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”Life is not easy for any of us. But what of that?
We must have perseverance and, above all,

confidence in ourselves.
We must believe that we are gifted for something

and that this thing must be attained.”

1937, Marie Curie



Abstract
Single-Molecule Imaging of Electroporated

Chemotaxis Proteins in Live Bacteria
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Submitted for the degree of Doctor of Philosophy, Michaelmas Term 2015

Many species of motile bacteria use rotating extracellular filaments to propel them-
selves through liquid media. Each filament is driven by a membrane spanning rotary
nano-machine called the bacterial flagellar motor. In Escherichia coli and Rhodobac-
ter sphaeroides the motor is powered by a transmembrane flux of H+ and the chem-
ical energy is converted into work through a ring of stator units pushing on a central
rotor.

Chemotaxis is the biasing of movement towards regions that contain higher concen-
trations of beneficial, or lower concentrations of toxic, chemicals and is one of the
most well-understood bacterial sensory pathways. Upon phosphorylation, the re-
sponse regulator protein CheY transduces changes of environmental chemical gradi-
ents detected by specific transmembrane chemoreceptors to the flagellar motors: it
binds to the N-terminus of the FliM proteins in the C-ring part of the motor indu-
cing a cascade of conformational changes that modulate the direction of rotation (in
E. coli) or the motor stopping (in R. sphaeroides).

In this project, a novel technique for protein internalisation in live bacteria based
on electroporation and single-molecule imaging using a custom-built microscope are
combined to perform an in-depth investigation of the interactions between wild type
and mutant chemotaxis proteins, chemoreceptors and the motor complex in vivo.

Chemotaxis proteins are purified, labelled with organic dyes and inserted into live E.
coli and R. sphaeroides cells by electroporation. In typical experiments exploiting
this new capability, video fluorescence microscopy shows single molecules diffusing
within cells, interacting with the sensory clusters and individual flagellar motors.
The work described in this thesis allows for the first time imaging and tracking of
single dye-labelled chemotaxis proteins performing their function as response regu-
lators in real time. Diffusion as well as relevant binding constants and dwell times
at each end of their journey are measured, providing also a comparison of such
quantities across different protein mutants, genetic backgrounds and environmental
conditions.
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Preamble

Many species of bacteria sense their environment and exploit rotating flagella, pro-

truding from the cell body, to swim towards favourable conditions for growth and

colonisation1. Directed movement is a signature of life, and essential to movement is

the ability to generate force. In biological systems, this force is generated by motor

proteins, which convert chemical energy into work and are responsible for motility

across many levels, from intracellular transport to motion of an individual cell in

its surroundings and in multi-cellular aggregates2. The bacterial flagellar motor is

one of nature’s most amazing and well-studied systems, an exquisite example of

how directed motion can be generated by nanometre-scale devices3. It is nowadays

a test-case in Biophysics for probing the properties of biomolecular motors, either

because it can be genetically modified relatively easily, allowing for fluorescent la-

belling of its components, or because its function can be monitored in live cells in

real time by direct observation of motor rotation in a light microscope. Furthermore,

it is becoming clearer and clearer that bacteria are highly structurally organized,

and that some protein components of macromolecular complexes, like the flagellar

motor, are not fixed, but show dynamic exchange in response to a range of cellu-

lar signals. To understand both the role and mechanisms of protein exchange it is

essential to study the behaviour of proteins in living bacterial cells. The preferred

method of investigation in the last two decades has been the use of genetically fused

fluorescent proteins (FPs); this has been widely and successfully exploited, but suf-

fers from a number of serious limitations: in fact, not all fusions are fully functional,

1
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making the interpretation of the data often cumbersome and narrowing the pool of

proteins available for study; moreover, FPs are quite bulky and may interfere with

the function of the wild type protein; finally, their chromophores usually have short

half lives compared with the time scales of the biological processes under examina-

tion, requiring the inferral of protein global behaviour from a large number of very

short individual tracks4. For many years researchers have been trying to find smal-

ler, more stable fluorophores that could be used inside living cells. A new method

recently developed in Oxford offers the exciting possibility of a new generation of

single-molecule in vivo fluorescent labelling experiments in live bacteria5: purified

proteins are labelled with organic dyes and put back into cells in small numbers

using electroporation, a modification of a method that is well established for DNA

transformation. The goal of the work described herein is to image and track single

molecules of wild type and mutant chemotaxis proteins, in particular the response

regulator CheY, labelled with organic dyes and re-introduced into live Escherichia

coli and Rhodobacter Sphaeroides by electroporation. While performing their func-

tion as response regulators between the chemoreceptor clusters and the flagellar

motors, the CheY diffusion coefficients, binding constants and dwell times at each

end of this journey will be measured and compared for different environmental con-

ditions and genetic backgrounds.

This thesis is organized as follows: Chapter 1 starts with a general introduction

to motility in prokaryotes, gives an overview of the structure and mechanism of the

bacterial flagellar motor, explains the general concept of bacterial chemotaxis and

illustrates chemotactic pathways in the two species of interest for this work, E. coli

and R. sphaeroides ; Chapter 2 contains a comprehensive description of the ma-

terials and methods used, from molecular biology through protein purification and

labelling to microscopy techniques employed to image cellular samples, either in

bright-field or in fluorescence. Chapter 3 explains how the principle of electropor-
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ation was applied in this work and what precautions were taken during creation of

the labelled protein samples; Chapter 4 gives statistics on internalisation efficiency

and summarises viability studies’ results. Chapter 5 includes a detailed description

and analysis of the single-molecule colocalisation and motility experiments carried

out in E. coli. In Chapter 6 the main results of this thesis are reported, with

estimation of diffusion coefficients and binding kinetics of different CheY mutants

in three background strains and in the presence or absence of chemotactic stimuli.

Finally, in Chapter 7 the electroporation approach is extended to R. sphaeroides,

and the encouraging preliminary results obtained for this species are illustrated.

Immediate remarks and conclusions are provided for the reader’s convenience in the

Discussion/Summary sections in each chapter, with the broader implications of this

work addressed in Chapter 8.



Chapter 1

Introduction

1.1 Motility in prokaryotes

The ability of an organism to self-propel is called motility. Some bacteria are non-

motile, relying entirely upon Brownian motion for dispersal. Motile bacteria, in-

stead, have the capability to adapt to varying environments by moving towards

suitable areas for survival, a process known as taxis. They can swim away from

toxic substances and toward nutrients (chemotaxis, more in section 1.3), optimal

light (phototaxis) and oxygen (aerotaxis) concentrations. Genes for motility have

been identified in over 50% of sequenced bacterial species6. Motile bacteria move

through liquids or over moist surfaces exploiting an impressive diversity of motility

mechanisms (reviewed in 7). Gliding and twitching refer to movement across solid

substrates while swimming refers to movement through aqueous environments.

Gliding motility

Gliding is defined as the “translocation along solid bodies ... during which no wrig-

gling, contraction or peristaltic alterations are visible, the change of shape being

4
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restricted to bending ...” 8 and can be achieved by different bacterial species via a

number of different mechanisms. Cells of Flavobacterium johnsoniae rely on pro-

teins that are unique to the phylum Bacteroidetes, the motility adhesins SprB and

RemA, which interact with the surface resulting in translocation of the cell. SprB

and RemA are delivered to the cell surface by the type IX secretion system (T9SS).

T9SSs are confined to but common in the phylum Bacteroidetes. Transmembrane

components of the T9SS may perform roles in both secretion and gliding motility9.

Mycoplasma mobile forms gliding machinery at a cell pole and glides continuously in

the direction of the cell pole at up to 4.5 µm per second on solid surfaces. M. mobile

uses ATP energy to repeatedly catch, pull, and release sialylated oligosaccharides

on host cells with its approximately 50 nm long legs. This system may have de-

veloped from an accidental combination between an adhesin and a rotary ATPase,

both of which are essential for the adhesive parasitic life of Mycoplasmas 10. In the

myxobacteria, gliding motility is called Adventurous, or A-motility, because it can

drive the movement of isolated bacteria, even when pili are not present. A-motility

appears to require the secretion of slime; in myxobacteria these include a viscous

polysaccharide gel11. An early model for myxobacterial gliding suggested that the

cell was driven by the hydration and extrusion of slime from protein ‘nozzles’ that

cluster mostly at the cell poles11. However, recent experimental data suggest that

the motion of internal proteins rather than the extrusion of polysaccharides drives

cell movement12.

Twitching motility

Twitching motility is driven by the extension, adhesion, and retraction of fibrous

cellular protrusions called Type IV pili (fine filaments, 6 nm in diameter with lengths

that might exceed 10 µm). In Myxococcus xanthus this is called Social, or S-motility,

since the extended pili stick not only to the substrate but also to other cells, and
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so are important for coordinated group movements of the bacteria . Microbes per-

forming this type of motility include proteobacteria such as Neisseria gonorrhoeae,

Pseudomonas aeruginosa and Myxococcus xanthus, unicellular and filamentous cy-

anobacteria such as Nostoc punctiforme and those belonging to the Synechocystis

sp. PCC6803, and Gram-positive (i.e. lacking an outer membrane but having a

much thicker peptidoglycan layer) bacteria such as Clostridia 13–15.

Flagellate motility

Swimming in a liquid medium is usually accomplished by flagellate motility, which

is the type of motility relevant to the work described in this thesis. It involves

one or more helical surface appendages, about 20 nm in diameter and up to 10 µm

long, called flagella (sing. flagellum) or filaments, protruding from the cell body

and turned like a screw by a rotary motor embedded in the cell membrane. The

bacterial flagellar motor is described in detail in section 1.2. There are mainly four

different types of flagellar arrangements, illustrated in Figure 1.1:

� Monotrichous: a single flagellum protruding from either polar, sub-polar, or

random position (e.g. R. sphaeroides, P. aeruginosa, Vibrio cholerae and

Vibrio alginolyticus);

� Lophotrichous: several flagella (tuft) protruding from one or both poles of the

cell (e.g. Helicobacter pylori and Alcaligenes faecalis);

� Amphitrichous: a single flagellum (or multiple flagella) protruding from both

cell poles (e.g. Spirillum volutans and other bacteria of the Spirillum genus);

� Peritrichous: multiple flagella randomly distributed over the entire cell body

(e.g. E. coli, Salmonella typhimurium and Bacillus subtilis).

Comprising in E. coli 1% of the proteome and about 2% of the genome (about 50

genes) for their synthesis and control17, bacterial flagella are among the most com-
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Figure 1.1: Different bacterial flagellation patterns as described in the main text. A:
Monotrichous; B: Lophotrichous; C: Amphitrichous; D: Peritrichous. Taken from
16.

plex of all prokaryotic organelles. The names of the component proteins (also applied

to the genes that encode them) were devised by bacterial geneticists according to the

defects that resulted from the relative null mutations, for example, fla (no flagellum)

or mot (flagellated but non-motile)18. Genes with similar mutant phenotypes were

labeled with different ending letters (i.e. FliG, FliH, FliI, or FliJ) to indicate that

they belonged to different sets of genes on the chromosome. Besides chemotactic

control, perhaps the main advantage of flagellar propulsion is the high velocities

achieved: in fact, despite a great variation in speed between species, flagellated bac-

teria are the fastest, with E. coli moving at a rate of 25-35 µm per second19 and

Bdellovibrio bacteriovorus up to 160 µm per second20. In contrast, speeds for glid-

ing motility range from 1-10 µm and twitching occurs even more slowly, at rates of

0.05-1 µm per second, with close proximity of one cell to another usually required for

movement7. Flagella-based swimming, therefore, allows bacteria to respond faster

to changes in stimuli and environmental conditions and enhances dispersal over a

large area, features closely linked with an efficient performance of chemotaxis, the
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ability to orientate along certain chemical gradients, which will be described more

in detail in section 1.3.

