
time (min)

Figure 5.15: Kymograph of cluster formation in JPA1519 (AtlpT yfp-cheWs) pIND-
tlpT . Each unit in the x axis is 5 min.

What this kymograph shows is that, as seen clusters form rapidly. It also
shows that once the clusters form they remain positioned. The clusters do not

form, and then search for a position.

To assess this across the population cells with zero, one and two clusters were
separated. Then within the one and two cluster sub-populations the distribution
of cluster positions within cells were determined at each time point. The resulting
histograms for JPA1519 (AtlpT yfp-cheWy) pIND-tIpT cells with one cluster and
two cluster are shown in fig. and fig. respectively.

Both these histograms show that once clusters have formed they’re positioned
with the cell in a manner very similar to that of JPA1558 (tIpT -yfp). With cells
with one cluster showing a broad distribution centred around midcell, and cells
with two clusters showing a distribution with two narrow peaks at one and three

quarter positions.
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Figure 5.16: Histogram showing positions of clusters in cells with only one clus-
ter following expression of tipT in JPA1519 (AtlpT yfp-cheW,) pIND-tIpT . x axis
represents time after IPTG addition, the y axis the position of clusters relative to
the cell length. The number of spots at each position is given by the colour scale.
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Figure 5.17: Histogram showing positions of clusters in cells with two clusters
following expression of tipT in JPA1519 (AtlpT yfp-cheWy) pIND-tIpT . x axis rep-
resents time after IPTG addition, the y axis the position of clusters relative to the
cell length. The number of spots at each position is given by the colour scale.

These histograms also show that once the cluster is of sufficient size to be detected
by this analysis it is positioned. If the clusters formed and then searched for

positions the histograms would show broader distributions at early time points,
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and tightening as they found positions. Such an effect cannot be seen.

5.5.2 Filamentous JPA1519 pIND-tipT

Kymographs for filamentous JPA1519 (AtlpT yfp-cheW,) pIND-tIpT , an example
is shown in fig. show results similar to that of the non-filamentous cells,
with the obvious exception of having more cluster formed. Clusters are formed

rapidly and do so at relatively fixed positions.
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Figure 5.18: Kymograph of cluster formation in filamentous JPA1519 (AtlpT yfp-
cheWy) pIND-tlpT . Each unit in the x axis is 5 min.

However one notable difference is seen in fig. and fig. which is two
clusters forming out of a region of semi-diffuse YFP-CheW, . The fact that two
smaller clusters form in close proximity suggests that the formation of clusters

seen here is not simply stochastic self-assembly based.

5.5.3 JPA1519 (AtlpT yfp-cheW,) pIND-tlpT 0 uM IPTG

In JPA1519 (AtlpT yfp-cheWy) pIND-tlpT cells with no IPTG ~ 12% of cells are
identified as having one cluster. The histogram of their positions over time is
shown in fig. This distribution matches that of the cells with one cluster

when IPTG is added, further suggesting that the presence of cells with one cluster
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in this population is due to leaky expression of tipT from pIND-tIpT rather an

artefact introduced by the analysis.
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Figure 5.19: Histogram showing positions of single clusters in JPA1519 (AtipT
yfp-cheWy) pIND-tlpT in the absence of IPTG. x axis represents time after IPTG
addition, the y axis the position of clusters relative to the cell length. The number
of spots at each position is given by the colour scale.

5.5.4 AtlpT AppfA cfp-cheW, pIND-tlpT

A kymograph for a typical AtlpT AppfA cfp-cheW, pIND-tIpT cell is shown in fig.
As seen with the previous cluster number based analysis the formation
of clusters is slower than JPA1519 (AtlpT yfp-cheWy) pIND-tlpT . However like

JPA1519 pIND-tIpT once the cluster has formed it seems to remain in position.
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Figure 5.20: Kymograph of cluster formation in AtlpT AppfA cfp-cheWy pIND-tipT
. Each unit in the x axis is 5 min.
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The histogram of spot positions in cells with one cluster formed, shown in fig.
shows a similar distribution to that of JPA1553 (tipT -yfp AppfA ), centred

around midcell and broader than in cells with PpfA.
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Figure 5.21: Histogram showing positions of clusters in cells with only one clus-
ter following expression of tIpT in AtlpT AppfA cfp-cheW, pIND-tlpT . x axis rep-
resents time after IPTG addition, the y axis the position of clusters relative to the
cell length. The number of spots at each position is given by the colour scale.

AppfA cells are never observed with more than a single cluster. Thus it is there-
fore not possible to compare positions of two clusters between these two strains.
However the positioning of two clusters does show similarity to that of JPA1558
(tlpT -yfp), two narrow peaks at one and three quarter positions. This shows that
in the few cells which can form two clusters, these form at spatially separate
points. It also shows that these cells aren’t simply cells with one real cluster and a
second false positive as that would produce a distribution similar to that of cells

with one cluster.
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Figure 5.22: Histogram showing positions of clusters in cells with two clusters
following expression of tipT in AtlpT AppfA cfp-cheWy pIND-tlpT . x axis repre-
sents time after IPTG addition, the y axis the position of clusters relative to the
cell length. The number of spots at each position is given by the colour scale.

5.5.5 Filamentous AtlpT AppfA cfp-cheW, pIND-tipT

A kymograph for a filamentous AtlpT AppfA cfp-cheWy pIND-tIpT cell is shown in
tig. Compared with kymographs for filamentous JPA1519 (AtlpT yfp-cheWy)
PIND-tIpT cells fewer clusters are seen. What is also not seen is multiple clusters
forming out of a single semi-diffuse region of CheW, , as is seen in filamentous
JPA1519. However what is often seen is clusters merging, something rarely seen

in cells with ppfA .
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Figure 5.23: Kymograph of cluster formation in filamentous AtlpT AppfA cfp-
cheWy pIND-tIpT . Each unit in the x axis is 5 min.

5.6 Cell Length Affects the Number of Clusters Formed

Given the range of numbers of clusters which are able to form in cells, especially
when filamentous, the effect of the length of the cell on the number of clusters
was investigated. This was done by binning cells based on their length, and then
calculating the percentages of cells in each bin with different numbers of clus-
ters. Using the graphs in [5.4|to determine at which point the number of cells in
each category had stabilised, only images after this time point were used so as to

compare stable sub-populations.

5.6.1 JPA1519 (AtlpT yfp-cheW,) pIND-tipT

From fig. it was determined that time point by which the number of cells
within each cluster number category had stabilised was 50 minutes. Cells from
this time point onwards were binned based on their length. The bins used were
0.5 pum wide and ranged from 1.25 um to 3.75 um . The percentage of cells
within each bin containing either zero, one, two, three or four spots was then
calculated. The result of this analysis is show in fig. These results show

that with increasing cell length the proportion of cells with zero and one clusters



140

decreases, and the proportion of cells with two and three clusters increases. The
small percentage of cells with four clusters in the two bins of longest length is
most likely due to a small number of instances where the analysis has segmented

two cells end to end as if they were a single cell.

These data show that longer cells have a greater ability to form multiple clusters.
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Figure 5.24: The proportion of cells in each cell length bin with 0, 1, 2, 3 and 4
spots. The colour for each spot number is given by the legend.

5.6.2 Filamentous JPA1519 (AtlpT yfp-cheW,) pIND-tipT

Filamentous cells were analysed in the same manner in order to explore the rela-
tionship between the number of clusters formed and cell length across a greater
range of cell sizes. Using fig. [5.9|a time point of 50 minutes was chosen to use as
a start point analyse to from. The bins used were 0.5 ym wide and ranged from

1.75 ymto7.25 ym .
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Figure 5.25: The proportion of cells in each cell length bin with 0, 1, 2, 3, 4, 5 and
6 spots. The colour for each spot number is given by the legend.

The results, fig. show that for the shortest cell length bin the proportion
of cells with zero, one and two clusters is near equal, but with increasing cell
length the proportion of these decreases as the number of cells with three or
more clusters increases. Whilst the proportion of zero and one cluster cells de-
creases quickly, the proportion of two cluster cells only starts to decrease when
cell lengths are greater than 4.75 yum . Initially the proportion of three cluster cells
increases, however beyond cell lengths of 5.75 um it decreases as cells with four,
five and six clusters have increasing proportions. The proportions of cells with
three, four, five and six clusters increase with cell size sequentially, suggesting a
clear relationship between cell size and the maximum number of cluster that can

be formed.
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5.6.3 AtlpT AppfA cfp-cheW, pIND-tlpT

In order to determine the effect ppfA has on the relationship between cell size and
the number of clusters formed AtlpT AppfA cfp-cheW, pIND-tlpT were analysed
using the same bins as used in As the cluster formation is slower than in
JPA1519 (AtlpT yfp-cheWys) pIND-tIpT (see fig. only cells from 80 minutes
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Figure 5.26: The proportion of AtlpT AppfA cfp-cheW, pIND-tIpT cells in each cell
length bin with 0, 1, and 2 spots. The colour for each spot number is given by the
legend.

Like JPA1519 (AtlpT yfp-cheWy) pIND-tipT the results for AtlpT AppfA cfp-cheWy
pIND-tIpT (see fig. show that as cell size increases the percentage of cells
with zero clusters decreases. The proportion of cells with one cluster remains
reasonably constant, with a slight decrease in the longest bin. That of cells with
two clusters increases with cell length. This shows that in the absence of ppfA

there is still a relationship between cell size and the maximum number of clusters
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formed.

However comparing these results to that of JPA1519 pIND-t/pT , it is interesting
to see that, for a given cell length, populations of cells with ppfA have a higher

proportion of cells with larger numbers of clusters.

5.6.4 Filamentous AtlpT AppfA cfp-cheW, pIND-tipT

To further explore the differences in the relationship between cell size and cluster
formation in cells with and without ppfA , filamentous AtlpT AppfA cfp-cheWy
pIND-tipT cells were analysed as described in[5.6.2]but using a starting time point

of 80mins.
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Figure 5.27: The proportion of AtlpT AppfA cfp-cheW, pIND-tIpT cells in each cell
length bin with 0, 1, 2, 3, 4 and 5 spots. The colour for each spot number is given
by the legend.

The results (fig. show similar trends to that seen in filamentous JPA1519
(AtlpT yfp-cheWy) pIND-tipT cells (see fig. [5.25). With increasing cell length the
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proportions of cells with zero and one clusters decreases, while the proportion of
those with three, four, and five increases. The proportion of cells with two clusters
only decreases in the longest bin. As with non-filamentous cells lacking ppfA
these results show that the tendency for longer cells to form more clusters is not
dependent on ppfA . However as with the non-filamentous cells, when compared
to cells with ppfA (fig. at each cell length have higher proportions of cells
with larger numbers of spots. Showing that whilst the relationship between cell
length and numbers of clusters formed is not dependent on ppfA , it is influenced
by it, with cells containing ppfA being able to form more clusters for a given cell

length.