1.2 The bacterial flagellar motor

The bacterial flagellar motor is a macromolecular protein complex that spans all

the layers of the cell envelope, the outer membrane, the peptidoglycan cell wall,

the periplasm, through the inner membrane into the cytoplasm and is one of the

largest molecular machines in bacteria, with a molecular mass of ∼11 MDa. It is

powered by a flux of H+ or Na+ ions across the cytoplasmic membrane driven by

an electrochemical gradient, the proton-motive force (as in E. coli) or the sodium-

motive force (as in the polar flagella of Vibrio species). Being the most thoroughly

studied of all prokaryotic motility structures, it has become a model system for

molecular motors in general21.

1.2.1 Architecture

Structural studies of the motor to date have been hampered by the motor’s size, com-

plexity, membrane localisation and attachment to the cell envelope, factors making

motors difficult if not impossible to purify intact3. Cryo-electron microscopy (cryo-

EM) and X-ray crystallography22,23 have been invaluable tools to unveil the overall

architecture and the finer details of the flagellar motor, complemented by genetic

and biochemical studies that have elucidated the localisation, domain structure and

relevant membrane topology of the constituent proteins, as well as regions critical

for function and protein-protein interactions (see 1 for a review). Single-particle

cryo-EM studies have produced nanometre-resolution structures of the purified Sal-

monella enterica motor, albeit without stators or the export apparatus23 (Figure

1.2, c). More recently, the development of electron cryotomography (ECT)24,25 has
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made it possible to image the structures of complete motors within intact cells in

3D to several nanometres resolution (Figure 1.2, a and b).

Figure 1.2: Flagellar motor structures obtained by ECT and subtomogram aver-
aging. a) 20-nm thick central slice through the tomogram of an individual E. coli
cell exhibiting a flagellar motor. Scale bar 50 nm. b) axial slice through an average
reconstruction of such motor. Scale bar 10 nm. c) Left: isosurface of the S. enterica
motor obtained by ECT and subtomogram averaging (red line) superimposed on
an earlier single-particle reconstruction of purified basal bodies from the same or-
ganism23. Right: a generic motor structure obtained by aligning and averaging the
axial slices of flagellar motors structures from 11 phylogenetically diverse bacteria.
Scale bar 10 nm. Image taken from 3.

Unless explicitly stated otherwise, the experiments described in this thesis involved

motors from E. coli or R. sphaeroides. In both these species, the flagellar motor

is about 45 nm in diameter, is H+-driven and consists of a core, called the ”basal

body”, rotating against a ring of stator units, anchored to the cell wall. The core of

the basal structure is highly conserved. In Gram-negative (i.e. having a thin pep-

tidoglycan cell wall surrounded by an outer membrane containing lipopolysacchar-

ide) bacteria, it consists of a central rod functioning as both the secretion channel

and the drive shaft that transmits torque, on which four rings embedded in the inner

cell membrane are mounted (Figure 1.3). These are the L (lipopolysaccharide outer

membrane), the P (peptidogylcan cell wall), the MS (inner membrane) and the C

(cytoplasmic) rings. The L and P rings are inserted in the outer lipopolysaccharide
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membrane and peptidoglycan cell wall, respectively, and work as a bushing between

the rotor and the outer parts of the cell envelope. Whether they rotate relative to

the cell envelope, the rod, or both is not known. The MS-ring consists of ∼26 copies

of a single protein, FliF, and is the first part of the motor to assemble, thus it can

be thought of as the platform on which the rest of the motor is built.

Figure 1.3: Left: Schematic side view of the structure of a H+-driven bacterial flagel-
lar motor, spanning the three layers of the cell envelope: the outer membrane (OM),
the peptidoglycan wall (PG), and the cytoplasmic membrane (CM). In evidence, the
four rings and rod of the motor, the stator units, formed by MotA and MotB pro-
teins with stoichiometry MotA4MotB2, and the proposed location and copy number
of the proteins involved in torque generation. As mentioned in the main text, note
that a later published paper suggests that FliG stoichiometries different from 23-26
could also be possible in order to have a functional motor26. Right: X-ray crystal
structures of truncated FliG (cyan), FliM (magenta), and FliN (blue) in their pre-
dicted docked position into the C-ring. N/C termini and missing amino acids (a.a.)
are indicated. Image taken from 1.
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1.2.2 The switch complex

The switch complex, thought to be the site of torque generation, corresponds struc-

turally to the C-ring and is formed from about 23-26 copies of FliG, 32-36 copies

of FliM, and 4×(32-36) copies of FliN (Figure 1.4). FliG consists of three domains,

FliGN, FliGM and FliGC. FliGN directly binds to the MS ring, FliGC interacts with

the stator protein MotA and FliGM provides a binding site for FliM. FliM and FliN

form a stable complex with a 1:4 FliM:FliN stoichiometry27. Motors with FliF-FliG

fusion proteins were found to be motile28, indicating that FliG directly associates

with FliF on the cytoplasmic face of the MS ring with a 1:1 stoichiometry in a 26-fold

ring; moreover, analysis of S. enterica motors at high spatial and temporal resolu-

tion showed 26 equal steps per rotation in either direction29,30. However, C-rings of

different sizes with symmetries ranging 31-38 were observed without a correspond-

ing increase in MS-ring size3,31. From these considerations, the authors in 26 infer

that also FliF:FliG stoichiometries different from 1:1 are compatible with functional

motors. Structurally speaking, this hypothesis is supported by the existence of two

linkages, one in FliGNM (assigned to the inner lobe) and one in FliGC (assigned

to the outer lobe), that might provide flexibility to accommodate the symmetry

mismatch between FliG and FliM32.

1.2.3 The stator

In H+-driven flagellar motors each stator unit is composed of two copies of MotB and

four copies of MotA integral membrane proteins (MotA4MotB2)33,34. MotA consists

of four transmembrane helices (TMs), two short periplasmic loops and two extensive

cytoplasmic regions27. MotB consists of an N terminal cytoplasmic region, one TM

and a C terminal periplasmic domain containing a well-conserved peptidoglycan

binding (PGB) motif. Asp32 of E. coli MotB is a highly conserved residue critical for

proton translocation through the channel35. The transmembrane domain of MotB
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Figure 1.4: A 3D EM reconstruction of the MS-ring and the switch complex of
Salmonella typhimurium, with stator units shown in blue and positioned above the
outer lobe of the C-ring where they are seen in electron cryotomograms. Image
taken from 26.

forms an ion channel along with the TM-3 and TM-4 helices of MotA, conducting

protons through the cytoplasmic membrane and thus powering the motor. The

C terminal periplasmic domain of MotB, MotBC, is required not only for proper

anchoring of the stator to the PG layer36 but also for proper alignment of the stator

relative to the rotor37.

1.2.4 Self-assembly

In E. coli, after assembly of the MS-ring, the C-ring is next; then, the export ap-

paratus is built, which allows for construction of the axial structures, assembled

in turn in the order: rod, hook, hook-associated proteins, cap and filament. The

export apparatus uses both the ion-motive force and the energy of ATP hydrolysis

to complete the export process25. It is structurally and functionally homologous to

the type III secretion system (T3SS) that directly injects virulence factors into host

cells38. It is located at the bottom of the MS-ring (Figure 1.5) and is composed

of six membrane proteins (FlhA, FlhB, FliP, FliQ, FliR, and FliO) and three sol-
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uble proteins (FliI, FliH, and FliJ) in the cytoplasm39. The membrane components

are thought to form an export gate for secretion of the substrates, while the three

soluble proteins form a complex that promotes the export process by binding and

delivering export substrates to the export gate. Genes encoding these components

are expressed in a similar sequence, whereas P- and L-ring proteins (FlgH and FlgI)

are exported into the periplasm via the Sec pathway instead of through the dedic-

ated flagellar T3SS40,41.

Each flagellum is a left-handed helical, semi-rigid protein filament, made up of poly-

merised strands of up to 20,000 copies of a single protein called flagellin (51.3 kDa),

the product of the fliC gene. Less commonly, it is composed of several different fla-

gellins. More precisely, the filament is made up of 11 longitudinal “protofilaments”,

arranged to leave a hollow core, and polymerises at the distal end by assembling FliC

proteins. These are exported unfolded through a central channel ∼3 nm in diameter

that runs for the entire length of the flagellum42,43. Protofilaments can have two

different configurations: R-type or L-type according to their right- or left-handed

twist, respectively. If all the protofilaments are in the same form, filament and hook

form a straight rod. Different proportions of R- and L-type of protofilaments confer

the helical structure to each filament44. The incorporation of newly exported flagel-

lin is regulated by the pentameric cap protein FliD45. At the tip of the flagellum is

the capping protein HAP2. As the axis of the filament generally runs at an angle

different from that of the motor, the two are coupled by a flexible coupling or uni-

versal joint called the hook (Figure 1.3): this is a curved structure about 20 nm in

diameter and 50 nm long composed of about 120 copies of the protein FlgE (42 kDa)

arranged in a right-handed helix, whose export and incorporation are regulated in

the same way as FliC. The junction of the hook and filament requires the presence

of a small number of two hook-associated proteins called HAP1 and HAP3.

A still open question is how the many different substrates used in the structure of

the flagellum are recognized and assembled in the proper order, and what triggers
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Figure 1.5: Schematic of the bacterial flagellar export apparatus. The export gate
made of FlhA, FlhB, FliO, FliP, FliQ and FliR is embedded in the MS-ring; the
cytoplasmic ATPase complex consisting of FliH, FliI and FliJ transports flagellar
proteins from the cytoplasm to the distal end of the growing flagellar structure for
self-assembly in a proton motive force-dependent manner. The C terminal cytoplas-
mic domain of FlhA (FlhAC in figure) forms a nonameric ring structure and projects
into the cavity of the C-ring formed by FliG, FliM, and FliN. FliI forms a homo-
hexamer (FliI6) with a narrow central pore46. FliJ binds to the center of the FliI6

ring to form the FliI6FliJ ring; FliH in turn binds to FliI and anchors the FliI6FliJ
ring complex to the export gate through interactions of FliH with the C-ring protein
FliN and FlhA. In this way, the FliI6 ring can act as a substrate loader to promote
the initial entry of the substrate into the gate. Image from 47.

their switching as one part of the structure is completed and another is to be started.

This process seems to depend on a number of factors ranging from characteristic

chaperones to specific sorting signals within their N terminal 100 amino acids, and

appears to involve the soluble protein FliK and the integral membrane protein FlhB.

FliK regulates the length of the hook, acting as an internal molecular ruler48–50.

FlhB, a key component of the T3SS that is thought to act as the export gate51,

undergoes autocleavage and its C terminal domain interacts with FliK to change the

export specificity of the system from rod or hook to filament-type substrates52,53.
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1.2.5 Mechanism of torque generation

FliG is the rotor protein most directly involved in torque generation and motor

switching (see section 1.2.6) via interactions between conserved charged residues

of the stator protein MotA. MotB holds the stator in place by binding to the PG

layer; protonation and deprotonation of the conserved residue Asp32 are thought to

induce conformational changes of the cytoplasmic loop between TM2 and TM3 of

MotA (the ”power stroke”), which push FliG and turn the rotor around54,55. The

deletion of the genes encoding MotA and MotB results in a non-motile phenotype.

However, when functional stator units are expressed from an inducible plasmid in

such strains, the motile phenotype is resumed and motor speed increases in discrete

increments, a process known as ”resurrection”56,57. The authors in 57 demonstrated

that torque is generated by up to 11-12 independent stator units; moreover, they ob-

served transient speed changes even in wild type motors, and speculated that stators

were not fixed but rather in a process of constant turnover in and out of the motor.

This hypothesis was confirmed by total internal reflection fluorescence microscopy of

green fluorescent protein labelled MotB (GFP-MotB) at the single-molecule level in

spinning motors in live cells58. Fluorescence recovery after photobleaching showed

exchange of MotB proteins in the motor on a timescale of minutes, confirming that

stator units are dynamic rather than static. This may allow the replacement of

damaged stators or it may be a mechanism for regulating motility in response to

environmental conditions.