5.7 Discussion

Whilst it was previously shown that TlpT is required for the cytoplasmic chemosen-
sory proteins to form into a cluster, it was not known if these proteins could be
brought back together by simply reintroducing TlpT into the cell. Here it has
been shown that this is the case, expressing tlpT in a AtlpT background with YFP-
CheW, wused as a marker for the cytoplasmic cluster results in the self-assembly

of the cluster.

This de novo formation of the cluster is particularly interesting as it involves the
coming together of several different proteins all with copy numbers in the thou-
sands. These results show that when TIpT is reintroduced into the system it is
able to bring all these proteins together triggering the self-assembly of the clus-
ter. This explains how in AppfA strains the daughter cell which does not inherit
the cluster is then able to subsequently form a new cluster, as expression of the
cluster components will result in self-assembly of a new cluster once sufficient

levels of the proteins are present within the cell.
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By analysing this formation in multiple cells over time, it shows that, following
expression of tIpT there is a rapid decrease in the number of cells with no clusters
(i.e. a diffuse localisation of YFP-CheW} ), coupled with a rapid increase in those
with one cluster. Cells with two identifiable clusters show a slower increase com-
pared to those with with just one, suggesting that when all the newly expressed
TlpT is pooled into a single cluster, the cluster is able to assemble faster than
when distributed between two. This may be a result of either sequential cluster
nucleation, or two clusters forming at the same time but growing in size slower,
thus taking longer to become identifiable. Also in cells with two clusters often
one becomes more distinct before the other (as seen in fig. [5.3), indicating that
first of the clusters to begin forming is able to incorporate more TIpT initially.
This fits with the idea that the formation mechanism may be similar to a reaction-
diffusion mechanism where cluster formation is a balance between incorporation

into existing clusters and nucleation of new clusters.

PpfA is not required for cluster formation, but it does influence it. Cells without
PpfA are slower to form clusters, and fewer of them form two clusters. This
suggests that PpfA is able to stabilise newly formed clusters, both speeding up
the formation and increasing the chance that free TIpT molecules will be able to
nucleate a new cluster rather than be incorporated into an existing one. This is
supported by one of the control experiments. In cells with pIND-tIpT but without
the addition of IPTG there is a striking difference between cells with and without
PpfA. In JPA1519 (AtlpT yfp-cheWy) pIND-tIpT cells ~ 12% of cells form clusters
as a result of leaky tIpT expression, however in AtlpT AppfA cfp-cheW, pIND-tIpT
no cells formed clusters. This suggests that PpfA is able to lower the threshold

level of TlpT required to form clusters.

The results of analysing the positions of the newly formed clusters show that

once the form they remain positioned, indicating that they do not form and po-
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sition sequentially. Instead this results suggest that either the clusters form at a
position or they are positioned before they are large enough to be detected above
the free YFP-CheW, background signal in which case they must be positioned
rapidly after forming. Interesting this pattern is also seen in AppfA cells. Cells
which form a single cluster show a similar distribution of cluster positions to that
of JPA1553 (AppfA tipT -yfp, see [£.3), being centred about mid-cell and with a
slightly wider distribution that that of JPA1558. In the AppfA no cells are seen
with more than one cluster, however a small proportion of AppfA AtlpT cells
with tIpT re-expressed form two clusters. So the fact that the positioning of two
clusters within these cells shows a 1/4 and 3/1 pattern, suggests that when two

clusters form they do so spatially separate within the cell.

These results are mirrored in those of cells made filamentous by cephalexin treat-
ment. Both JPA1519 (AtlpT yfp-cheWys) pIND-tlpT and AtlpT AppfA cfp-cheWy
pIND-tIpT cells are able to form more clusters when elongated compared to un-
treated cells. In both strains theses clusters tend to remain at that position after
they have formed. However there are some instances of cluster movement. Oc-
casionally in JPA1519 pIND-tlpT multiple clusters are seen to form in close prox-
imity to each other before moving apart, and clusters in AtipT AppfA cfp-cheWy
PIND-tIpT cells are sometimes seen merging. This supports the proposed role of
PpfA in helping stabilise cluster formation and in segregating clusters, whereas in
the absence of PpfA clusters in close proximity simply merge through a reaction-

diffusion like mechanism.

By analysing the relationship between the length of cells and the number of clus-
ters which form within them when tIpT is re-expressed it was seen that in all
cases more clusters are able to form in larger cells. The relationship could be
due either to greater cell volume allowing more clusters to form if they do so by a

reaction-diffusion type mechanism, or the presence of pre-segregated sites. In the
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latter scenario the existence of multiple sites would be dependent on the position
of the cell within the cell cycle and therefore cell length, or for filamentous cells
dependent on the number of replicative cycles the cell has undergone without
septation, which would also result in increasing cell length. However given that
it is known that PpfA is responsible for segregating the cluster it seems unlikely
that pre-defined sites exist in the Appfa cells, and therefore for the AppfA cells
positioning may depend on a reaction-diffusion mechanism. What this analysis
shows is that while cells lacking ppfA have the ability to form greater number
of clusters in larger cells, at a given cell length they form fewer than cells with
PpfA. The observation that PpfA allows the formation of more clusters suggests
that it is able to stabilise the nucleation of greater numbers of clusters in cells than

would otherwise be possible without it.

Together these results highlight the key role TlpT plays in the cytoplasmic cluster,
not just in terms of signalling but in the overall super-structure of the cluster.
The importance of TlpT in the super-structure of the cluster further enhances its
candidacy as the segregation partner for PpfA, with it acting as a bridge between
the cluster and the segregation machinery. The results also provide information
key to the understanding of PpfA’s role in cluster formation. The cells with PpfA
are able to form more clusters, form them more quickly, and form them with
lower amount of TlpT than those without PpfA, suggesting that PpfA enhances

the nucleation of new clusters.



Chapter 6

Following PpfA and the Cytoplasmic
Cluster Through the Cell Cycle

A number of models have been put forward as to how ParA ATPases segregate
their cargo. These range from movement from one pole to the other of filaments
or cloud-like ParA structures [140], oscillations of ParA [73], and ParA foci as-

sembly and disassembly [72].

In order to determine how the cytoplasmic chemosensory cluster is segregated,
and how this compares to previously published models for other ParA segrega-
tion systems, time-lapse microscopy was used. Both the cluster (marked by TlpT-
YFP) and PpfA-CFP distributions within the cell were followed over the course

of 3 hours to capture cluster duplication and segregation events.

148
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6.1 Co-localisation of PpfA and TlpT

Expression of ppfA-cfp from the inducible plasmid pIND in a t/pT-yfp background
results in PpfA-CFP foci which coincide with the cytoplasmic chemosensory clus-
ter. The formation of these foci was shown not to be a result of interaction be-
tween fluorescent proteins as the foci were also present when ppfA-cfp was ex-
pressed in a WT (WS8N) background [152]. An example of the co-localisation of
PpfA-CFP and TlpT-YFP is shown in fig. Beyond this focus, PpfA localises to
the nucleoid, which fills the cytoplasm [152].

DIC TIpT-YFP PpfA-CFP

Figure 6.1: Co-localisation of TIpT-YFP and PpfA-CFP focus. The left panel shows
the DIC image, middle panel the TlpT-YFP and right panel the PpfA-CFP.

The profiles of fluorescence intensity along the cell length for TIpT-YFP and PpfA-
CFP for a typical cell with two clusters are shown in fig. Bimodal Gaussian
functions were fitted to both profiles, shown as solid lines in fig. from these
tits it was confirmed that the centres of the clusters and PpfA foci were in the

same positions.

However single snapshot images do not address a key feature of ParA ATPases:
dynamic positioning. Therefore cells were followed by time-lapse microscopy in
order to ascertain the distribution of PpfA-CFP and TlpT-YFP through the cell

cycle.

Kymographs of cells with both one and two clusters are shown in fig. These

results show that the PpfA-CFP focus remains co-localised with the cluster over
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Figure 6.2: Profile of fluorescent TIpT-YFP and PpfA-CFP signals in typical cell.
TlpT-YFP signal shown in green, PpfA-CFP signal shown in blue. Circles repre-
sent actual data, solid lines represent fits of bimodal Gaussian equations to data.

long time periods, with movement of the cluster being mirrored by the movement
of the PpfA-CFP foci. No oscillations of PpfA-CFP are seen in these kymographs,
confirming previously reported results [152]. There were no ‘blinking” events
(disassembly and reassembly of foci) seen for PpfA-CFP as seen for ParA of the
P1 plamid [72].

Over these long time scales (3 hours) both the cluster and the PpfA foci are rela-
tively mobile (as seen in fig. B & C) within the cell, suggesting that they are
not tethered to a tightly held anchor. What can also been seen from these results
is that in cells with two clusters there is no fixed distance between them, clusters

move both toward and away from each other.
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C

Figure 6.3: Kymographs of TIpT-YFP and PpfA-CFP. A Typical cell with a single
cytoplasmic cluster. i: TIpT-YFD, ii: PpfA-CFD, iii: Merge, TlpT-YFP shown in
green, PpfA-CFP shown in blue. B-C Typical cell with two cytoplasmic clusters.
i: TIpT-YFP, ii: PpfA-CFP, iii: Merge of both signals, TlpT-YFP shown in green,
PpfA-CFP shown in blue. Horizontal scale bar is 1 pym, vertical scale bar is 10
min.
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6.2 The Cytoplasmic Cluster is Replicated by Split-

ting, Not de novo Formation

Two possible hypotheses were proposed for how the second cluster is formed
before division. The first was that PpfA formed a second focus, which then al-
lowed the nucleation of a second cluster. The second involved PpfA pulling apart
a single cluster into two then segregating them. In order to distinguish between
these two hypotheses cells which formed a second cluster during the course of

the time-lapse were analysed.

A

¥

Figure 6.4: Kymographs of TlpT-YFP showing the cytoplasmic cluster splitting.
A-C: TIpT-YFP fluorescent signal in cells in which the formation of two clusters
is seen. Horizontal scale bar is 1 um , vertical scale bar is 10 min.

Kymographs of the TlpT-YFP signal from example cells which demonstrated
such cluster formation are shown in fig. It can be clearly seen from these
results that the second cluster is formed by splitting off from the first, and not de

novo nucleation and formation of a second cluster at a site distal from the first.

The PpfA-CFP fluorescent signal in cells with splitting clusters were analysed to
determine the distribution of PpfA-CFP before, during and after cluster splitting,
thus revealing whether the splitting and segregation were due to changes in the

distribution of PpfA within the cell. Kymographs generated from cells with split-
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Figure 6.5: Kymographs of TlpT-YFP and PpfA-CFP in cells showing the cyto-
plasmic cluster splitting. A-E: Left panel: TlpT-YFP fluorescent signal. Middle
panel: PpfA-CFP fluorescent signal. Right panel: merge of both signals, TlpT-
YFP shown in blue, PpfA-CFP shown in green. Horizontal scale baris 1 ym,
vertical scale bar is 10 min.
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ting clusters are shown in fig. These results show that there is no detectable
reorganisation of PpfA-CFP distribution within the cell as the cluster splits and

segregates. As the cluster splits so does the PpfA-CFP focus.

It is also interesting to note that often after cluster splitting the clusters begin
to segregate but then come back closer together before segregating fully. This
suggests that there is not a rapid segregation event that swiftly pulls the two

clusters apart.

These kymographs also make it clear that clusters are not split equally. One clus-

ter is often much larger (of greater fluorescence intensity) then the other.

6.3 Discussion

Various models have been presented in the literature as to how ParA ATPases
partition their cargo (be it plasmid, chromosome, or protein complex). The results
presented in this chapter suggest that PpfA partitions the cytoplasmic chemosen-

sory cluster by a mechanism not hitherto described.

In C. crescentus the origin of replication of the chromosome is positioned at the
cell pole, and after replication of the parS sequence ParA segregates one of the
sister parS sequences (and thus the rest of the chromosome) to the other pole
[186]. This is achieved by the ParB-parS complex of one chromosome causing the
depolymerisation of a nucleoid associated ParA filament, the persistent interac-
tion between ParB-parS and the retracting ParA filament results in translocation
of the ParB-parS complex to the distal pole where it is captured by a matrix of
PopZ protein [186) 43| 140]. The PopZ matrix is itself formed at the new pole due
to the increased local ParA concentration (due to the contraction of the ParA fil-
ament), with which it interacts enabling the nucleation of a second matrix [100].

Therefore in this system both the ParB-parS complex and PopZ are partitioned by
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ParA, but through different mechanisms. However both these mechanisms rely
on the transition of ParA distribution from one in which ParA is spread over all of
the nucleoid to one in which it is removed from the nucleoid in a directional man-
ner until the nucleoid is stripped of ParA. No such changes in PpfA distribution

were seen in any time courses.

The ParA of the F plasmid, known as SopA, has been suggested to position and
partition the plasmid through a reaction-diffusion mechanism in which oscilla-
tions of nucleoid bound ParA are driven by SopB-sopC (ParB-parS ) [73]. In this
model it is these oscillations that result in plasmid positioning and thus partition.

No oscillation of PpfA were observed.

A contrasting model is one presented for the P1 plasmid. This system shares
some similarities with PpfA and the cluster, P1 ParA is found diffuse across the
nucleoid and forms a focus at the position of the plasmid [72], this mirrors the
PpfA which also is diffuse across the nucleoid except where the cluster is posi-
tioned where it forms a focus. There are however several key differences. The
results presented by Hatano et al. showed the ParA focus to ‘blink” due to disas-
sembling and reassembling of the focus, and the authors also reported that two
ParA foci would form before sister plasmids segregated to these positions. In the
profiles of PpfA-CFP over time no such blinking is observed, and the positions of

the cluster and the PpfA-CFP foci are also co-localised.

From these data it is clear that PpfA does not segregate the cytoplasmic cluster

by mechanism which can be described by the models mentioned above.

From these results it is possible to distinguish between two hypothesised models
for cluster duplication. A second PpfA focus does not form and then nucleate the
formation of second cluster (at least within the resolution of conventional light
microscopy). Instead the current cluster splits along with the PpfA focus and then

segregated. Interestingly after splitting, clusters are often seen to either remain
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in close proximity to each other for some time (fig. D & E), or move apart
before coming closer again (fig. A, B & C). This indicates that segregation
does not occur through a sudden rapid motion, and that there is no set distance

between clusters, a result also seen in measuring positions of clusters in invidual
snap-shot images (see[4.5).

Another observation previously made (David Wilkinson, unpublished data) is
that the splitting of the cluster is not equal. After splitting one cluster is demon-
strably larger (of greater fluorescence intensity) than the other, indicating that the
stoichiometry of proteins within the cluster may be more important than absolute

numbers for proper chemotactic signalling.



Chapter 7

Turnover of Cytoplasmic

Chemosensory Cluster Proteins

After the cytoplasmic cluster segregates the two resultant clusters are not of equal
size (see Chapter [p). This raises the question how does the smaller cluster grow
in size? Is it simply the case that newly expressed protein is incorporated into
both large and small clusters, or does protein exchange between the two clusters

allowing their sizes to equilibrate?

In order to investigate whether proteins exchange between clusters fluorescence
recovery after photobleaching (FRAP) was used on cytoplasmic cluster compo-
nents tagged with fluorescent proteins. The proteins investigated were TlpT-YFP
(JPA1558), TIpC-GFP (JPA543), YFP-CheW, (JPA1457), YFP-CheAjs (JPA1425), and
YFP-CheA, (JPA1438).

Given that only a small percentage of the cells in a population have two clusters
(see 4.1), cells were treated with cephalexin to elongate them and thus increase

the number of clusters within cells (see 4.2).
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7.1 Photobleaching Cluster Proteins

The turnover of proteins within the cytoplasmic chemosensory cluster was in-
vestigated by using fluorescent fusions of TlpT, TIpC, CheW, , CheA3 , CheAy ,
and photobleaching them and following the fluorescent recovery (FRAP). FRAP
was performed on cephalexin treated cells using the Nikon Eclipse Ti in confocal
mode, using the 405 nm laser to photobleach a single point for 1 s. Cells were
imaged every second for 10 s prior to bleaching to establish the pre-bleach level
of fluorescence. After bleaching they were imaged every second for 30 s, then
every 3 s for 5 minutes, and finally every 16 s for 10 minutes. These time points
were chosen to capture details of potential fast recovery as well as being able to
establish the final levels of recovery, whilst minimising photobleaching due to

acquisition.

Example images of clusters in each strain being bleached are shown in fig.
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Pre-bleach 0.75 s post-bleach 928 s post-bleach

TIpT-YFP

TIpC-GFP

YFP-CheW,

YFP-CheA,

YFP-CheA,

Figure 7.1: Fluorescence recovery after photobleaching of TIpT-YFP, TlpC-GFP,
YFP-CheW, , YFP-CheAj , and YFP-CheA, . The first image show the cell before
bleaching, the second immediately after bleaching and the third shows the cell
928 seconds after bleaching. The yellow arrow indicates area of the cell which
has been bleached. Dashed lines represent cell outlines. Scale bars are 1 ym .
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7.2 Quantitative Analysis of Recovery

In order to quantify the recovery of fluorescence, and therefore turnover of pro-
tein, the fluorescence intensity of clusters was measured at each time point. The
levels of fluorescence over time gave an initial indication of recovery, and made it
possible to distinguish between clusters which showed recovery and those which
did not. The percentage of clusters which showed recovery for each strain inves-
tigated is shown in the 2nd column of table[7.1] The fluorescence intensities of the
clusters which did show some recovery were then averaged to generate a mean
recovery curve. Curves were then fitted to the mean curves for each strain. The
equation fitted is given by equation where Ig; is the fitted curve, I is the
fluorescence intensity at the first time point post-bleach, t is time, and 2 and b are

constants.

Ipyp = Ip — a.el ") (7.1)

By fitting equation [7.1] to the data the half-time of recovery (t:/,) mobile fraction
of each protein could be determined. These results are presented in table
The generation of mean fluorescence intensity values and curve fitting was done

through the use of the easyFRAP software package [144].

The mean and standard deviation of data from clusters which showed recovery
for TlpT-YFP and the fitted curves are shown in fig. those for YFP-CheWy in
fig. those for YFP-CheAj in fig. and those for YFP-CheAy in fig. No
clusters in the TlpC-GFP strain showed any recovery and therefore curve fitting
was not possible, the mean and standard deviation of all of the TIpC-GFP data
are shown in fig.
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Figure 7.2: Fluorescence recovery after photobleaching of TlpT-YFP. The solid
blue line represents the mean relative fluorescence intensity at each time point of
the 20 clusters which showed recovery, and the dashed blue lines indicate 4- one
standard deviation. The solid red line represents the fitted curve. The R? of the
tit was 0.95.
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Figure 7.3: Fluorescence recovery after photobleaching of TlpC-GFP. The blue
line represents the mean relative fluorescence intensity at each time point, and
the dashed blue lines indicate + one standard deviation.
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Figure 7.4: Fluorescence recovery after photobleaching of YFP-CheW, . The blue
line represents the mean relative fluorescence intensity at each time point, and the
dashed blue lines indicate & one standard deviation. The solid red line represents
the fitted curve. The R? of the fit was 0.96
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Figure 7.5: Fluorescence recovery after photobleaching of YFP-CheAj3 . The blue
line represents the mean relative fluorescence intensity at each time point, and the
dashed blue lines indicate & one standard deviation. The solid red line represents
the fitted curve. The R? of the fit was 0.93
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Figure 7.6: Fluorescence recovery after photobleaching of YFP-CheA, . The blue
line represents the mean relative fluorescence intensity at each time point, and the
dashed blue lines indicate & one standard deviation. The solid red line represents
the fitted curve. The R? of the fit was 0.94
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Protein % of clusters exhibiting recovery t/, (s) Mobile fraction
TlpT-YFP 55.6 40.94 0.48
TlpC-GFP 0 N/A N/A

YFP-CheW, 62.2 97.91 0.31
YFP-CheA3 76.9 93.08 0.43
YFP-CheAy 65.2 50.97 0.41

Table 7.1: Fluorescence recovery after photobleaching results

It is clear that there is a large variation in fluorescence intensity across all data.
However for all of the proteins the standard deviation does not greatly increase
over time following the photobleaching, i.e. the variation seen is primarily due
to variation in the intensities of clusters after being bleached. Given that pho-
tobleaching laser settings were kept constant this variation must be due to the
number of proteins within the clusters and thus the proportion of fluorophores
bleached. This suggests that the large standard deviation is primarily due to
variation in cluster size rather than recovery behaviour, as this would result in

increasing standard deviation over time.