1.2.6 Switching in E. coli

An average size E. coli bacterium, about 0.5-1 µm in diameter and 2 µm long,

has about six59 independently functioning motors distributed over the cell surface,

each able to rotate clockwise (CW) and counter-clockwise (CCW). As previously

mentioned, each motor rotates a single helical filament at several hundreds of re-
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Figure 1.6: Experimental evidence that torque is generated by independent stator
units in E. coli. Left: the speed of motors with defective stator proteins ”resurrects”
upon expression of functional stator proteins from an inducible plasmid. Right:
motors labelled with 1 µm beads show an occupancy of up to 11-12 stators. The
speed per stator decreases slightly at high stator number. Black lines show fits using
a step-finding algorithm. Image adapted from 1 with data from 57.

volutions per second (hertz). Motors driven by sodium ions spin about five times

faster18. When all the left-handed filaments are rotating CCW (looking down the

filament towards the cell body), they form a single bundle due to hydrodynamic

interactions, pushing the cell forward in long, smooth runs. When one or more of

the motors switches to CW rotation, the associated filament undergoes a torsionally

induced polymorphic transformation to a right-handed state that rapidly propag-

ates from one end to the other, driving the bundle apart and making the cell start

”tumbling” on the spot, randomly reorienting itself60–63. When the bundle reforms,

the cell is usually facing a different direction (see Figure 1.7). This is called the ”run

and tumble” behaviour. CCW rotation, associated with the ”runs”, is the ground

energy state of the filaments, which are in this case left-handed (pitch ∼2.5 µm,

diameter ∼0.5 µm); during CW rotation, instead, each filament is turned by torsion

into a form called semi-coiled, which is right-handed (roughly half the normal pitch

but same amplitude), and then into a form called curly, which also is right-handed

(roughly half the normal pitch and also half the normal amplitude)18. When the

motor switches back to CCW, the curly filament relaxes back to normal. Filament
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waveforms can also be affected by pH and ion concentrations64,65.

Figure 1.7: A swimming E. coli cell, with body and filaments fluorescently labelled
with Alexa Fluor 532, illuminated by an argon-ion laser. In the sequence, only one
of the filaments retains a constant waveform and orientation, while all the others
undergo a polymorphic transformation as a result of the motor’s CW switching,
disrupting the bundle and causing the cell to tumble and reorient itself. Every other
frame is shown, with a frame-rate of 60 Hz. Image taken from 61.

1.2.7 Stopping in R. sphaeroides

R. sphaeroides is a rod-shaped, gram-negative, purple non-sulfur photoheterotrophic

bacterium belonging to the α-3 subclass of Proteobacteria. It is slightly smaller than

E. coli, i.e. about 1×2 µm66, and very versatile, in that it can grow under aerobic

conditions, anaerobically in the light using photosynthesis or anaerobically in the



18

dark using alternative electron acceptors67. It is motile and chemotactic under all

of these conditions. As previously mentioned, it is monotrichous, i.e. it has a

single flagellum, between 1 and 9 µm long, that rotates unidirectionally and stops

periodically to allow the cell to reorient68,69. A stop is equivalent to a bundle break-

up in E. coli. Forward swimming occurs during CCW motor rotation. When the

motor stops, the cell is randomly reoriented by Brownian motion70,71.

1.3 Bacterial chemotaxis

Being too small in size to sense gradients directly across their body length, swim-

ming cells sample their environment with time comparing the current conditions

with those of a second or so ago72. Moreover, bacteria often live in environments

with a low Reynold’s number R = lvρ/η (where l = length, v = velocity, ρ = density

and η = viscosity), i.e. ∼ 10−6, where inertial forces are roughly a million times

smaller than viscous ones73,74. For these reasons, bacteria are unable to move dir-

ectly linearly towards a food source and are readily displaced from their trajectories

by Brownian motion in the absence of the propulsive force of the flagella. In ho-

mogenous environments with no chemical gradients, E. coli exhibits a random walk

movement with alternating run/tumbles approximately every 1 s60. However, in a

chemical gradient, cells tend to move towards attractants or away from repellents,

with runs extended up to ∼10 s. This is chemotactic behaviour75,76. Runs do not

exceed the 1-10 s range due to physical considerations77: in fact, below 1 s, the cell

does not travel far enough to outrun diffusion and make a fresh estimate of stimuli

concentration; meanwhile, running for longer than 10 s is futile since the cell drifts

off course by more than 90◦ due to Brownian motion.

Chemotaxis is the process by which bacteria can migrate towards more favourable

environments for growth by moving along chemical gradients towards attractants

and away from repellents. There is a wide range of chemical moieties sensed by
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bacteria including peptides, amino acids, sugars and organic acids, in addition to

smaller molecules and ions such as oxygen, nitrate and nickel. The precise molecules

that are detected by a cell and whether they are harmful or beneficial depend on the

bacterial species and, sometimes, this changes within the same species under dif-

ferent environmental conditions. For instance, acetate is a chemoattractant for R.

sphaeroides but repels E. coli. In any species, however, the motors receive instruc-

tions to modulate the frequency of switching, via a very sophisticated intracellular

signal transduction pathway, which is reviewed in the next two sections for E. coli

and R. sphaeroides, respectively.

1.3.1 Two component signaling systems

While many eukaryotic signaling cascades involve protein kinases that phosphorylate

both themselves and other protein substrates at specific serine, threonine or tyrosine

residues, thereby regulating protein activities, traditional two component signalling

(TCS) systems, or histidine-aspartate phosphorelay (HAP) systems are the predom-

inant prokaryotic mechanism for coordination of signal transduction with extracel-

lular sensing. Generally, they utilise two proteins for detection and response - the

detector protein is a sensor kinase, also called histidine protein kinase (HPK) which

is a homodimer, containing an input domain and transmitter (or dimerisation) do-

main; this interacts with the response regulator protein (RR) which contains an

output domain. HAP-system signalling is initiated by trans-autophosphorylation

within the HPK dimer: the phosphoryl group of an adenosine-tri-phosphate (ATP)

molecule that is bound to the kinase domain of one monomer is transferred to a spe-

cific His residue in the other monomer. The phosphoryl group is then transferred to

the conserved Asp residue of the RR, which results in the activation of the output

domain of the RR and generation of the signaling pathway’s response. RRs can then

undergo spontaneous dephosphorylation by losing the phosphoryl group to the solu-
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tion, with phosphorylated half-lives varying from a few seconds to hours. However,

in many cases, the half-life is reduced by the presence of a specific phosphatase. The

chemotaxis system is a modified two-component system in which the HPK doesn’t

have an input domain and relies on other components of the chemosensory network

to detect the signal and transduce external stimuli. Moreover, the RR lacks an

output domain. Chemotaxis has become a paradigm for the two-component su-

perfamily of receptor-regulated phosphorylation pathways and has been extensively

investigated with a range of experimental and computational methods (for reviews

see 74, 78–80).

1.3.2 The chemotaxis signaling pathway in E. coli

E. coli ’s chemotaxis pathway is one of the best-characterised bacterial chemosensory

networks and it is incredibly sensitive, being able to sense a chemical gradient even

if just 1% of the chemoreceptors has a ligand bound81. For simplicity, it can be

depicted as being composed of two temporally distinct phases, phosphosignaling

and adaptation78. In the former, the sensing that is usually performed by the input

domain of the HPK, is performed by homodimeric transmembrane chemoreceptors,

known as methyl-accepting chemotaxis proteins (MCPs), which detect attractant

and repellent external stimuli. Each is ∼380 Å long, with an 80 Åperiplasmic ligand

binding domain at the interface between the two monomers, a 40 Å transmem-

brane domain and a 260 Å conserved cytoplasmic signalling domains82. In E. coli,

the transmembrane and signalling domains are connected by the HAMP (histidine

kinases, adenylyl cyclases, methyl-binding proteins and phosphatases) domains, for

which there is no crystal structure yet. Despite their overall conserved architecture,

MCPs have very diverse ligand binding capabilities due to variations in their peri-

plasmic domain. There are four main chemoreceptors: Tap, Trg, Tsr and Tar. They

are homologous but have a hierarchy of affinity for different signals: Tap and Trg
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sense dipeptides and ribose-galactose concentration respectively; Tar senses aspart-

ate and maltose levels, whereas Tsr senses pH, temperature and serine levels. Tar

and Tsr are the major receptors, comprising ∼7500 molecules per cell, while the

minor receptors are present in a few hundred copies. The chemoreceptors’ signaling

domains contain two adaptation regions, each with four to six specific glutamic acid

residues (open and filled circles in Figure 1.9) that can be reversibly methylated83,84

and play a key role in the adaptation phase of the pathway, discussed later in this

section. A fifth MCP-like protein, Aer, mediates aerotactic responses (i.e. responses

to changes in oxygen levels) by monitoring redox potential in the electron trans-

port chain. Despite having the same conserved cytoplasmic signalling domain that

is found in all other MCPs, Aer undergoes sensory adaptation through a different,

methylation-independent mechanism85,86.

The five MCPs in E. coli rely on a number of cytoplasmic signaling proteins to

control flagellar rotation and sensory adaptation (Figure 1.9): once an external

stimulus is detected, conformational changes are induced in the receptors and the

linker protein CheW transduces the signal to the histidine protein kinase CheA,

which is a homodimer. CheW and CheA form the ”sensory complex”, which respond

to signal propagation from the MCPs over a time scale of milliseconds. However,

there is also evidence for a direct CheA-MCP interaction87. CheA is expressed in two

forms: full-length CheAL and short-length CheAS, which lacks a phosphorylation

site. Each CheAL monomer is 71 kDa and consists of five modular domains, P1-P5.

P1 is a five helical bundle with a solvent-accessible histidine at position 4888. His48

is trans-autophosphorylated by the other CheA monomer in the dimer using ATP

bound to P4. P2 binds to the response regulators which receive the phosphoryl group

from His48-P (see Figure 1.8). P3 is the dimerisation domain. P4 is the catalytic

domain. P5 bears a very similar fold to CheW, to which it binds. The phosphoryl

group is transferred to the response regulator CheY protein on the timescale of

tenths of seconds. CheY-P is then released and diffuses through the cytoplasm to the



22

motors on a timescale of milliseconds, where its binding triggers a switch to clockwise

motor rotation, cell tumbling and ultimately cell reorientation. A more detailed

description of CheY and of its interactions with FliM are included in the next

section. Interestingly, CheA that lacks a P2 domain can still phosphorylate CheY,

although this occurs at a much slower rate than for full-length CheA. This indicates

that the P1 domain of CheA might also contribute to the rate of phosphotransfer.

CheA trans-autophosphorylation is inhibited by increases in attractants or decreases

in repellents, leading to a decrease in CheY-P concentration and related increased

probability of CCW rotation. Deletion of either cheW or cheA genes in E. coli

results in a smooth-swimming phenotype, because CheY remains unphosphorylated.

Figure 1.8: Domain organization and phosphotransfer from CheA to response
regulators in E. coli. CheA regulates flagellar movements and stimulus sensitivity
by activating the effector proteins CheB and CheY through phosphoryla-
tion from the P2 domain. Figure taken from http://chemotaxis.biology.

utah.edu/Parkinson_Lab/posters/chemotacticsignalingwithoutatarget/

chemotacticsignaling.html.

One requirement of biological signalling systems is a dynamic response. To en-

sure continuous sensing, the signal must be terminated i.e. dephosphorylation must

occur. CheY-P undergoes rapid auto dephosphorylation on the time scale of approx-

http://chemotaxis.biology.utah.edu/Parkinson_Lab/posters/chemotacticsignalingwithoutatarget/chemotacticsignaling.html.
http://chemotaxis.biology.utah.edu/Parkinson_Lab/posters/chemotacticsignalingwithoutatarget/chemotacticsignaling.html.
http://chemotaxis.biology.utah.edu/Parkinson_Lab/posters/chemotacticsignalingwithoutatarget/chemotacticsignaling.html.
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imately 20 s, a time scale characteristic of a fast signaling pathway because response

regulators from slower two-component pathways can remain phosphorylated for up

to an hour or longer (Stock and Surette 1996). However, if temporal sensing is

to occur in E. coli, termination must occur within 100 ms (the time that it takes

to perform a tumble)89. This accelerated rate of dephosphorylation is achieved by

CheZ, a 24 kDa phosphatase. ∆cheZ E. coli mutants exhibit a never-ending tum-

bling phenotype due to build up of CheY-P levels. CheZ has been shown to mostly

localise at the chemoreceptor cluster90 but has also been suggested to associate into

highly active oligomers in the presence of CheY-P and chemotactic stimuli91,92. In

93, the authors suggest that high CheY-P levels reached upon exposure to a repellent

promote the oligomerisation of CheZ dimers at the polar clusters by CheAS, whilst

attractants and low CheY-P would lead to the formation of cytoplasmic dimers. As

CheZ is more active in the oligomeric state92, movement of CheZ to the clusters

would be coupled with an increased rate of CheY-P dephosphorylation, sharpened

cellular response to chemoeffectors, increase in the range of detectable ligand con-

centrations and more precise and robust adaptation.

Adaptation is the second phase of chemotaxis, which is achieved through reversible

demethylation/methylation of MCPs by CheB and CheR. CheB is a methylesterase

whose activity increases 100 fold following phosphorylation by CheA-P. CheB-P de-

methylates methylation sites on the MCPs and acts antagonistically to CheR, a

constitutively active methyltransferase. Methylation allows tighter packing of the

MCP helices resetting CheA activity94. CheB-P demethylates the receptors allowing

the adaptation sites to pack less tightly (resulting in lowered chemoreceptor sensit-

ivity) and hence CheA to be deactivated. This allows the cell to reset its signalling

machinery to the new chemoattractant concentration, preventing desensitisation.

Mutant cells deficient in this adaptation machinery become locked in smooth swim-

ming or tumbling states95,96. CheY and CheB compete for binding to the P2 domain

of CheA but the probability of being phosphorylated is greater for CheY than for
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CheB due to the low CheB copy number of ∼300 compared to ∼8000 CheY97. The

time frame between MCP signalling and methylation/demethylation is ∼1 s, hence

smooth runs typically last about 1 s, as previously stated. This is to ensure that the

response occurs before adaptation75,76. For a better understanding of the results

Figure 1.9: Schematic diagram of the chemotaxis signalling pathway in E. coli.
The five transmembrane chemoreceptors detect external stimuli, CheW transduces
the signal to the chemotaxis histidine protein kinase CheA, which phosphorylates
either of the two response regulators - CheY and CheB. CheY-P binds to FliM
triggering a switch in the direction of rotation of the bacterial flagellar motor
from anticlockwise to clockwise. CheB is a methylesterase which demethylates
the MCPs resulting in lower levels of phosphorylated CheA. CheR is the antag-
onist of CheB, a constitutively active methyltransferase. The actions of CheB and
CheR allow adaptation of the system. Receptor modification sites are shown as
white (unmethylated) and black (methylated) circles. CheZ phosphatase increases
the rate of CheY spontaneous dephosphorylation to reset the system and bring it
back to steady state. Figure taken from http://chemotaxis.biology.utah.edu/

Parkinson_Lab/projects/ecolichemotaxis/ecolichemotaxis.html.

http://chemotaxis.biology.utah.edu/Parkinson_Lab/projects/ecolichemotaxis/ecolichemotaxis.html.
http://chemotaxis.biology.utah.edu/Parkinson_Lab/projects/ecolichemotaxis/ecolichemotaxis.html.
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illustrated in Chapters 4 and 5, it is worth spending a few words on the cellular

localisation of the methyl-accepting chemotaxis proteins in E. coli. Immunolabeling

and electron microscopy studies98 indicated that, in WT cells, MCPs cluster in

patches ∼200 nm in diameter at one (primarily) or both poles of the cell98. They

associate into ”trimers of dimers”99,100 that span the inner membrane and complex

with CheA, through the coupling protein CheW. Clustering depends not only on the

MCP itself but also on the latter two MCP-associated cytoplasmic proteins90: in the

absence of CheA, the MCP-CheW complex continues to localise to the cell poles,

however, in the absence of CheW, MCP-CheA does not98. Chemical crosslinking

has confirmed that these trimers occur in vivo 101. The recently resolved crystal

structure of the cytoplasmic domain of the Tsr receptor has furthermore revealed

that the tails of three dimer receptors come together and form a trimeric structure99.

Considering this structure, the authors in 102 predict that chemoreceptors are ar-

ranged in higher order arrays in a two-dimensional 12-nm hexagonal lattice, built

from trigonal units each composed of three MCP dimers, three molecules of CheW,

and three monomers of CheA. The architecture of these arrays is not specific to E.

coli, but is universal among bacteria103 and is likely to be key to the high signal

sensitivity, wide dynamic range, integration between receptors and feedback control

of the chemotaxis system100,104.

1.3.3 The response regulator CheY

CheY is the response regulator for E. coli ’s chemotaxis system. Its structure has

been determined by X-ray crystallography and Nuclear Magnetic Resonance (NMR)

under different conditions in several laboratories105–107: it is a 14 kDa single-domain

receiver protein having the classic RR structure, with a central five-stranded paral-

lel β-sheet domain sandwiched between five α-helices. CheY is phosphorylated on

Asp57105 by the histidine kinase CheA through phosphotransfer. This site, which is
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highly homologous to those of other aspartate kinases, is illustrated in Figure 1.10

together with other relevant conserved catalytic residues: Asp13, which coordinates

Mg2+ 26,108,109, Thr87 which likely serves as a general acid-base catalyst,and Lys109

which provides acid-base catalysis and electrostatic stabilisation. The Lys109 side

chain could also serve as a molecular switch by forming a salt bridge to Asp57 or

phospho-Asp5726,108–110. In vitro, CheY can also be phosphorylated by small inor-

ganic phosphodonors, such as acetyl phosphate111, and it is subject to acetylation

at a number of sites112. Although acetyl phosphate is present within the cell and

its level varies with the growth phase and conditions113,114, the rate at which it

phosphorylates CheY is much lower than that of CheA-mediated phosphorylation

(0.05-0.5 s−1 vs 800 s−1 and KD values 10-600 mM vs ∼60 µM )115. This CheA-

independent phosphorylation indicates that CheY, like other response regulators,

can catalyse its own phosphorylation. The potential biological relevance of acetyla-

tion and phosphorylation by such inorganic phosphodonors is not fully understood,

but mutants in acetyl-CoA synthetase show abnormal behaviour112, which indic-

ates that some aspects of chemotactic behaviour might be modulated by metabolic

activity. In the thesis, this question will be extensively addressed in section 6.6 of

Chapter 6.

Interaction of CheY with the switch

As illustrated in section 1.2.2, the switch complex corresponds structurally to the C-

ring, at the bottom of the basal body, and is formed from an array of FliN tetramers

alternating with FliM C terminal (FliMC) domains117 and from 23-26 copies of FliG.

FliM is believed to interact with FliG, triggering conformational changes in FliGC,

which in turn communicates the bound-state of FliM to the stator complexes through

MotA. It is a widely shared opinion in the field that FliG is predominantly involved

in motor rotation and torque generation and that FliM is predominantly involved in

switching. However, there is still much debate as to how FliM actuates the motor’s
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Figure 1.10: Active sites on CheY. Shown are Asp57 (blue), the phosphorylation
site, Thr87 (magenta) which acts as acid-base catalyst, Lys109 (cyan) which directly
coordinates the phosphoryl group at Asp57116 and Asp13 (orange), responsible for
Mg2+ coordination. Mg2+ ions serve as essential cofactors in both the autocatalytic
phosphorylation and dephosphorylation reactions78.

switching. The CheY docking surface with FliM has been implicated by genetic

studies118–120, but it does not appear to directly overlap the kinase phosphorylation

site. Instead, the available evidence indicates that the phosphorylation-induced

conformational change, rather than the presence of acyl phosphate on the protein

surface, is responsible for regulating the docking.

For example, some CheY mutants are phosphorylated but fail to promote tum-

bling, whereas others are not phosphorylated but do stimulate tumbling108,110,121,122,

suggesting that tumbling is modulated by a specific conformational change at the

motor-docking surface. Sockett et al.119 were the first to suggest FliM as the primary

target for CheY binding; later biochemical studies showed interaction between FliM

and CheY-P in vitro 123. The conserved aromatic residue Tyr106 (Y106) in CheY

is believed to play an important role in FliM-CheY interaction: in 124, the com-

bined results from in vivo behavioral and in vitro biochemical studies on bacteria

where Y106 was substituted with a range of other amino-acids, suggested that the

diverse phenotypes of such mutants were not due to a variation in phosphorylation

or dephosphorylation ability nor in affinity for the switch, but to the altered signal
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transduction of CheY to FliM. These data imply that the binding of CheY-P to

the flagellar motor is a necessary, but not sufficient, event for switching generation.

It was previously suggested that CheY activation might be a multistep event107,110

with Y106 likely involved in the propagation of the chemotactic signal within the

CheY molecule. According to such multistep model, it was recently suggested in 125

that CheY-P is first captured by a flexible 16 amino-acids linker to the N terminus

of FliM and then interacts with a conserved hydrophobic patch on FliN to induce a

small shift of the FliN tetramers relative to FliMC and CW rotation of the flagellar

motor126. However, the possibility that these residues do not form the whole CheY-

binding site cannot be eliminated. In 127, data gathered from mutant experiments

indicate that the N terminal region of FliM is primarily important for CheY-P bind-

ing and generation of CW rotation, the middle region for FliG interaction and motor

rotation and both the extended N terminal and the C terminal regions for flagellar

assembly via FliM-FliM polymerisation. In 128 the middle domain of FliM (FliMM)

was demonstrated to also be a low affinity binding site for CheY, but its functional

significance in clockwise motor rotation was not determined. The importance of

low affinity binding sites, especially of FliMM, for switching regulation will be fur-

ther discussed in Chapter 6 of this thesis. In E. coli, CW rotation of the motor

normally requires presence of CheY-P but can occur in a CheY-deletion strain if

the temperature is lowered to 5◦C or below. Such temperature dependence in the

function of a protein assembly is expected to arise mainly from the hydrophobic

effect and could be explained in the present case by the exposure of an additional

hydrophobic surface area of about 2500 Å in the CW state. In fact, some residues

at the FliMM-FliMM interface in the E. coli protein are hydrophobic (Ile56, Met67,

and Phe70 on one edge and Val98 and Phe188 on the other) and so might contribute

to the observed temperature dependence of switching117. Certain CheY-P mutants

do not bind to FliM122, further indicating that the switch protein recognizes the

conformation of CheY rather than its phosphoryl group78,108,110,121.
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Evidence for post-binding cooperativity

As previously mentioned, chemoreceptors can detect small changes in environmental

chemicals’ concentrations over a wide dynamic range, providing the basis for rapid

and efficient chemotaxis response. Early investigation explored the rotational re-

sponse of a tethered cell (attached by a single antibody-treated filament to a mi-

croscope coverslip) following exposure to small steps in aspartate concentration de-

livered iontophoretically72. According to estimates of receptor number and aspartate

dissociation constant, steps leading to a change in the aspartate receptor occupancy

of just 0.2% (∼20 out of the ∼10000 receptors) resulted in a 23% change in CW

bias (the probability of CW rotation). The amplification of the pathway, defined

as the fractional change in CW bias divided by the fractional change in receptor

occupancy, therefore stands at a factor of ∼100. Amplification in biology is gen-

erally a hallmark of allosteric cooperativity. The concept of binding cooperativity

was developed by Hill in 1913. It has classically been classified as either concer-

ted129 or sequential130, the former describing coupling between ligand binding and

subunit conformation, and the latter coupling of conformations between different

subunits. In the concerted model, coupling between subunits occurs first and all

subunits switch conformation simultaneously, even if not all have bound ligand. In

the sequential model, coupling between ligand binding and conformation is prior,

then, as soon as a ligand binds a subunit, that subunit switches conformation131.