The results (summarised in table show that with the exception of TlpC-GFP
the other cytoplasmic cluster proteins tested can undergo some turnover. How-
ever the number of incidences of non-recovery and the small mobile fractions
suggest that this turnover is limited. CheW, has both the lowest mobile fraction
and the slowest half-time of recovery, CheA3z and CheA, both have similar mobile
fractions, but have differing half-times of recovery. TlpT has the highest mobile
fraction and the fastest half-time, whereas an other chemoreceptor TlpC appears
completely immobile. However despite differences in turnover behaviour these
results show that large proportions of the molecules in the cytoplasmic cluster do

not exchange either with a free pool or with other clusters.
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7.3 Discussion

The results presented in this chapter show that the cytoplasmic chemosensory
cluster of R. sphaeroides is a relatively stable structure which does not undergo
large scale exchange of components with pools of proteins either free in the cyto-
plasm or within other clusters in the cell. For YFP fusions to TlpT, CheW, , CheAj3
, and CheAy significant proportions of the tested population showed no measur-
able turnover; and for the cases where turnover was seen the recovery was only
partial. TlpC-GFP exhibited no turnover in any of the measured cases. For all
the proteins that did exhibit recovery the t,/, values indicate that this exchange
is slow. Interestingly TlpT-YFP had the fastest t,/, and largest mobile fraction, a
result which strikingly contrasts with FRAP experiments performed on the polar

chemosensory cluster in E. coli [164].

In the E. coli study it was reported that Tar (the MCP chosen for study) formed
a stable core to the polar chemosensory cluster, CheA and CheW demonstrated
slow exchange albeit faster than that of Tar. Like TlpT there was a large immo-
bile fraction of Tar molecules, however exchange of Tar molecules is far slower
than that of Tlpt, with Tar taking ~ 700 s to reach maximal recovery and TlpT
taking ~ 250 s. Tar in the polar cluster of E. coli is membrane spanning, which
therefore makes an ideal candidate as a central stable core to the complex as its
diffusion will be slower than that of cytoplasmic proteins and it is only able to
diffuse in two dimensions. The cytoplasmic cluser of R. sphaeroides however does
not span any membranes which gives rises to the potential for chemoreceptors to
be more mobile, but also to the need to generate cluster stability in the absence
of a structure such as the plasma membrane. This is what is seen with TlpT, as
whilst it also has a large immobile fraction its exchange is faster than Tar sug-
gesting that in this cluster chemoreceptors do not by default form a stable core.

However no exchange of TlpC molecules is seen, indicating that the dynamic
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behaviour of chemoreceptors within the cluster can be different. Another strik-
ing difference between results for the cytoplasmic R. sphaeroides cluster and the
polar E. coli cluster is the behaviour of the CheA and CheW molecules. In both
cases CheA and CheW molecules demonstrate similar slow levels of exchange,
however in E. coli CheA and CheW have fully mobile fractions, whereas in R.
sphaeroides CheW, , CheAj3 , and CheA4 have mobile fractions of 0.31, 0.43 and
0.41 respectively. This reduction in the mobile population may be how stability
within the cluster is generated without a membrane to immobilise around. The
authors of the E. coli FRAP study suggested that presence of some slow exchange
of cluster components may be important in ensuring that clusters maintain sim-
ilar stoichiometries, this may be why the components of the cytoplasmic cluster
in R. sphaeroides , with the exception of TlpC, exhibit some exchange, helping to

generate similar stoichiometries of proteins in clusters after cluster segregation.

These results suggest that exchange between clusters is not sufficiently fast to
be the primary driver in the growth in size of the smaller of the two clusters
after segregation; whilst the exchange might be able to adjust stoichiometries of
proteins the speed of exchange and size of the mobile fraction does not fit with

the suggestion of the bulk flow of protein to equilibrate cluster size.

A theory tested by [164] was that cluster components are able to diffuse within
the cluster. They tested this by both bleaching whole clusters and part bleach-
ing them, these produce similar recovery kinetics suggesting that the majority
of exchange is with a free pool of proteins rather than within the cluster itself.
Unfortunately due to the smaller size of R. sphaeroides compared to E. coli and
smaller area occupied by the cytoplasmic cluster compared to the polar one it
was not possible to bleach part of a cluster, and therefore it was not possible to

investigate intra-cluster exchange.



Chapter 8

PpfA Controls the Mobility of the

Cytoplasmic Chemosensory Cluster

The positioning of the cytoplasmic chemosensory cluster is strikingly similar to
the positioning of low copy number plasmids which require an active segrega-
tion mechanism; before duplication at the mid-cell and after duplication at the
1/4 and 3/4 positions. However the distribution of PpfA in the cell relative to the
cluster is very different to that of ParA and plasmids, suggesting significant dif-
ferences in the mechanisms used. Given that most models for both type I and II
plasmid segregation systems require the dynamic positioning of the plasmids for
segregation, the mobility of the cluster was investigated, both with and without
PpfA, in order to determine PpfA’s influence over the mobility of the cluster and
to help elucidate possible mechanisms by which PpfA segregates and positions

the cluster.
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8.1 Cluster Movement

Analysis of the positions and numbers of clusters in Chapter [4/shows that whilst
a tlpT -yfp AppfA (JPA1553) cannot form more than one cluster, the positions of
these single clusters is similar to that of tIpT -yfp (JPA1558) cells with just one clus-
ter. This raises the question as to whether the primary role of PpfA is segregating
and positioning two clusters, rather than positioning a single cluster. In order to
address this, the movement of clusters in cells with and without ppfA was anal-
ysed. The time scale of 10 minutes was chosen as it is significantly shorter than
the cell cycle of R. sphaeroides and would therefore make it easier to exclude any

clusters undergoing active segregation.

0O pr

Time (min)

10

Figure 8.1: A: Kymograph of the cytoplasmic cluster (TIpT-YFP ) over 10 minutes.
B: Kymograph of the cluster (TIpT-YFP ) in a AppfA strain. For both pictures
were taken every 10 s over 10 mins, dashed lines represent cell poles, and scale
bars represent 1 ym .

These time courses show that when ppfA is deleted the cluster is highly mobile

within the cell when compared to clusters in the presence of PpfA. This is seen in
kymographs of tipT -yfp and tipT -yfp AppfA cells, fig.

In order to quantify this difference in mobility between the two strains the posi-

tion of each cluster at each time point over 10 minutes was determined using the
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Image] plugin View5D (http://www.nanoimaging.uni-jena.de/View5D/). An

example of tracks of positions of clusters for both strains are shown in fig.

Figure 8.2: A: DIC and fluorescent image of a tipT -yfp cell at the start of the time
course. B: The outline of the cell shown in A represented as a dashed white line,
and the tracks of the cluster over the time course shown as a solid yellow line. C:
DIC and fluorescent image of a tIpT -yfp AppfA cell at the start of the time course.
D: The outline of the cell shown in A represented as a dashed white line, and the
tracks of the cluster over 10 min shown as a solid yellow line. Scale bars represent
1 ym.

8.2 Mean Square Displacement of Clusters

From the positions of clusters the mean square displacement (MSD) can be calcu-
lated. The equation for the mean squared displacement in one dimension is given
by equation 8.1} which states that the mean square displacement for a given time
window (t) is the mean of the square of the displacement in that dimension in

each possible instance of that time window. For example if the time window was


http://www.nanoimaging.uni-jena.de/View5D/
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10 s, then the squared distance between the position of the cluster at each time

point (xg) and its position 10 s later (x(10)) is measured and averaged.

MSDx(t) = {(x(t) — x0)*)) (8.1)

The mean square displacement in more than one dimension is the sum of the
mean square displacements in each dimension, the mean square displacement

for two dimensions is given by the equation

MSDyy = MSD + MSD, (8.2)

The mean MSD values were calculated for each time window for clusters in tipT
-yfp and tlpT -yfp AppfA cells (113 and 164 clusters respectively). Then a curve,

equation was fitted to both data sets. Both the data and the fitted curves are
shown in fig.

F(x) = ael=t) 4 ¢ (8.3)

If clusters underwent completely free diffusion then the MSD results would be
linear, however for both strains the relationship between time window and MSD
quickly deviates from linearity and begins to plateau. This is not unexpected as
even if the clusters were able to move completely unhindered, they would still
be confined within the cell and therefore, no matter how large the time window
used, the maximum displacement could never be greater than the area of the
cell. The mean square displacement value of this plateau is therefore the maxi-
mum distance the cluster can move in two dimensions, and the square root of this
plateau is termed the radius of confinement. In order to extract the MSD values

of the plateaus of both data sets the equation [8.3| was fitted, with the value of c
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giving the height of the plateau of the mean square displacement data.

o yfp-tipT AppfA
0.09p o yfp-tlpT
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Figure 8.3: Mean squared displacement of clusters in t/pT -yfp (in red) and tipT
-yfp AppfA strains (in blue). Dots represent the mean values for MSD at each time
window, and the solid lines the fitted curve. 113 traces were analysed for for tipT

-yfp , and 164 for tipT -yfp AppfA .

The average confinement radius of the cluster in cells with PpfA is 0.096 um,
whereas that of cells without PpfA is 0.30 ym . These results show that PpfA

restricts the area within which the cytoplasmic cluster is able to move.

8.3 Diffusion coefficient of the Cluster

In order to determine whether this is the sole effect of PpfA on movement of the
clusters, or whether the rate of movement is also affected, the apparent diffusion
coefficients for clusters in cells with and without ppfA were calculated. The re-
lationship between the diffusion coefficient and the mean square displacement
in two dimensions is shown in equation where D is the apparent diffusion

coefficient and t is time.
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MSDy, = 4Dt (8.4)

In order to determine the diffusion coefficient of clusters within their confined
area the linear region of the mean square displacement curve was needed, there-
fore only the initial gradient was used to calculate the diffusion coefficients. Box
plots of the diffusion coefficients for clusters in tlpT -yfp and tlpT -yfp AppfA
cells. The median diffusion coefficient for clusters in tpT -yfp cells is 6.64 x 107>
um? - s~1, and that of clusters in tpT -yfp AppfA cells is 6.91 x 10~* um? - s~ 1.
In order to determine if the difference between the two strains was statistically
different a Wilcoxon rank sum test was applied. This showed that the probability
of these two populations being the same was < 0.001, and therefore the effect of

PpfA on diffusion of the cluster is significant.
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Figure 8.4: Box plot of diffusion coefficients of clusters in tlpT -yfp and tlpT -
yfp AppfA strains. Red lines represent the median values, the blue boxes the
interquartile range, and the ends of the whiskers 1.5 time the interquartile range
beyond the first and third quartiles. Red crosses represent outliers. For tIpT -yfp
n=113, for tlpT -yfp AppfA n=164.
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8.4 Discussion

The results presented in this chapter show that PpfA controls two aspects of the
movement of the cytoplasmic chemosensory cluster. PpfA reduces both the rate
of diffusion of the cluster within in the cell, and the size of the area in which the

cluster can diffuse.