More recently, a mathematical model of the general allosteric scheme132 was con-

structed in which both types of coupling coexist in the mechanism of conformational

spread, with the stochastic growth and shrinkage of domains of adjacent subunits

sharing a particular conformational state. The classical binary view of the kinetic

states of the switch, i.e. either CW or CCW, has currently been questioned. The

conformational spread model applied to a ring of identical protomers seems to most

accurately be able to account for the rotary motor’s multistate switching, switch-
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ing at low temperatures in the absence of CheY and experimentally measured Hill

coefficient values133–135. In fact, the switch response showed a steep sigmoidal re-

lationship between the concentration of the response regulator CheY-P and motor

rotational bias (the fraction of time spent rotating in a given direction), compat-

ible with a Hill coefficient of ∼10 (ref. 136); however, binding of CheY-P to FliM

protein subunits of the complex was shown to be much less cooperative, with a

Hill coefficient <2 (refs. 137, 138). What and where the source of cooperativity in

switching is, remains an open question. If such cooperativity required the nearly

simultaneous arrival of many CheY-P molecules by diffusion, switching would be

slow. A possible way around this issue would be the recently suggested two-step

capture of CheY-P (Afanzar et al., personal communication) which, through the

FliM N terminal segment, would recruit a pool of active proteins in the proximity

of a low affinity binding site, either on FliMM or FliN, thus increasing switching

probability. Along these lines, in a recent study aimed at determining how many

FliM molecules within a single flagellar motor should be occupied by CheY-P to

generate CW rotation, wild type FliM (FliMWT) and a mutant FliM protein almost

locked in CW rotation (FliMCW) were coexpressed in a ∆cheY gutted strain139.

Surprisingly, a probability of 50% of CW rotation was achieved only when ∼90%

of the FliM molecules at the motor were in clockwise locked conformation. Around

this fraction of FliMCW molecules within the complex, the gain of CW rotation as a

function of the increased fraction of FliMCW was very steep. This steepness suggests

that if FliMCW correctly reflects FliMWT state occupied by CheY-P, the source for

high cooperativity relies at least in part in a post-binding step. The findings in

137 provide further evidence in support of the notion that the chemotactic signal

is amplified within the switch rather than at the preceding binding step of CheY-P

to the switch. On a related note, it has also been proposed that the sensitivity

of the motor to CheY-P is dependent on its composition and can change in re-

sponse to CheY-P occupancy140. In particular, the number of FliM subunits in the
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flagellar-ring increases in response to decreasing CheY-P concentration, resulting in

increased motor sensitivity. This shift in sensitivity could also explain why motors

show signal-dependent FliM turnover141.

1.3.4 The chemosensory pathway in R. sphaeroides

Differently from E. coli, in addition to a polar cluster of transmembrane MCPs,

R. sphaeroides also presents a cytoplasmic cluster of soluble chemoreceptors, as

shown in Figure 1.11 (see 84 for a comprehensive review). Both are essential for

chemotaxis under laboratory conditions, neither of them being capable of supporting

chemotaxis alone142,143. The physiological advantage of having two distinct chemo-

sensory pathways is unclear, but genome sequences indicate that the existence of

different pathways is not an uncommon feature in bacteria144. Three operons that

could potentially encode complete chemosensory pathways have been recognized in

R. sphaeroides : cheOp1, cheOp2 and cheOp3. While a role for cheOp1 has yet

to be identified under laboratory conditions, cheOp2 and cheOp3 have been found

to encode the two separate chemotaxis machineries described above142,145. Interest-

ingly, whereas the genes encoding membrane-spanning chemoreceptors are scattered

around the genome, those encoding the soluble chemoreceptors (Tlps) are within the

chemotaxis operons146. The chemosensory proteins encoded in cheOp2 mostly loc-

alise at the cell polar clusters, while those encoded in cheOp3 are targeted with

Tlps to the cytoplasmic clusters147. cheOp2 and cheOp3 have been shown to be

expressed in cells at different relative levels in aerobic or anaerobic conditions: ex-

pression of cheOp2 ∼4- and 15-fold higher than that of cheOp3 under anaerobic

and aerobic conditions, respectively, clearly indicating that cells can adapt their

chemotaxis system according to the local environmental conditions67. In the R.

sphaeroides genome there are also two sets of flagellar genes, fla1 and fla2, each

encoding functional flagella148. The number and the positioning of the two types
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of flagella differ: wild type cells expressing the fla1 genes have a single randomly

positioned flagellum with a 20 nm diameter filament, whereas cells expressing the

fla2 genes have 2-4 unipolar flagella with a 10 nm diameter filament. The Fla1 and

Fla2 flagella are controlled by different chemotaxis proteins: rotational behaviour

of the Fla1 flagellum is assumed to be controlled jointly by the products of cheOp2

and cheOp3, whereas rotation of the Fla2 flagellum is assumed to be controlled by

the products of cheOp1. It has been observed that both kinds of flagella support

swimming motility in liquid culture149. However, under laboratory growth condi-

tions, wild type cells only express the Fla1 flagellum genes149. The reason for the

existence of the fla2 genes and of cheOp1 is not clear, although the presence of these

intact genes in the genomes of all sequenced R. sphaeroides strains suggests that

they are probably expressed under growth conditions different from those used in the

laboratory150. Only the Fla1-mediated chemotaxis will be discussed in this thesis.

As a result of such complex chemotaxis pathway, R. sphaeroides has 13 chemore-

ceptors (nine transmembrane MCPs and four cytoplasmic Transducer-Like Proteins

(Tlps)), four CheA homologues, four CheW homologues, two CheB homologues,

three CheR homologues and six CheY homologues (with no CheZ homologue). In

vitro phosphotransfer assays have shown that the different CheA proteins phos-

phorylate different subgroups of response regulators151: CheA2 phosphorylates all

of them, whereas CheA3 and CheA4 phosphorylate CheY6 and CheB2 from cheOp3

and to some extent CheY1 from cheOp1. CheA3 and CheA4 form a heterodimer

(CheA3A4) that uses the kinase domain of CheA4 to phosphorylate the P1 domain

of CheA3
143. Although CheA2 can phosphotransfer to all of the response regulat-

ors in vitro, it is not enough to support chemotaxis alone in CheA3-CheA4 deletion

mutants. This might be because of the spatially separate localisation (i.e. either

at the polar MCPs or at the cytoplasmic Tlps) of the proteins encoded by the two

operons. CheW2, CheW3 and CheW4 in the receptor clusters are responsible for

transducing the signal to the relative CheAs152. Unlike in E. coli, the two CheB
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proteins do not seem to be specifically localised in R. sphaeroides, whereas the CheR

proteins are partially localised153. The fact that phosphate groups from CheY3 and

CheY4 can be transferred to CheY6 through reverse phosphotransfer to CheA2 (very

slow process in vivo 84), and that CheA3 has phosphatase activity for CheY6
154 ac-

count for the absence of a CheZ homologue in R. sphaeroides.

Figure 1.11: Schematic diagram of the Fla1-mediated chemotaxis network in R.
sphaeroides. Differently from E. coli, R. sphaeroides exhibits two distinct signalling
clusters, one of transmembrane chemoreceptors sensing extracellular concentration
gradients, and another of cytoplasmic chemoreceptors detecting the metabolic state
of the cell. The histidine kinase analogue of E. coli ’s CheA is thought to be CheA2

which, upon autophosphorylation, transfers phospho groups to a range of response
regulators including CheY3, CheY4, CheY6, CheB1 and CheB2 (red arrows). When
the cytosolic cluster is active, CheA3-P phosphorylates CheY6 and CheB2, which
in turn triggers the response regulators’ phosphorelay cascade by phosphorylating
CheA2 at the polar cluster (dashed arrows). Figure reproduced from 84.

1.3.5 Localisation of Che proteins

It has been shown in the literature that phosphosignals from CheA2, CheA3, and

CheA4 plus CheY6 and either of CheY3 or CheY4 are essential for chemotaxis in

R. sphaeroides 155: in this paper, the intracellular localisation of CheY3, CheY4,

and CheY6 was studied using CFP/YFP fusions; the functionality of the fusions

was tested using swarm plates and it was found that, while N terminal fusions to



34

both CheY3 and CheY4 were fully functional, strains with either N or C terminal

fusions to CheY6 were non-chemotactic. Moreover, western blotting using an anti-

body against CheY6 showed that the CheY6 fusions were expressed at much lower

levels than wild type (undetectable in the case of the N terminal fusion), which

could explain why strains containing these fusions were non-chemotactic.

R. sphaeroides cells typically have a chemotaxis cluster at each pole and a single

cytoplasmic cluster located approximately at mid-cell84. A key feature of the cyto-

plasmic cluster is that its chemoreceptors lack transmembrane regions and are sol-

uble - unlike those of the polar cluster - allowing them to sense the cytoplasmic,

rather than periplasmic, concentration of ligands. The identities of the ligands

sensed by the cytoplasmic chemoreceptors are unknown; however, chemotaxis to-

wards many attractants (for example, alanine, ammonia, glutamate and sugars)

requires their transport and metabolism, suggesting that the ligands sensed could in-

clude common metabolites derived from these chemoeffectors84. CheA3 and CheA4

were previously shown to localise at the cytoplasmic chemotaxis cluster, whereas

CheA2 localises to the polar chemoreceptor clusters147. The polar clusters are

proposed to sense the external environment, while the cytoplasmic one the meta-

bolic state of the cell. CheY6 is phosphorylated by both CheA2 and CheA3A4 in

vitro 143,151. CheY3 and CheY4 are phosphorylated by CheA2 but not by CheA3A4.

If the R. sphaeroides CheYs localised to the sites of their cognate kinases, then

CheY6 would be expected to be found at both the cytoplasmic and polar clusters,

whereas CheY3 and CheY4 would be found only at the cell poles. In 155, fluores-

cence microscopy showed that the majority of YFP-CheY3 was delocalised through-

out the cytoplasm, instead; no polar clusters were observed, although some protein

was localised to cytoplasmic clusters. In contrast, CFP-CheY4 mainly localised to

discrete regions at both the cell poles and in the cytoplasmic cluster with some

diffuse fluorescence throughout the cytoplasm. The fluorescence from CheY6-YFP

was mainly localised to cytoplasmic clusters, although a substantial amount of dif-
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fuse fluorescence was seen throughout the cytoplasm; no polar clusters were visible.

However, since the CheY6 fusions were nonfunctional, their localisation was also

determined by immunogold electron microscopy in the same paper: this method

suggested that CheY6 is delocalised throughout the cytoplasm, instead, which is

consistent with the requirement of response regulators to be mobile to allow com-

munication between the signaling clusters and the flagellar motor. The presence of

the YFP tag on CheY6-YFP may have increased the affinity of the protein for the

cytoplasmic cluster possibly by stabilising a conformation that enhances affinity for

the cluster or the lower amount of ChY6-YFP may have altered its localisation pat-

tern. The unexpected result that both CheY3 and CheY4 localise to the cytoplasmic

chemotaxis cluster even though no known cognate kinase for these proteins is found

there, suggests that CheY3 and CheY4 may interact with a component of the cyto-

plasmic chemotaxis cluster, although it is not known which yet. The schematic in

Figure 1.12 offers a visual summary of the localisation of the chemotaxis proteins in

R. sphaeroides.

Figure 1.12: Known localisation of chemotaxis proteins in R. sphaeroides. Proteins
from cheOp2 are shown in red, those from cheOp3 in blue and those at unlinked
loci in black. Image taken from 156.
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1.3.6 CheY6-FliM interaction

A wide range of techniques has been used to probe the CheY6-FliM interaction in R.

sphaeroides. Surface Plasmon Resonance (SPR) experiments have been attempted

(Christian Bell, unpublished): CheY6 was attached to a chip surface and a FliM

peptide (1-20) was flowed over the surface. No CheY6-FliM binding was detected.