This mirrors results from a study of the plasmid RK2 [41]. It was shown that
the deletion of the type I par locus resulted in increased mobility of the plasmid
within the cells, the par - plasmids diffused rapidly and were able to explore the
entire cell volume. Introduction of the F plasmid partition locus onto the par -
RK2 resulted in restoration of the restriction in mobility. Taken with the results
presented in this chapter it is possible that both positioning and maintaining the

position of their cargo are common features of type I par systems.

This contrasts with results from a type II plasmid segregation system (ParMRC),
in which the deletion of the Par operon from the plasmid results in an decrease
in the rate of diffusion and the radius of confinement [31]. The model presented
for this plasmid segregation system depended upon the dynamic instability of
the ParM polymers, which push plasmids apart from each other towards the cell
poles. Here the ParM filaments, unable to separate the plasmids any further col-
lapse, allowing the plasmids to undergo free diffusion again, once the two plas-
mids are in close enough proximity to each other they will again be segregated
by ParM filaments. This process results in the active and repeated movement of
the plasmids to ensure that on septation they will be spatially separate. Deletion
of the segregation machinery results in plasmids just undergoing free diffusion,
and loss of active movement. It is clear that the cluster, and RK2 and SopAB plas-
mid systems discussed above, are positioned by a mechanism which reduces its
movement, rather than one which relies upon actively moving it and increasing

its mobility.



Chapter 9

Photoactivation Localisation

Microscopy of PpfA

Many models of segregation of protein complexes, chromosomes and plasmids
by ParA ATPases require the ATP dependent switching of mobility states of the
ParA protein. To visualise these sub-populations of molecules single molecule
tracking photoactivation localisation microscopy was used. A photoactivatable
mCherry fusion was used to track the movement of individual PpfA molecules
within living R. sphaeroides cells. Combining this technique with epifluorescence
imaging of TIpT-YFP made it possible to distinguish between those PpfA molecules
interacting with the cluster and those which are not. Therefore the effects of TlpT

on individual PpfA molecules could be measured.

177
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9.1 Creation of ppfA-PAmCherry fusion constuct in

the plasmid pIND4

The PAmCherry was amplified from the pROD-PAmCherry plasmid by PCR us-
ing primers PpfA-PAmCherry-F andPpfA-PAmCherry-R. The PCR product was
purified and digested with BamHI and HindIII restriction enzymes. The plas-
mid pIND-ppfA-cfp was also digested with BamHI and HindIll, which removed
the cfp gene. The remaining plasmid was purified from the cfp gene using gel
electrophoresis. The linearised plasmid lacking cfp was then ligated with the di-
gested PAmCherry PCR product. The ligation product was transformed into XL-1
E. coli cells, which were grown on kanamycin selection plates. Purified pIND-
ppfA-PAmCherry plasmid from individual clones was then sequenced to confirm

correct insertion of the PAmCherry gene and absence of PCR errors.

The plasmid was then transformed into the E. coli strain S17-A pir so that it could
be conjugated into the R. sphaeroides strains tIpT -yfp (JPA1558), and AtlpT yfp-
cheWy (JPA1519).

9.2 Tracking of PpfA-PAmCherry Molecules in Live

Cells

Cells containing the plasmid pIND-ppfA-PAmCherry were subcultured into succi-
nate media containing 25 uM IPTG and grown to an ODyqgy,, of 0.4. The cells
were then immobilised on 1% agarose in succinate media. TlpT-YFP and YFP-
CheW, signals were captured using the 473 nm laser. Single molecules of PpfA-
PAmCherry were imaged using simultaneous illumination from 405 nm and 561

nm lasers, for activation and excitation respectively, and imaged using an expo-
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sure time of 15 ms for 10000 frames. In order to ensure accuracy of localisation
the 405 nm laser illumination was adjusted such that only single molecules of

PAmCherry were activated within individual cells at any point in time.

A custom built MATLAB software package, created by [189], was used to fit point
spread functions (PSFs) in each frame so that the centre of each PSF could be de-
termined. The same software package was then used to analyse all the localisa-

tions in each image set in order to generate tracks of PpfA-PAmCherry molecules.

9.3 The Absence of TlpT Results In Changes In the

Diffusion Characteristics of PpfA Molecules

By imaging single PpfA-PAmCherry molecules and generating tracks of their po-
sitions over time the behaviour of PpfA in cells with and without TlpT can be
compared. Images of PpfA-PAmCherry in TlpT-YFP and AtlpT YFP-CheW;, cells
were acquired across multiple days, and the tracks from each strain were pooled
so that mean square displacement values could be calculated. MSD curves for
PpfA-PAmCherry in TlpT-YFP, and AtlpT YFP-CheWj, cells are shown in fig.
These curves show that the presence of TlpT has an effect on the movement of
PpfA molecules, the most striking difference being the MSD values at which they
plateau. The values of these plateaux were determined by fitting equation (9.1]to
the curves, in this equation a, b, and c are constants, with c being the y axis value

of the plateau.

f(x) = ael=0%) 1 ¢ (9.1)

The curve fitting gave values for the plateaus of 0.096 um?and 0.173 um?*for PpfA-
PAmCherry in TIpT-YFP, and AtlpT YFP-CheW, cells respectively. From these
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values the mean radii of confinement were calculated, and are 0.31 um for TlpT-

YFP cells, and 0.42 pm for AtlpT YFP-CheWj, cells.
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Figure 9.1: Mean square displacement (MSD) of PAmCherry-PpfA molecules.
The MSD of PAmCherry-PpfA molecule in TlpT-YFP cells are shown in blue
(n=38937), and those in AtlpT yfp-cheW, are shown in red (n=16687).

The apparent diffusion coefficient (D,pp) of single PpfA-PAmCherry molecules
was determined by applying the MSD and time window values in the linear re-
gion of the MSD curve to equation For the comparison and analysis of D,y
values only tracks of 4 or more steps were analysed, as the error of localisation
results in Dy, values for tracks with fewer than 4 steps being highly variable and

unsuitable for comparison.

MSDyy = 4Dgppt 9.2)
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The spread of apparent diffusion coefficients for each strain is shown in fig.
These results show that in the absence of TlpT D,, values for PpfA-PAmCherry
are shifted upward, with the median, lower and upper quartiles all increasing in
the absence of TlpT. This difference in distribution of PpfA-PAmCherry D,y val-
ues was shown to be statistically significant through the application of a Wilcoxon
rank sum test, which gave the probability of the two distributions being from the

same population as < 0.001.

Previous analysis of FRAP data from PpfA and various PpfA mutants expressed
both in E. coli and R. sphaeroides suggested different possible states of PpfA mo-
bility [152]. Expression of PpfA-CFP in E. coli resulted in co-localisation with
the nucleoid and a t,/, of recovery of 16 &+ 2 s, whereas mutants in both Walker
box and putative DNA binding regions resulted in loss of co-localisation with the
nucleoid and t./, values of < 1s. These results represent diffusion on the chromo-
some, and free diffusion within the cytoplasm. An ATP locked mutant showed
the slowest recovery suggesting that ATP hydrolysis increases the rate of PpfA

disassociation from the nucleoid.

Based on this tracks were binned into three categories based on their Dgpp values,
one to represent free diffusion in the cytoplasm, one for diffusion on the nucleoid
surface, and one for further restricted diffusion. Analysis of the mobility of pro-
teins within the cytoplasm of E. coli showed that there is a dependency of Dgpp on
the molecular weight of the protein [98]. Diffusion coefficients were determined
for a number of proteins in that study, the one with the closest molecular weight
to PpfA-PAmCherry (52.8 kDa) was Crr-YFP (45 kDa). The value of Dy, for Crr-
YFP determined was 2 + 0.05 ym? - s~1. The Dgy, of a fluorescent fusion to a
ParA homologue (SopA-GFP) on an in vitro DNA carpet was determined to be
0.85 + 0.14 ymZ - s~1[195]. Based on the above results two threshold Dgpp values

were used, 0.4 and 1.4 um? - s—1. Molecules with a D,pp > 1.4 um? - s~ display
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Figure 9.2: Box plot of diffusion coefficients of PpfA-PAmCherry, in TlpT-YFP
cells (left) and in AtlpT YFP-CheW, cells (right).Red lines represent the median
values, the blue boxes the interquartile range, and the ends of the whiskers 1.5
time the interquartile range beyond the first and third quartiles. Red crosses rep-
resent outliers. For TIpT-YFP cells 12805 tracks were analysed, and 8268 for AtlpT
YFP-CheW, cells.
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behaviour consistent with a freely diffusing protein of PpfA-PAmCherry’s size.
Dgypp values below 1.4 um? - s~Isuggest restrained diffusion, such as the diffusion
of SopA-GFP on DNA where the rate of diffusion is limited by the protein’s inter-
action with DNA. Values below 0.4 um? - s~ !suggest an even greater restraint on

free diffusion, such as tighter binding to DNA or interactions with a third party.

The proportion of tracks which fall between or either side of these two threshold

values are shown in fig. 9.3/and summarised in table

Strain
Dapp (um?-s=!)  TIpT-YFP AtlpT YFP-CheW,
Dgpp < 0.4 48% 34%
0.4 < Dgpp < 1.4 42% 43%
Dy > 1.4 10% 23%

Table 9.1: Distributions of diffusion coefficients of PpfA-PAmCherry molecules
in TIpT-YFP and AtlpT YFP-CheW;, cells.