In vitro pull down assays showed that all six R. sphaeroides CheYs bind FliM, the

binding being enhanced two- to three-fold by CheY phosphorylation157. However,

in experiments with fluorescently tagged fusion proteins in vivo, it was not possible

to distinguish CheY6-FliM binding. In fact, with thousands of CheY6 copies per

cell, the relatively small amount of proteins interacting with the flagellar motor

could not be visualised. It was also observed that deletion or inactivation of CheY6

results in a non-chemotactic strain (smooth swimming), indicating CheY6 is the

only CheY able to stop the motor and make the cell reorient155. CheY3 and CheY4

are also believed to interact with FliM, although not triggering a change in flagellar

rotation157. These results suggest that despite some of the R. sphaeroides CheYs

may be unable to stop the motor, they might still compete for binding to FliM. This

competition could be central to integrating the signals from both the cytoplasmic

and polar chemoreceptor clusters. This kind of control would require a complex

balance among all of the reactions in which the response regulators are involved (i.e.

binding to FliM and to CheA, phosphorylation and dephosphorylation rates, etc.);

therefore, the biochemical characterisation of the affinity of each CheY protein for

FliM is currently one of the main interests in the field. In particular, the interaction

between CheY6 and FliM remains to be characterised at the molecular level, and

will be object of the studies reported in chapter 7.
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1.4 Microscopy Techniques

1.4.1 Bright-field illumination

Bright-field microscopy is the simplest of all the optical microscopy illumination

techniques, not involving the use of any devices that alter the properties of light, such

as polarizers or filters. White light is transmitted through the specimen from below

and observation is made from above. Contrast in this type of imaging depends on

differences in light absorption, refractive index or colour: as light passes through the

sample, regions that alter the direction, speed, and/or spectrum of the wavefronts

generate optical disparities (contrast) when the rays are gathered and focused by

the objective. However, the general lack of contrast in bright-field mode when

examining unstained specimens, and even more when imaging transparent bacterial

cells, which have a very thin contour (see Figure 1.13), renders this technique capable

of providing only a limited degree of information.

Figure 1.13: Typical bright-field image of E. coli cells (example image recorded
during this work).

1.4.2 Contrast enhancement methods

Contrast enhancement methods are important for visualising without loss of resol-

ution thin, transparent specimens which modulate the phase but not the amplitude

of transmitted light. As most bacterial cells are transparent and are usually im-

aged within media with refractive index similar to that of water, such as agarose
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pads or tunnel slides (see section 2.6.1), they will appear just as bright as the sur-

rounding medium using standard bright-field microscopy and would therefore be

very difficult to spot. Prior to the introduction of such techniques, cells and other

semi-transparent specimens were rendered visible in bright-field microscopy by arti-

ficial staining techniques. Contrast enhancement methods convert the differences in

optical density (i.e. the refractive index) of the bacterial cells into different shades

of brightness, instead, and are therefore much less invasive and more accurate in

the study of biological systems. The optical configuration is designed to exploit

the interference of the light which passes through the specimen (the bacteria) with

the light that goes around the medium. Two common methods, phase-contrast and

differential interference contrast (DIC), are illustrated in Figure 1.14.

Phase contrast

The phase contrast technique employs an optical mechanism to translate minute

variations in phase into corresponding changes in amplitude, which can be visualised

as differences in image contrast (see 158–160 for extensive reviews). During their

journey through cell nuclei, cytoplasm, or water, the light waves are delayed by small

degrees, since these media have slightly different refractive indices (the higher the

refractive index of a medium, the smaller the speed of light in the medium). The

amount of lag is called a phase shift. The amount of the phase shift depends on what

media (refractive index) the waves have passed through on their paths, and how long

the paths were through these media. The human eye cannot see these phase shifts

in the microscope image, it is only able to distinguish between different intensities

and colours. Therefore, the phase contrast technique uses optical tricks to translate

phase shifts into grey values. Presented in the left side of Figure 1.14 is a schematic

illustration of the phase contrast optical configuration. Light from a source, usually

a tungsten-halogen lamp, passes through a phase stop (the size of which depends

upon objective and condenser numerical aperture) and illuminates the specimen via
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Figure 1.14: Left: typical phase contrast image of E. coli cells (top) and phase
contrast optical path schematic (bottom). Defocused, parallel light from a source
illuminates the sample after passing through a phase stop, which is typically con-
structed as an opaque flat-black (light absorbing) plate with a transparent annular
ring, and is positioned in the front focal plane of the condenser. If the specimen
contains sub-structures that have mixed refractive indices, these entities guide the
light from the direct waves into new paths (red dotted line). All of the wavefronts
are ultimately recombined to form the intermediate image by the tube lens. Right:
typical DIC image of E. coli cells and DIC optical path schematic. The single
starting beam is split into two adjacent beams with orthogonal polarisations by a
condenser DIC prism; these beams pass through the specimen before being focused
onto a second objective DIC prism which recombines them on the intermediate
image plane. Optical configuration images adapted from 158–160.

the condenser optical components in a hollow cone of light. Wavefronts either pass

through undeviated or are diffracted (red dotted line) and retarded in phase by

structures and phase gradients present in the specimen. Undeviated and diffracted

light collected by the objective is segregated at the rear focal plane by a phase

plate and focused at the intermediate image plane to form the final phase contrast
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image observed in the eyepieces. A major artifact of this type of imaging is the

bright halo of light appearing around the cell contour (Figure 1.14, top left). Halos

occur in phase contrast microscopy because the circular phase-retarding (and neutral

density) ring located in the objective phase plate also transmits a small degree of

diffracted light from the specimen. The problem is compounded by the fact that the

width of the non-diffracted light (zeroth-order) wavefront projected onto the phase

plate by the condenser annulus is smaller than the actual width of the phase plate

ring. Nevertheless, phase contrast microscopy allows imaging of living cells in their

natural state without necessity of fixing or staining them. As a result, the dynamics

of ongoing biological processes, such as in our case directed motion compatible with

motor rotation and chemotactic response, can be observed and recorded in high

contrast with sharp clarity and minute specimen detail.

Differential Interference Contrast

Differential interference contrast microscopy (Figure 1.14, right side) requires plane-

polarised light and additional light-shearing (Nomarski or Wollaston) prisms to ex-

aggerate minute differences in specimen thickness gradients and refractive index (see

158–160 for extensive reviews). Lipid bilayers in the bacterial cell membranes, for

example, produce excellent contrast in DIC because of the difference in refractive

index between aqueous and lipid phases of the cell. In addition to the increased

contrast, DIC exhibits decreased depth of field at wide apertures, creating a thin

optical section of the thick specimen. In a typical differential interference contrast

optical system, two birefringent prisms are inserted into the optical path, one in the

condenser and the second near the objective pupil. The condenser prism performs

a vectorial decomposition of the previously linearly polarised light into two beams

that are perpendicularly polarised to each other, and laterally shifts these partial

beams in such a way that a small lateral displacement of the wavefronts occurs

where regions of thickness or refractive index vary. If the two partial beams now
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pass through exactly the same structures, no further path difference will occur in

the specimen; however, if the two partial beams see slightly different conditions,

each of them will run through a slightly different path length on the remaining trip

to the intermediate image plane and toward the eyepiece, where an image of the

sample can be observed as differences in intensity and colour. The design results in

one side of a specimen detail appearing bright while the other side appears darker.

This shadow-cast effect often renders the specimen in a pseudo three-dimensional

relief (Figure 1.14, top right), which is not however an indicator of any actual to-

pographical structure. Annoying halos, often encountered in phase contrast, are

absent in DIC images, but one should keep in mind, however, that since DIC is

based on polarised light principles, highly birefringent specimens or those embedded

in birefringent materials should not be observed with this technique.

1.4.3 Fluorescent methods

In the last two decades, fluorescence microscopy has become an essential tool in

microbial cell biology due to attributes that are not readily available in other con-

trast modes with traditional optical microscopy. The quantitative nature and high

temporal resolution of fluorescence microscopy make it particularly useful for stud-

ies of intracellular dynamic systems, such as macromolecular complexes like the

bacterial flagellar motors or signalling networks like the chemotaxis one. Several

fluorescence-based techniques, in fact, allow not only for static localisation studies,

but also for real-time investigation of signal propagation, protein-protein interac-

tion, protein dynamics, diffusion and exchange. In a typical application, the chosen

target is marked with a fluorescent probe (e.g. a fluorescent protein or an organic

dye, respectively genetically or synthetically encoded) and the fluorescence emission

is excited by means of a properly filtered source, observed with an optical micro-

scope and collected by a suitable detector. Through the use of multiple fluorescent
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labels it is possible to identify and monitor several target molecules simultaneously.

Principles

The main concepts needed to understand the fluorescence imaging results illustrated

in chapters 3-5 and some definitions of related quantities will now briefly be intro-

duced (see 161, 162 for extensive reviews). Fluorescence is the property of some

atoms and molecules to absorb light at a particular wavelength and to subsequently

emit light of longer wavelength after a brief interval, known as the fluorescence life-

time. The difference between the exciting and emitted wavelengths is called the

Stokes shift. By completely filtering out the exciting light without blocking the

emitted fluorescence, it is possible to see only the objects that are fluorescent, even

down to single molecules if the background is dark enough. The Jablonski diagrams,

first conceived by Alexander Jablonski in the 1930s, are a useful graphic tool to un-

derstand the details of the excitation and emission process: in these schemes, each

molecular level is indicated by a horizontal line, and the electronic levels are in turn

split in several horizontal parallel lines, to represent the partition in rotational and

vibrational sublevels. In Figure 1.15, radiative transitions like excitation, fluores-

cence and phosphorescence are drawn as blue, green and orange vertical arrows,

respectively, while dark red vertical arrows represent vibrational relaxation due to

loss of vibrational excitation energy through energy transfer to the environment

caused by collisions with other molecules and solvent interactions; finally, horizontal

arrows indicate conserved energy processes like internal conversion and inter-system

crossing, where conversion from an electronical to a vibrational excited state occurs.

Following radiation absorption, a fluorophore is excited to some vibrationally ex-

cited state of a higher electronic level Si. Internal Conversion is the decay from a

molecular state to a lower one with the same spin multiplicity and it is due to loss

of energy by collisions with solvent or by dissipation through internal vibrational

modes. This process increases as the temperature is raised and has typical times of
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Figure 1.15: General form of a Jablonski diagram: on the left side of the diagram
are the singlet states. S0 is the ground state and represents the energy of a molecule
that is not being excited by light. In this state, a pair of electrons has the normal
configuration with opposite spins. S1 and S2 are more energetic, excited singlet
states in which an outer electron is boosted into a different orbital. On the right
of the diagram are the triplet states in which an outer electron, boosted to a new
orbital, has also undergone a subsequent reversal in spin so that a former pair of
electrons has now parallel spins. Also shown, the times that the various steps in
fluorescence excitation and emission and phosphorescence take. Image taken from
161.

10−12 s or less, thus occurring prior to emission. After excitation, the fluorophore

returns to the electronic ground state, but usually on a vibrational level of higher

energy, which then thermically relaxes to the fundamental one in about 10−12s. An

interesting consequence of emission to higher vibrational ground states is that the

emission spectrum is typically a mirror image of the absorption spectrum of the

S0 → S1 transition. This similarity occurs because electronic excitation does not

greatly alter the nuclear geometry. Hence the spacing of the vibrational energy levels

of the excited states is similar to that of the ground state. As a result, the vibra-

tional structures seen in the absorption and the emission spectra are similar. The

quantum yield of a fluorophore is a measure of the total light emission over the entire

fluorescence spectral range. It is measured as the ratio of fluorescence emission to

nonradiative energy losses. A high quantum yield not only increases fluorescence

intensity but also means alternative competing photochemical processes associated

with intersystem crossing, such as bleaching and free radical formation, are less likely.
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Molecules in the S1 state can also undergo a spin conversion to the first triplet state

T1. Emission from T1 can occur either by phosphorescence, or by internal conver-

sion, and, since the triplet state generally is lower in energy than the excited singlet,

phosphorescence is usually shifted to longer wavelengths relative to fluorescence.

Conversion of S1 to T1 is an example of Intersystem Crossing. Transition from T1

to the singlet ground state is forbidden in electric dipole approximation, and as a

result the rate constants for triplet emission are several orders of magnitude smaller

than those for fluorescence, and therefore the triplet state will display an extremely

long radiative lifetime (seconds or longer instead of nanoseconds typical of excited

singlets). This means that collisions with other molecules or internal conversion

can effectively compete with phosphorescence. This is why it is rarely observed in

solution, but rather in solid and de-oxygenated samples, conditions usually very far

from biological.