These results show that in TIpT-YFP cells the majority (90%) of PpfA-PAmCherry
molecules have D, values below 1.4 ym? - s~1. However in cells lacking TlpT
this value is reduced to 77%. The percentage of tracks with Dy, values between
0.4 and 1.4 um? - s”lremains consistent between the two strains (42% and 43%
for cells with and without TlpT respectively). The proportion of PpfA molecules
with D,pp values below 0.4 pim? - s~ shifts from 47% to 34% in the absence of TIpT.
Together these results suggest that TlpT is able to stabilise the slowest diffusing
form of PpfA, whilst having no effect on the PpfA molecules proposed to be dif-
fusing on the nucleoid, and decreasing the numbers of PpfA molecules diffusing

freely in the cytoplasm.
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Figure 9.3: Histograms of diffusion coefficients of PpfA-PAmCherry. A: His-
togram of diffusion coefficients of PpfA-PAmCherry in TlpT-YFP cells. 12805
tracks were analysed. B: Histogram of diffusion coefficients of PpfA-PAmCherry
in AtlpT YFP-CheW, cells. 8268 tracks were analysed. C: An overlay of the two
histograms for comparison. Diffusion coefficients of PpfA-PAmCherry in TlpT-
YFP cells are shown in red, and those in AtlpT YFP-CheW, cells are shown in
blue.
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9.4 Slower PpfA Molecules Co-localise with TlpT

As seen above the presence of TlpT increases the proportion of PpfA-PAmCherry
molecules with slow ( < 0.4 um? - s~1) diffusion coefficients. In order to investi-
gate the spatial distribution of PpfA-PAmCherry molecules with different Dy,
values, and to compare this distribution with the position of the cytoplasmic
chemosensory cluster, tracks were displayed over both brightfield and TlpT-YFP
fluorescent images of cells. The tracks were coloured based on their D;),, with
the same bins and colours used as in fig. Fig. shows images and tracks
from representative TIpT-YFP and AtlpT YFP-CheWy cells. These results show
that slow moving PpfA-PAmCherry molecules co-localise with the cytoplasmic
cluster, although not exclusively as slow moving molecules are both seen away
from the cluster and in AtlpT cells. This suggests that TlpT stabilises the slow

moving sub-population of PpfA.



Figure 9.4: Tracking of PpfA molecules in cells with (A-D) and without (E-H) TlpT. A: Tracks of PpfA-PAmCherry shown over
the transmitted light image of a tlpT -yfp cell. B: Fluorescent TlpT-YFP of the cell shown in A. C: Tracks of PpfA-PAmCherry
shown over the transmitted TlpT-YFP image. D: Slow tracks of PpfA-PAmCherry shown over the transmitted TlpT-YFP image.
E: Tracks of PpfA-PAmCherry shown over the transmitted light image of a yfp-cheWy AtlpT cell. F: Fluorescent YFP-CheW, of
the cell shown in E. G: Tracks of PpfA-PAmCherry shown over the transmitted YFP-CheW, image. H: Slow tracks of PpfA-
PAmCherry shown over the transmitted YFP-CheW, image. Red tracks are those with diffusion coefficients less than 0.4 um? -

s~1, those in blue between 0.4 and 1.4 um? - s~!, and those in green greater than 1.4 um? - s~ 1.

981
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9.5 Discussion

Results presented in this chapter provide insights into the dynamic behaviour of
individual PpfA molecules. They show that PpfA has a range of diffusive states,
and that the proportion of molecules in these states is altered by the presence of
TIpT. The slower diffusing molecules have a tendency to co-localise with the cy-
toplasmic chemosensory cluster, indicating that the PpfA foci seen in epifluores-
cence images are not just due to a higher local concentration of PpfA but also due
to decreased mobility of the PpfA molecules in the foci. The formation of ParA
foci which co-localise with their cargo is also seen for the P1 plasmid ParA [72],
suggesting two states of DNA bound ParA, one spread over the nucleoid and
the other co-localised with the plasmid. The presence of multiple DNA bound
states of PpfA as well as a freely diffusing cytoplasmic state is supported by both
these results and those from previous FRAP experiments performed on PpfA and
various PpfA mutants from [152], which are summarised in table Whilst the
FRAP results provide information about the mobility of a population of PpfA
molecules, rather than individual ones, the use of mutants to trap PpfA in var-
ious states results in information about the mobility of PpfA molecules in these
different states. Mutants defective in dimerisation, ATP binding and DNA bind-
ing all displayed rapid exchange and loss of co-localisation with the nucleoid,
both in E. coli and R. sphaeroides , indicating the existence of a rapidly diffusing
state of PpfA in the cytoplasm. The recovery rate of PpfA expressed in E. coli
and in a R. sphaeroides strain with the N-terminus of TIpT deleted, which in both
cases co-localises with the nucleoid, suggests a state dependent of DNA binding,
dimerisation and ATP binding, but independent of TlpT in which PpfA diffuses
across the surface of the nucleoid. In order to confirm the differing mobilities
of PpfA molecules in these different states the PALM experiments should be re-

peated with the mutants tested in [152].
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t1/, (s) of PpfA-CFP expressed in...

Mutant Description E. coli R. sphaeroides
10 £ 2 (foci)
WIT 1642 8 £+ 1 (diffuse)
G10V Inhibition of dimerisation <1 <1
K14A Inhibition of ATP binding <1 <1
D39A ATP locked 19+3 22+3
R167E, K196E Distribution of DNA binding <1 <1
WT in tipT AN background 16 £1

Table 9.2: Summary of PpfA FRAP data from [152]

By bleaching both PpfA in regions corresponding to the position of the cluster
and positions away from the cluster it was shown that PpfA molecules which
co-localise with the cluster turnover slower than those distal from it. This is mir-
rored in the results presented here which show that TlpT and the cluster stabilise
the slow moving PpfA molecules. When the N-terminus of TlpT is deleted PpfA
turnover slower in the FRAP experiments, however in the data presented here a
full-length deletion of tlpT resulted in PpfA molecules with faster diffusion co-
efficients. The basis for this difference is uncertain; FRAP experiments on a full
length tIpT strain and single molecule PALM tracking on the t/pT AN would re-
veal whether the difference is in PpfA mobility or a result of the experimental

technique used.

Recent studies performing FRAP on ParA proteins on DNA carpets have shown
that related plasmid segregation ParA proteins display different shifts in dynamic
behaviour when their cognate ParB protein is present. The P1 plasmid ParA ex-
changes slower on in vitro DNA carpets when ParB is also present [87], suggest-
ing that ParB may be able to temporarily stabilise the ParA-ATP interaction with
DNA before inducing ATP hydrolysis. However the F plasmid ParA (SopA) ex-
changes faster on a DNA carpet in the presence of SopB [195], clearly contrasting
the results for P1 ParA, suggesting that SopB both increases the rate of SopA dis-

sociation from the nucleoid and inhibits its re-association with it. This highlights
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the variation in type I plasmid partition systems, present even in systems pro-
posed to use the same underlying mechanisms. The co-localisation of the cluster
and slowly diffusing PpfA molecules could be explained by TlpT possessing a
similar ability to that of P1 ParB, stabilising the interaction between PpfA and the

nucleoid.

The use of single molecule PALM tracking in live cells reveals the clear diversity

of mobilities of PpfA.



Chapter 10

Expression of tlpT and ppfA in E. coli

It has been previously shown that when expressed in E. coli PpfA co-localises
with the nucleoid [152]. In order to investigate the interaction between TlpT and
PpfA inducible plasmids containing fluorescent fusions to both genes were trans-
formed into a WT E. coli strain (RP437). Both constructs were expressed, both

together and individually, to investigate their localisation patterns.

10.1 Co-expression of TlpT-YFP and PpfA-CFP

Plasmids containing t/pT-yfp (pBAD33-tlpT-yfp) and ppfA-cfp (pIND-ppfA-cfp) were
transformed into E. coli (strain RP437). Cells were grown overnight at 30°C , then
subcultured and expression induced with 200 ym IPTG and 0.2 % W/V arabi-

nose.

Example cells are shown in fig. As expected from previously published
results (in which it co-localises with DAPI stained nucleoid [152]) PpfA-CFP pro-
duces a distribution of a nucleoid bound protein. Interestingly a very similar
distribution is seen for TlpT-YFP, which clearly is localised to the nucleoid and

absent from inter-nucleoid spaces. Unexpectedly TIpT-YFP is also able to form
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foci in many cells (fig. lower middle panel). The positioning of these foci on
the nucleoid suggests that they are not simply the result of misfolding and aggre-
gation as misfolded aggregates localise to the cell poles and internucleoid spaces

[208], the exact opposite distribution to that seen for TlpT-YFP.

Merge TIpT-YFP PpfA-CFP

Figure 10.1: Images of TlpT-YFP and PpfA-CFP co-expressed in E. coli . Left
panel shows a merge of the DIC image (in red), TlpT-YFP image (in green) and
the PpfA-CFP image (in blue). Middle panel shows TIpT-YFP images, and the
right panel show the PpfA-CFP images. Scale bars are 1 ym .

To confirm this pattern of TIpT-YFP and PpfA-CFP distribution, cells were treated
with cephalexin (as described in resulting in filamentous cells with clearly
distinct nucleoids. Images of E. coli cells expressing TIpT-YFP and PpfA-CFP
which have been treated with cephalexin are show in fig. As with non-
tilamentous cells PpfA-CFP can be seen binding the nucleoid, and TlpT-YFP co-
localising with it, forming foci and absent from the internucleoid spaces. The
absence of TIpT-YFP from the internucleoid spaces indicates that it is not diffus-

ing freely in the cytoplasm.
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Merge TIpT-YFP PpfA-CFP

Figure 10.2: Images of TIpT-YFP and PpfA-CFP co-expressed in cephalexin
treated E. coli . Left panel shows a merge of the DIC image (in red), TlpT-YFP
image (in green) and the PpfA-CFP image (in blue). Middle panel shows TlpT-
YFP images, and the right panel show the PpfA-CFP images. Scale bars are 1 ym
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10.2 Expression of TlpT-YFP

To test whether the localisation of TIpT-YFP to the nucleoid was due to the pres-
ence of PpfA, pBAD33-tlpT-yfp alone was transformed into E. coli , and grown and
expressed as above (omitting IPTG). Surprisingly the localisation of TIpT-YFP in
E. coli is very similar in both the presence and absence of PpfA. Images of cells
expressing just TIpT-YFP are shown in fig. These show that TIpT-YFP still
appears to co-localise with the nucleoid.

Merge TIpT-YFP

N
-

Figure 10.3: Images of TlpT-YFP expressed in E. coli . Left panel shows a merge
of the DIC image (in red), and the TlpT-YFP image (in green), right panel shows
TIpT-YFP images. Scale bars are 1 ym .