Single-Molecule Fluorescence

Common bioscience experiments observe a large number of molecules, revealing the

ensemble average of the measured properties. When observing a single molecule

there is no ensemble averaging, allowing one, for instance, to distinguish between

homogeneous and inhomogeneous broadening in a distribution of parameters. Fluor-

escence single-molecule experiments can also reveal dynamic, fast processes like for

instance conformational changes and protein exchange in a biological system, and

allow for tracking of such molecules in real time. However, imaging experiments

of single molecules in cells present many practical challenges: optical signals from

single molecules or labels are extremely weak and thus are easily drowned out in a

noisy background - they therefore require special care in cleaning the sample from

unwanted fluorescent species and the microscope coverglass from possible dirt on

the surface, to avoid false positives; it is essential to collect as much signal (i.e.

photons) as possible from individual targets and suppress the unwanted noise from
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the environment by choosing optimal probes and illumination setting parameters

for detection.

Wide-field imaging

The simplest, most common form of wide-field fluorescence microscopy used is epi-

illumination (Figure 1.16, a)). Because the excitation volume is very large in the

z direction in this kind of illumination, the residual fluorescence from emitters out

of the focal plane is also collected, leading to a low contrast in the resulting image.

This hinders imaging of thick samples. However, if the sample is thin enough (e.g.

bacteria), it is still possible to image single FP-labeled molecules inside the cell with

a reasonable signal-to-noise ratio58,163,164. A more popular form of wide-field imaging

is Total Internal Reflection illumination, which takes advantage of the evanescent

field induced by TIR, whose intensity decays exponentially with distance, resulting

in a sectioning excitation with a typical probing depth of 100-160 nm along the z

direction from the interface for visible light165 (Figure 1.16, c)). By reducing the

region of a signal’s provenance, in this way decreasing the background, this method

improves the signal-to-noise ratio dramatically compared to epi-illumination. Even

with less emissive probes such as FPs, a good signal-to-noise ratio can be achieved.

However, one drawback of this technique is that the sectioning effect in turn lim-

its the imaging depth. Therefore, only molecular events occurring at or near the

membrane of cells can be probed. This is however not a crucial point for the work

described in this thesis, as bacterial flagellar motors are embedded within the cell

membrane and therefore good targets for such technique. For photobleaching life-

times estimation (section 4.1), near-TIR (nTIRF) was sometimes used, a type of

illumination that extends the probing depth while minimising background signals

by using an incident angle slightly smaller than the critical angle166 (Figure 1.16,

b)).
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Figure 1.16: Illustration of the three most common wide-field imaging techniques.
a) Epi-fluorescence microscopy illuminates the whole sample evenly, suffering from
a low signal-to-noise ratio. b) Near-TIR illumination employs beams directed at
subcritical angles to trade-off between increased penetration depth and background
minimisation. (c) Total internal reflection fluorescence (TIRF) microscopy exploits
beam incidence at the critical angle, where total reflection occurs, to establish an
evanescence field that penetrates for less than 200 nm into the sample and excites
nearby fluorophores, thus reducing the background from other fluorescent compon-
ents in the cell. Image adapted from 167.

1.5 Aims

The aims of this research are of two kinds: firstly, to establish a suitable procedure

to apply the electroporation technique to the study of chemotaxis (and eventually

other) proteins in bacteria, namely by:

� Developing a reliable protocol to produce electrocompetent cells with a motile

phenotype (both E. coli and R. sphaeroides);

� Tuning the electroporation parameters (i.e. voltage, amount to incubate with)

to introduce a suitable number of labelled proteins in the cell to carry out

single-molecule experiments (in both E. coli and R. sphaeroides);

� Studying the correlation between cell loading and viability (in both E. coli

and R. sphaeroides);

� Studying the correlation between cell electroporation and motility recovery (in

both E. coli and R. sphaeroides);

� Studying the correlation between cell loading and motility recovery (in E.
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coli);

Secondly, to exploit such technique to investigate the interaction of E. coli CheY and

R. sphaeroides CheY6 with FliM, quantify their dynamic behaviour and compare the

results obtained with both what previously reported in the literature and between

the two species. Specifically:

� Image and track single CheY proteins, labelled with a fluorescent organic dye

of choice, while diffusing within the cell, binding to the sensory cluster(s) and

to individual flagellar motors;

� Measure their diffusion coefficient, binding constants and dwell times at the

switch complex;

� Correlate fluorescence and motility in electroporated tethered cells;

� Present evidence that supports recently proposed hypotheses (see section 6.2).



Chapter 2

Materials and Methods

Recipes for all media and buffers are included in appendix A.

2.1 Strains and Plasmids

Strains and plasmids used in this study are summarised in Table 2.1 and Table 2.2,

respectively. Strains EW668 and EW669 were obtained by P1 phage transduction

of JPA945 strain with JW1877-1 and JW1870-2 strains from the KEIO collection168

as described in 169.

2.1.1 Storage

Stationary-phase cultures of E. coli and R. sphaeroides strains were preserved in a

3:2 mixture of appropriate growth medium and sterile glycerol (50% v/v). Cryotubes

(Sarstedt) containing 1 ml of this mixture were flash-frozen in liquid nitrogen and

stored at -80◦C.

48
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Strain Species Genotype/Description Source/Reference

XL1-Blue E. coli General cloning strain, used for
plasmid creation and modifica-
tion. TetR

Stratagene

DH5α E. coli General cloning strain, derived
from K12, used for plasmid cre-
ation and modification.

Life Technologies

BL21(DE3) E. coli Competent E. coli cells used for
the expression of recombinant
proteins with pET vectors.

Life Technologies

BL21(DE3)pLysS E. coli Competent E. coli cells used for
the expression of recombinant
proteins with pET vectors. CMR

Life Technologies

M15[pREP4] E. coli Strain - containing pREP4 plas-
mid - used for the expression
of recombinant proteins with
pQE60 vectors. KanR

QIAGEN

RP437 E. coli Wild type for motility 170

JPA802 E. coli RP437, fliC(sticky) M. Tipping

RP5232 E. coli RP437, ∆cheY 170

JPA2900 E. coli RP437, ∆cheY, fliC(sticky) Gift from N. Delalez

JPA1814 E. coli RP437, fliM-yPet, fliC(sticky) ,
6aa linker

Gift from N. Delalez

JPA945 E. coli RP437, fliM-yPet, 6aa linker Gift from N. Delalez

EW668 E. coli RP437, fliM-yPet, ∆cheA,
KanR

Gift from O. Afanzar

EW669 E. coli RP437, fliM-yPet, ∆cheZ ,
KanR

Gift from O. Afanzar

UU2689 E. coli RP437, cheZ-cfp Gift from S. Parkinson

WS8N R. sphaeroides Spontaneous nalidixic acid res-
istant strain of the wild type
strain WS8.

171

JPA1447 R. sphaeroides WS8N cfp-cheW3, yfp-cheW4 153

JPA1674 R. sphaeroides WS8N yPet-fliM M. T. Brown

Table 2.1: Strains used in this work.

2.2 Growth conditions

� E. coli liquid cultures for protein expression were grown aerobically at 37◦C

with shaking at 225 rpm in Luria-Bertani (LB) medium and/or in 2X TY rich

medium. Electrocompetent E. coli cells were grown aerobically with shaking

at 225 rpm in TB medium at 30◦C.
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Plasmid Description Source/Reference

pFN29A T7 RNA polymerase-driven protein expression vec-
tor, N terminus 6xHis-Halo Tag. AmpR

Promega

pIND4 IPTG inducible plasmid for gene expression. KanR 172

pIND4-Y pIND4 containing E. coli WT cheY. This study

pQE60 Protein expression vector, C terminus 6xHis tag, in-
ducible lac promoter. AmpR Used to express WT
CheY and mutants.

QIAGEN

pQE60-Y pQE60 containing E. coli WT cheY. This study

pQE60-YNC pQE60 containing E. coli cheY with Cys at N ter-
minus.

This study

pQE60-YCC pQE60 containing E. coli cheY with Cys at C ter-
minus.

This study

pQE60-**YNC pQE60 containing E. coli cheY** 173 with Cys at N
terminus.

This study

pQE60-**YCC pQE60 containing E. coli cheY** with Cys at C ter-
minus.

This study

pFloat Entero-bacterial protein expression vector derived
from pET30a (Novagen), 6xHis and solubility tags,
human rhinovirus 3C protease cleavage sequence.

174

pFloat-YNC-His pFloat containing E. coli cheY with Cys at N ter-
minus, 6xHis-tag at C terminus and cleavage site.

This study

pFloat-SUMO-YNC pFloat containing E. coli cheY with Cys at N ter-
minus, 6xHis-SUMO tag at N terminus and cleavage
site.

This study

pCA24N Protein expression vector, N terminus 6xHis tag,
GLCGR C’ linker, IPTG inducible lac promoter.
CMR. Used to express CheY(I95V)175 mutant.

176

pBAD33 Arabinose protein expression vector. CMR. Used to
test E. coli cells’ electrocompetency.

Beckwith Lab

pQE80 Protein expression vector, N terminus 6xHis tag, in-
ducible lac promoter and lacI.

QIAGEN

pQE80-Y6(A134C) pQE80 containing R. sphaeroides cheY6with
(A134C) point mutation.

This study
(M. W. Smith)

Table 2.2: Plasmids used in this work.

Frozen stocks or liquid samples requiring selection were streaked out on solid

LB agar plates (2% w/v agar) and grown at 37◦C.

� R. sphaeroides liquid cultures were grown in Succinate medium (SUX) at 30◦C,

either aerobically with shaking at 225 rpm, or photoheterotrophically in sealed

containers with minimal air space, under white light and without shaking. In
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both cases, two to three days’ growth was required for a stationary culture.

Electrocompetent R. sphaeroides cells were grown aerobically with shaking at

225 rpm in SUX medium at 30◦C without additional antibiotic.

Frozen stocks or liquid samples requiring selection were streaked out on LB

agar plates containing 2% w/v agar and nalidixic acid and incubated for at

least 48 hours at 30◦C.

2.2.1 Antibiotics

When required, the appropriate antibiotic(s) was (were) added to either liquid or

solid growth media at the working concentrations given in Table 2.3. Stock solutions

were prepared 1000-fold more concentrated than such concentrations, filter sterilised,

aliquoted and stored at -20◦C.

Antibiotic Concentration for E. coli (µg/ml)

Kanamycin 25

Chloramphenicol 34

Ampicillin 100

Tetracycline 25

Antibiotic Concentration for R. sphaeroides (µg/ml)

Nalidixic Acid 25

Table 2.3: Antibiotic concentrations used in this work.

2.3 Genetic techniques

2.3.1 DNA extraction

Plasmid extraction

E. coli cultures containing the plasmid of interest were grown overnight in LB broth

and the appropriate antibiotic at 37◦C. Sequencing quality plasmid DNA was extrac-
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ted using the QIAprep Spin Miniprep Kit (Qiagen) for high copy number plasmids,

following the instructions provided. DNA was eluted in MilliQ water and stored at

-20◦C.

Extraction of R. sphaeroides genomic DNA

Cultures were grown aerobically to stationary phase (∼48 hours). 1 ml of culture was

centrifuged and flash-frozen in liquid nitrogen. The frozen pellet was resuspended in

500 µl of lysis buffer (see appendix A) and heated up to 65◦C. 100µg of proteinase K

was added before incubation at 45◦C for 2 hours. Chromosomal DNA was extracted

twice with phenol:chloroform:isoamyl-alcohol (500 µl , 25:24:1) and precipitated with

100% ethanol at -20◦C for 30 mins. The sample was then centrifuged (16000 x g,

15 mins), the pellet washed with 70% ethanol, and centrifuged again as above. The

pellet was finally dried at 37◦C overnight, resuspended in 50 µl sterile water and

stored at -20◦C.