As previously this pattern was confirmed by cephalexin treatment of the cells (see
fig,

The co-localisation of TIpT-YFP with the E. coli nucleoid was confirmed by DAPI
staining the cells, as seen in fig. (David Zollman, unpublished data). These

results clearly show that the TlpT-YFP foci are positioned in the nucleoid.
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Merge

TpTYFPI . I

Figure 10.4: Images of TlpT-YFP expressed in cephalexin treated E. coli . Left
panel shows a merge of the DIC image (in red), and the TIpT-YFP image (in
green), right panel shows TIpT-YFP images. Scale bars are 1 pym .
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Merge TIpT-YFP DAPI

Figure 10.5: Images of TlpT-YFP expressed in E. coli cells stained with DAPIL
Left panel shows a merge of the DIC image (in red), and the TlpT-YFP image
(in green), middle panel shows TlpT-YFP images, and right panel DAPI images.
Scale bars are 1 pum . Courtesy of David Zollman
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10.3 Discussion

The results presented in this chapter, while very preliminary, suggest that TlpT-
YFP may be able to bind the nucleoid. This result was unexpected and warrants
further investigation to confirm whether this interaction is real or just an arte-
fact of expressing TlpT in E. coli . The E. coli chromosome is not dependent on
a parABS loci for segregation, however there are several loci present, therefore

interaction with a host ParA can not be ruled out.

It was also interesting to see TIpT-YFP form foci in E. coli despite the absence of
of any R. sphaeroides cytoplasmic cluster proteins. Further work has to be done
to determine if TlpT is interacting with any of the E. coli chemotaxis proteins to
form these foci, or if these foci are solely TlpT, or indeed if they are artefactual.
Variation in expression levels of both t/pT and ppfA should be used to determine
any potential dependency of focus formation. The nucleoid in R. sphaeroides fills
the whole cell therefore it is not possible to determine whether TlpT is able to

bind DNA in R. sphaeroides through epifluorescence microscopy



Chapter 11

Discussion

11.1 Comparison of the cytoplasmic chemosensory clus-
ter with membrane associated chemoreceptor ar-

rays

Compared to membrane bound chemoreceptor clusters very little is known about
the cytoplasmic chemoreceptor cluster of R. sphaeroides . The architecture, for-
mation, dynamics, positioning, partitioning have all been investigated for mem-
brane bound chemosensory clusters, however there is very little information re-
garding these aspects of the cytoplasmic chemosensory cluster of R. sphaeroides or

indeed any bacterial cytoplasmic chemosensory cluster.

A great deal is known about the polar membrane bound chemosensory cluster
of E. coli , which is used as the primary paradigm for bacterial chemoreceptor
arrays. A study investigated the dynamics of chemoreceptor arrays used fluo-
rescent fusions to chemosensory proteins in the polar cluster and FRAP to deter-
mine the levels of turn-over of proteins within the E. coli polar cluster. The results

from this study show that the transmembrane chemoreceptors are the most stable
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component of the array [164], given that they can only diffuse in two dimensions
through lipids this is not unexpected. CheW and CheA were also stable, although
less stable than the receptor, and proteins such as CheB and CheR were less sta-
ble again. Therefore the core the array is made up of transmembrane receptors
whose inherently reduced mobility is further reduced through interactions with
CheA and CheW. Given that these results present the membrane as a key scaf-
fold around which the array is built and maintained, they raised a number of

questions regarding how the cytoplasmic cluster is organised and held together.

FRAP experiments were performed on cytoplasmic chemosenory proteins in or-
der to determine the turn-over of proteins within this array and compare them to
membrane bound cluster of E. coli . The results presented in Chapter [7] showed
that the the receptors, CheA proteins and CheW protein of the cytoplasmic clus-
ter of R. sphaeroides all have low levels of turn-over, suggesting that like the array
of E. coli the cytoplasmic array is relatively stable structure with limited turn-
over. There were however some key differences in exchange rates. The turn-over
of TlpT proteins might be slow, but it is much faster than that seen for Tar (the
transmembrane chemoreceptor tested by Schulmeister et al.). The turn-over rates
of CheAj and CheA, are similar to that of E. coli CheA, as is that of CheW, com-
pared to E. coli CheW. However for all three of these proteins the fraction of pro-
teins which are able to undergo exchange is considerably less than their E. coli

homologues, which both have mobile fractions of 100%.

The difference in receptor turnover can be explained by the lack of membrane
to restrict TIpT movement, although another chemoreceptor, TlpC, displayed no
turn-over at all. The reduced mobile fraction for the CheA and CheW proteins
compared to E. coli may be due to the need for the array components to be highly

stable in order to compensate to the increased mobility of some receptors.

After clusters split the two resultant cluster are often not of equal size (as shown
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in Chapter [6). It was hypothesised that in these cells with two clusters of un-
equal size exchange of protein between them could result in equilibration of sizes
before cell division. However the rate of exchange exhibited by all the proteins
investigated here is too slow to drive such equilibration on the time scale of cell
division, therefore suggesting that growth of the new cluster is due to incorpora-
tion of newly expressed protein. How this newly expressed protein is divided by
the old (larger) and new (smaller) clusters has yet to be investigated, and would
reveal interesting details regarding whether clusters grow equally, in proportion

to their size, or if new protein is specifically directed to the smaller cluster.

A system in which tlpT was expressed in cells lacking the genomic copy of tipT
was used to follow the de novo formation of clusters, and is described in Chapter
These results show that the cluster is able to self-assemble once all the required
proteins are present. The number of clusters formed increases with cell length
in both normal and cephalexin treated cells which suggests two possible mecha-
nisms for this formation: targeted formation at a cellular ‘landmark’, or stochastic
self-assembly. The results presented favour a stochastic self-assembly model of
formation similar to that proposed for the membrane bound chemoreceptor array
of E. coli [184] 166, 202]. This is based on a number of observations, firstly despite
the apparent regular spacing of clusters within cells, this spacing is not consistent
between cells of the same length. PpfA does not act as a landmark for cluster
formation, as cephalexin treated cells also form multiple clusters with apparent
regular spacing, PpfA only forms a focus when TlpT is formed into a cluster, and
PpfA binds DNA non-specifically. Therefore a stochastic self-assembly model
for the formation of the cytoplasmic cluster is proposed, in which the formation
of clusters is dependent on the diffusion of TlpT molecules and the cytoplasmic
volume of the cell. In small cells which have formed a single cluster any newly
expressed TlpT molecules will encounter the existing cluster before they are able

to stochastically nucleate a new cluster, larger cells allow additional nucleation
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events to occur.

Whilst PpfA does not act as a landmark results suggest that it does bias the
stochastic self-assembly. Cells with PpfA were able to form a greater number
of clusters at a given cell length, and less TlpT was needed to form clusters com-
pared to AppfA cells. Together these data suggest that PpfA stabilises the forma-
tion of new clusters, reducing the threshold of cell size and TlpT concentration

for cluster nucleation.

Our understanding of how the cluster is positioned and segregated is somewhat
limited by the lack of knowledge regarding its architecture. A greater under-
standing of this would allow greater speculation on the nature of the nucleoid-

PpfA-TlpT interface.

Figure 11.1: Electron cyro-tomograph of R. sphaeroides showing the cytoplasmic
chemosensory cluster. Red arrows indicate cytoplasmic clusters. Image courtesy
of Ariane Briegel (California Institute of Technology).

Recent results from a collaboration with Ariane Briegel and Grant Jensen (Califor-
nia Institute of Technology) have provided the first details on the structure of the
cytoplasmic chemoreceptor array. Structures seen in electron cryo-tomographs
were proposed to be the cluster, but results were ambiguous. Strains in which the
chemotaxis proteins are overexpressed produce a greater number of cluster than

WT and electron cryo-tomographs of these strains confirmed an increase in the
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structures proposed to be the cluster. The final confirmation that these were in-
deed the cytoplasmic cluster was through immunogold staining with a anti-GFP

antibody and a TlpC-GFP strain.

The structures confirmed to be the cytoplasmic chemosensory array are shown in
tig. The distance between the inner membrane and the CheA /CheW base
plate of the R. sphaeroides polar cluster is 21nm [26]], the corresponding distance
for the cytoplasmic cluster has been measured at 21.5nm (Ariane Brigel, personal
communication). Top down views of the array were captured and used to in-
vestigate the packing of the chemoreceptors, an example is shown in fig. A.
Power spectra from these images were used to determine the symmetry of pack-
ing (shown in fig. [11.2]B), and showed that like the R. sphaeroides polar cluster and
indeed all bacterial chemoreceptor arrays trimers of dimers of the chemorecep-
tors are packed into a hexagonal array (Ariane Brigel, personal communication).
The spacing of this array is 12nm, the same as that for the R. sphaeroides polar

cluster and all membrane bound clusters investigated by Briegel et al.

These results suggest that the chemoreceptors pack in the same manner as other
transmembrane chemoreceptors, however questions remain as to how these struc-

tures interface with PpfA and the nucleoid.
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Figure 11.2: Hexagonal packing of the R. sphaeroides cytoplasmic chemosensory
cluster. A: A top down view of the cytoplasmic chemoreceptor array. B: Power
spectrum of the array in A showing the packing arrangement. C: Power spectrum
of the polar chemoreceptor cluster from the same cell, showing identical packing
pattern. Images courtesy of Ariane Briegel.
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11.2 The role of PpfA in cluster segregation

Time-lapse microscopy was used to follow both PpfA and TlpT localisation dur-
ing the cell cycle. These results (presented in Chapter [p) were then used to com-
pare the segregation of the cytoplasmic cluster with that of both protein and plas-
mid complexes by ParA ATPase. The results showed that the PpfA focus which
coincides with the cytoplasmic cluster in single snap-shot images remains with
the cluster throughout the cell cycle. No oscillations of PpfA localisation were
observed, which rules out the oscillatory self-organisation model proposed for
the F plasmid [73]. The results also rule out a model proposed for the P1 plasmid
in which the ParA is spread over the nucleoid with brighter foci which coincide
with the plasmids [72], as while the co-localisation of the cluster and the PpfA
focus is reminiscent of this pattern there are several clear differences. The P1
ParA focus sporadically disassembles and assembles producing a blinking effect,
plasmid segregation is produced by a single P1 ParA focus disassembling and re-
assembling into two foci to which the plasmids then move. No blinking of PpfA
foci was observed, nor did the PpfA foci split before the cluster, both the cluster

and the PpfA foci split and segregated simultaneously.

In systems where plasmids are positioned through rapid and dynamic relocalisa-
tion by a Par system the majority of the movement of the plasmid is due to the Par
system. Thus in the absence of the Par system the plasmid’s movement should be
solely due to Brownian motion and therefore have reduced mobility compared to
when in the presence of the Par system. Such an effect has been demonstrated
for the type II plasmid partitioning system, a plasmid is less mobile when the par
locus has been deleted [31]. However for type I plasmid partition systems it has
been shown the the partition system significantly reduceds the mobility of the

plasid [41].

When ppfA is deleted the cytoplasmic cluster dramatically increases in mobility
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(as seen in the results presented in Chapter [§), showing that PpfA restrains the
mobility of the cytoplasmic cluster. The results showed that PpfA both reduced
the apparent diffusion coefficient of the cluster and reduced its radius of confine-
ment, suggesting that PpfA not only reduces the speed at which the cluster can
move but also contains its movement to a small subcellular region. This suggests
that both plamids ParAs and PpfA both restrain as well as position their cargo
indicating that they mechanism for partitioning is not dependent on rapid repo-

sitioning as is the case for type II par systems.

Previous results had shown that PpfA non-specifically binds DNA in an ATP
dependent and TlpT independent manner [152]. What then causes the forma-
tion of PpfA foci? It could be due to an increased concentration of PpfA due to
the nucleoid and TlpT providing an increased capacity for the binding of PpfA
molecules, or the increased concentration could be due to decreased mobility of
PpfA molecules in the focus. In order to address this question single molecule
tracking PALM was used. The results shown in Chapter 9| show that the slower
PpfA molecules tended to co-localise with the cytoplasmic cluster, and that cells
without ppfA had a higher median apparent diffusion coefficient. These results

suggest that TlpT may stabilise PpfA’s interaction with the nucleoid.

A collaboration with Molly Allen and Suckjun Joon (University of California, San
Diego) was initiated to investigate the interactions between the nucleoid, PpfA
and TlpT. Cells were trapped in microfluidic channels and then gently lysed (as
described in [130]) and the nucleoid, PpfA and TIpT were followed during this
process. The results showed that PpfA remained with the chromosomes as they
escaped the cell during lysis, occasionally the cytoplasmic cluster also remained
with PpfA and the DNA. However in the majority of cases the cluster is retained
within the shell of the cell. These results show that whilst the cluster can interact

with PpfA and the nucleoid, outside the cell the interaction is relatively weak as
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in most cases the chromosomes rapidly escaping the cell cause the cluster to be

stripped off.

11.3 Relationship between segregation of the cytoplas-

mic cluster and the chromosomes of R. sphaeroides

Recent work determining the timings of the replication and segregation of origin
and termini of the chromosomes of R. sphaeroides has revealed details about the

relationship between chromosome and cluster replication and segregation.
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Figure 11.3: Chromosome and cytoplasmic cluster segregation in R. sphaeroides
. Arrow indicates progression through the cell cycle. Vertical displacement of
positions is for clarity and does not represent actual differences in positioning.
ChlI - chromosome I, ChlI - chromosome II.

These results show that the origin of chromosome I (0riCI) relpicates and segre-
gates first, shortly followed by the origin of chromosome II (oriCII). Following
this the cytoplasmic cluster segregates, and finally the termini of both chromo-
somes replicate and segregate (Nelly Dubarry, unpublished data). These results

are sumarised in fig. It is clear that chromosome replication occurs before
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cluster segregation; 95% of cells with two clusters also have two oriCI. It is cur-
rently unclear what influence the replication and segregation of the chromosomes
has on cluster segregation. It is possible that the segregating chromosomes pull
the cluster apart as they move in opposite directions, it may play a more passive
role with a larger nucleoid surface allowing PpfA to segregate the cluster, or the

two may be unrelated and the timings coincidental.

11.4 Possible models for segregation of the cytoplas-

mic cluster and future work

No current models of segregation of chromosomes, plasmids or protein com-
plexes adequately describe the results observed for the segregation of the cyto-
plasmic chemosensory cluster of R. sphaeroides . However the ATP dependent
interaction of PpfA with the nucleoid suggest that like many ParA systems the
nucleoid is used as a surface on which ParA proteins can generate localisation

patterns.

There are possible preliminary models which require further work. One model
is that PpfA is able to form filaments which nucleate from the cluster and push
against both the other cluster and the cell membranes. In this model TIpT would
have to promote the formation of PpfA filaments, which would nucleate around
it thus explaining the less mobile focus of PpfA at the cluster. Investigations into
the possible in vivo presence of PpfA filaments, and the effect of TlpT on these

filaments are needed to test this model.

It is also possible that rather than acting as a conventional ParB and activating
ATPase activity TIpT may act to stabilise the dimeric ATP bound form of PpfA.
There is precedent for such a role in the chromosomal ParB of C. crescentus which

activates the ATPase activity of ParA but promotes ATP binding and dimerisa-
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tion of MipZ (a ParA/MinD homologue). This would explain the local increase
in stable PpfA molecules at the cluster but does not suggest a mechanism for

segregation.

The force of the segregating chromosomes is also a possible driver of cluster split-
ting and segregation. However this does not explain the slow segregation and
often seen movement of clusters towards and away from each other before fi-
nal segregation. Origin replication occurring soon after cell division and termini
replication happens just prior, therefore chromosome replication and segregation
is happening during most of the cell cycle. Thus care must be taken to differenti-

ate between causation and correlation.

Results suggesting that TlpT may also bind DNA were unexpected and require
further work. If verified consideration must be taken as to what role this may

play in cluster segregation.

Taken together these data suggest that a ParA/MinD ATPases have evolved to
use a range of mechanisms to control the correct positioning of macromolecules
during cell development and division. The PpfA dependent segregation of the
cytoplasmic chemosensory cluster of R. sphaeroides uses a novel mechanism and
understanding the mechanism in more detail has implications for the organisa-

tion of protein complexes in other systems.



Chapter 12

Appendices

A Media and Reagents

Luria broth

Ingredient  Quantity per litre
Yeast extract 5g
Tryptone 10g
NaCl 5g

Made up to 1 litre with MilliQ water. Adjusted to pH 7.0. Autoclave.

Succinate media

Ingredient Quantity per litre
1M Phosphate buffer pH 7.0 20 ml
Concentrated base (see below) 20 ml
Growth factors (see below) 2ml
(NH4)2 804 0.5 g
NaCl 05¢g
Sodium succinate 2g
Casamino acids lg

Made up to 1 litre with MilliQ water, pH adjust to 7.2 with KOH, autoclave.
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1M Phosphate buffer pH 7.0

Ingredient  Quantity per litre
K,HPO4 1M 17418 g
KH,PO4 IM 136.09 g

Adjust to ph 7.0 with KOH, autoclave and store at 4°C .

Concentrated base

Ingredient Quantity per litre
Nitrilotiracetic acid (diNa salt) 594 ¢
Metals 44 solution 25ml
MgSO4 7H20 14.5 g
CaC12 2H20 1.67 g
FeSO4 7H,0O 50 mg

Ammonium molybdate 4H,O 4.6 mg or 0.2 ml of 23 mg/ml

Dissolve diNa first and pH with KOH to pH 5.0, it won't dissolve until very near
pH 5. This allows FeSO; to dissolve. Don’t worry if you over pH it, adding the
other ingredients with bring the pH back down. Add all the other ingredients.

pH to 6.8 with KOH. Autoclave and store a 4°C .

Metals 44 solution

Ingredient Quantity per litre

Tetrasodium versenate (EDTA) 25¢g
ZnSO4 7H,0 11¢g
FeSO4 7H20 5 g

3M sulphuric acid 1.5ml
MnSO, 4H,0 3g

CuSO4 5H,O 039¢g

H3BO3 0.12 g

COCIZ 6H20 0.2 g

Filter sterilise and store at 4°C .

Growth factor

Ingredient ~ Quantity per litre

Biotin 20 mg

NaHCO3 500 mg
Niacin lg

Thiamine HCL 500 mg

Autoclave and store at 4°C .
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M22
Ingredient Quantity
1 M phosphate buffer 20 ml
Conc. base 20 ml
Growth factor 2ml
(NH4)2 SO4 0.5 g
NaCl 05g

Made up to 1 litre with MilliQ water, pH adjust to 7.2 with KOH, autoclave.

10 x M9

Ingredients  Quantity
NaHPO4 2H20 75.2 g

KH2PO4 30 g
NaCl 5g
NH,Cl 10g

Made up to 1 litre with MilliQ water.

SOC media
Ingredient  Concentration
Glucose 20 mM
MgCl 10 mM
MgSOy 10 mM
NaCl 10 mM
Tryptone 20g/1
Yeast extract 5g/l
5 x DNA loading dye
Ingredient Quantity (W/v)
Glycerol 70%
Bromophenol blue 0.25%
Xylene cyanol 0.25&

MilliQ water 29.5&
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10 x TBE

Ingredient  Quantity
Tris base 108 g
Boric acid 55¢g
EDTApH80 74¢g

Made up to 1 litre with MilliQ water. pH adjusted to pH 8.3.

TFB 1
Ingredient Concentration
Potassiun acetate 30 mM
RbCl, 100 mM
CaClz ZHzo 10mM
MnClz 4H20 50 mM
Glycerol 15% (v/v)

Adjust pH to 5.8 with 0.2 M acetic acid. Filter sterilise.

TFB 11

Ingredient Concentration
PIPES 10 mM
CaClz ZHzo 75mM
RbCl, 10 mM
Glycerol 15 % (v/Vv)

Adjust pH to 6.8 with HCL. Filter sterilise.

Lysis buffer

Ingredient Quantity
Tris-HCl pH. 8.0 10 mM
EDTA 1mM
SDS 1%

Dissolved in MilliQQ water.

Primers



Name Sequence (5" - 3) Feature
TlpT-F CGTCATGACACGCCGCCCCAAGACG bspHI site
TIpT-R CTAAGCTTCAGAAGTCGCCGAAGCC hindlIl site

PpfATlpT-del-UF
PpfATlpT-del-UR
PpfATlpT-del-DF
PpfATlpT-del-DR

CTCTCTAGAGAAGACCTGACCCGCACCGC
CGGCCGGCCGCGTCTCACATCGCCCGCAAGGCTC
GCCTTGCGGGCGATGTGAGACGCGGCCGGC
CTCAAGCTTGAGCCCGAGACGGCGACCGAGG

xbal site

Overlap with downstream region
Overlap with upstream region
hindlII site

PpfATlpT-del-screen-F
PpfATlpT-del-screen-R

CATGCCGCTTGCAGCACGC
CCATCTCGTCGAATGCGTC

PpfA-PAmCherry-F
PpfA-PAmCherry-R

CGAGGATCCAGATCTCGTGAGCAAGGGCGAGGAGGATAAC
TCGAAGCTTTTACTTGTACAGCTCGTCCATGCC

bamHI site
hindIII site

clc
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