2.3.2 Cloning

Polymerase Chain Reaction (PCR)

PCRs for amplification of a section of genomic of plasmid DNA were carried out

with reaction mixture composition as described in Table 2.4 in a final volume of

50 µl of liquid. Unless stated elsewhere, reaction mixtures were then run in a

Techne TC-3000 thermocycler using the program described in Table 2.5, annealing

temperatures were chosen based on the melting temperature (TM) of the primers.

Amplifications for E. coli cheY gene and its mutants were performed using Phusion

High-Fidelity HF DNA Polymerase (New England Biolabs), while amplifications for

R. sphaeroides cheY6 were performed using Pfu DNA polymerase (Promega). All

primers (listed in appendix B) were synthesised by Sigma-Genosys.
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Component Quantity ( µl )

Template DNA 0.5-1

Primers 1 of each at 100 µM

2.5 of each at 10 µM for Gibson cloning (section 2.3.2)

DNA Polymerase 0.5

DNA Polymerase Buffer 5 (10x Pfu) / 10 (5x HF)

dNTPs 5 at 2.5 mM

DMSO 2.5 for 5%

MilliQ Make up to total volume of 50 µl

Table 2.4: Composition of PCR reaction mixtures.

Step Temperature (◦C) Time

Initial denaturation 98 10 min

Repeat the following cycle 30 times:

Denaturation 98 2 min

Annealing TM specific 1 min

Extension 72 15-30 seconds per kbp of DNA

Final extension 72 5 min

Hold sample 4 indefinite

Table 2.5: PCR reaction program. For cheY6’s gene amplification only, denaturation
time was set to 1 minute and extension time to 2 min per kbp of DNA.

Gibson Assembly

Plasmids pFloat-YNC-His and pFloat-SUMO-YNC were constructed using seamless

cloning methods (Gibson Assembly, New England Biolabs)177. The entero-bacterial

expression vectors pFloat174, derived from pET30a (Novagen) and engineered to in-

clude N terminal His6- and Small Ubiquitin-like Modifier (SUMO) solubility tags,

and a human rhinovirus 3C protease cleavage sequence (LEVLFQ/GP) were used.

SUMO proteins are small, around 100 amino acids in length and 12 kDa in mass.

SUMO modification has the function of enhancing protein stability, cytosolic trans-

port, and transcriptional regulation. Such tag was removed after expression and

purification of Cys-modified CheY using PreScission Protease, a genetically engin-

eered fusion protein consisting of human rhinovirus 3C protease and GST (Gluta-
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thione S-transferase) which specifically cleaves between the Gln and Gly residues of

the recognition sequence of LeuGluValLeuPheGln/GlyPro.

Restriction enzyme digests

Unless stated elsewhere, DNA digests were carried out using restriction enzymes

from New England Biolabs (NEB) following the instructions provided by the man-

ufacturer. Restriction digests were carried out using the supplied buffers in a total

volume of 50 µl (no need to use Bovine Serum Albumine - BSA). Restriction enzyme

digest reaction mixtures (as described in Table 2.6) were incubated for at least 2

hours at 37◦C.

Component Quantity ( µl )

DNA 1

10 x buffer 5

Enzyme 1 of each

MilliQ Make up to total volume of 50

Table 2.6: Restriction enzyme digest reaction mixture composition.

Gel electrophoresis

DNA fragments were separated using gel electrophoresis. Multi-purpose agarose

(Roche) was dissolved in 0.5x TBE buffer (see appendix A) at concentrations ranging

between 0.8 and 2% (w/v) to optimise separation of the particular size of DNA

fragments expected. DNA samples mixed with DNA loading dye were loaded on the

gel alongside 1kb-plus DNA ladder (Invitrogen) and electrophoresed at a constant

voltage of 130 V for ∼1 hour through 0.5x TBE buffer. The gel was stained in 1

ng/ml ethidium bromide for 10-15 min, rinsed in water and the position of DNA

fragments visualised using a UV transilluminator (λ = 360nm). Bands of interest

were then excised using a clean razor blade for further purification.
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Purification of DNA fragments

DNA fragments were purified from agarose gel bands using the QIAquick Gel Ex-

traction Kit (QIAGEN). Purified DNA was eluted in 50 µl MilliQ water and stored

at -20◦C.

DNA ligation

Digested products were ligated in 20 µl final volume mixtures containing T4 DNA

ligase (New England Biolabs) and the appropriate buffer according to the manu-

facturer’s instructions. The volumes of vector and insert DNA were adjusted to

give a molar ratio of about 1:3 (total amount of DNA present ∼1 µg); the mixtures

were incubated overnight at 16◦C and subsequently transformed into freshly made

competent cells (section 2.3.3 and 2.3.4).

Sequencing

DNA sequencing was performed by the Automated DNA Sequencing Service from

Geneservice (Source BioScience). Sequences were analysed using Clone Manager

Professional version 9.0 (Sci Ed Central) or the EMBOSS Needle Pairwise Sequence

Alignment tool (http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.

html).

2.3.3 Competent cells

Cells were made either chemically competent, using the rubidium chloride method,

or electrocompetent. In the former case, cells were used for cloning purposes,

whereas in the latter cells were used for electroporation experiments (see chapter 3).

(http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html)
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html)
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Chemically competent E. coli

E. coli cells were made chemically competent as follows: 50 ml of LB-broth were

inoculated with 1 ml of stationary phase E. coli and incubated at 37◦C until it

reached an OD600nm of 0.3-0.5. The culture was then transferred 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 of ice cold TFB-I buffer

(see appendix A) and incubated on ice for 1 hour, before being centrifuged again at

750 x g for 10 minutes at 4◦C. The pellet was this time resuspended in 2 ml ice cold

TFB-II buffer (see appendix A); resuspended cells were divided into 100 µl aliquots,

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

Electrocompetent E. coli

An ad-hoc, slightly modified version of the traditionally adopted protocol from 178

was used to prepare electrocompetent E. coli cells. In order to ensure that elec-

trocompetent cells were motile (both swimming and spinning) before starting the

electroporation protocol (see chapter 3), the growth temperature was reduced to

30◦C instead of the prescribed 37◦C , and the LB rich medium was replaced with TB

medium, both modifications known to yield optimal motility179: 500 ml of Tryptone

Broth (TB) medium (see appendix A) were inoculated with ∼4 ml of an overnight

culture and incubated in a 2L flask at 30◦C with agitation. The OD600nm of the

culture was measured every 30 min, until it reached about 0.4. Growth was then

stopped by putting the flask on ice and swirling it gently to ensure homogeneous

cooling. In this protocol, to achieve maximum efficiency of transformation, it is cru-

cial that the temperature of the bacteria does not rise above 4◦C at any stage. From

here onwards, the same steps as in 178 were carried out, namely a 20 min wash with

MilliQ water plus 3x20 min washes with 10% Glycerol, all at 4◦C and 1000 x g, to

reduce the ionic strength of the cell suspension and avoid arcing during application
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of the electric pulse (see section 3.3.3). The cell pellet was then resuspended in 1 ml

of GYT medium (see appendix A) and 40 µl aliquots, fast-frozen in liquid nitrogen

and stored at -80◦C.

Cell motility before and after the washing steps was checked by microscopic exam-

ination and confirmed. Electrocompetence was tested qualitatively by incubating

cells with 1 µl of pBAD33 plasmid carrying a resistance gene to Chloramphen-

icol antibiotic and performing electroporation (see chapter 3); cells plated on LB-

agar+Chloramphenicol and incubated overnight at 37◦C showed unaffected growth,

whereas, as a control, electroporated cells without pBAD33 did not grow at all.

Electrocompetent R. sphaeroides

Cells from frozen stocks of interest were streaked on LB agar plates and incubated

at 30◦C for 48 hours. 2 ml of SUX + Nal (1:1000 dilution from a 20 mg/ml stock

in water) were then inoculated and liquid cultures grown photoheterotrophically in

1.7 ml eppendorfs upside down at room temperature for 24-36h. 500 ml of SUX

medium in a 2L flask was inoculated with 125 µl (1:4000 dilution) of the stationary

phase bacterial culture and grown aerobically at 30◦C with agitation at 225 rpm

overnight. Next morning, the OD700nm of the culture was measured every 30 min,

until it reached about 0.4. Growth was then stopped by putting the flask on ice

and swirling it gently to ensure homogeneous cooling. As with E. coli, to achieve

maximum efficiency of transformation, it is crucial that the temperature of the

bacteria does not rise above 4◦C at any stage. Cells were washed twice with MilliQ

water and then once with 10% Glycerol for 15 min, all at 4◦C and 3000 x g, to

reduce the ionic strength of the cell suspension and avoid arcing during application

of the electric pulse. The cell pellet was then resuspended in 1 ml of ice-cold 10%

Glycerol and 40 µl aliquots, flash-frozen in liquid nitrogen and stored at -80◦C.
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2.3.4 Internalisation methods

Transforming E. coli by heat-shock

Fully formed plasmids were inserted into E. coli by heat-shock. A 100 µl frozen

aliquot of chemically competent cells was thawed on ice and incubated, always on

ice, with plasmid DNA for 30-45 min. For ligation products, 25 µl of ligation mixture

was added, for purified plasmid 1 µl was added. The cells were then heat-shocked

by immersing them in a 42◦C water bath for 45 s and then immediately put on ice

for 2 min. 800 µl of LB medium was then added and cells incubated at 37◦C for at

least 1 hour. Cells were finally spread onto LB agar plates containing appropriate

selective antibiotics and incubated overnight at 37◦C.

Internalisation by electroporation

In this work, a MicroPulserTM Electroporator (Bio-Rad) was used to apply an elec-

tric field of chosen intensity and allow for internalisation of dye-labelled proteins of

interest. Figure 2.1 shows a visual summary of a typical experiment: first, electro-

competent cells were incubated with the fluorescent dye labelled protein of interest;

secondly, an electric field of opportunely chosen strength was applied to allow for

internalisation of part of the fluorescent molecules in solution; cells were then re-

covered and washed several times to remove non-internalised molecules; imaging was

finally performed in white-light and in fluorescence. A more detailed procedure is

described in the following: one 40 µl aliquot of electrocompetent cells of a chosen

strain was thawed on ice for 10-20 minutes; one 0.1 cm electroporation cuvette

and one 1.7 ml sterile eppendorf tube labelled NEP (Non-Electroporated, Positive

Control) were put on ice, as well; other 2 sterile eppendorf tubes labelled Negative

Control and EP (Electroporated) were lined up in a rack at room temperature.

The Negative control sample was prepared by adding 1 µl of cells from the above
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Figure 2.1: Steps of a typical electroporation experiment: electrocompetent cells
were incubated with the fluorescent molecules of interest prior to electroporation;
after internalisation, they were recovered in rich medium, extensively washed and
imaged.

aliquot to either 9 µl of Motility Buffer (MB) for E. coli or SUX medium for R.

sphaeroides (see appendix A for recipes). Half volume of the starting aliquot of cells

(∼20 µl) was then transferred into the chilled NEP eppendorf and the remaining

named as EP cells; the chosen quantity of fluorescently labelled protein was then

added to both EP and NEP samples; using a thin gel-loading tip, the EP sample

was transferred into the chilled electroporation cuvette and incubated on ice for 1-2

minutes; after wiping out very well the cuvette to remove possible water on the

electrodes, an electric field of the chosen strength was applied to the cell suspension

(details for each experiment are reported in chapter 3). 500 µl of SOC for E. coli

and SUX for R. sphaeroides was immediately added to both EP and NEP samples,

the EP cells transferred to the clean eppendorf tube previously prepared at room

temperature and EP and NEP samples recovered at 30◦C, 450 rpm in a Thermo-

mixer (Eppendorf). The recovery time varied according to the kind of experiment

that was being carried out. EP and NEP cells were washed with either MB (E. coli)

or SUX (R. sphaeroides) for 1 minute at 7000 rpm in a bench-top centrifuge, for 4

times; cell pellets resuspended in 90-150 µl of MB/SUX and prepared for imaging

in one of the two ways described in section 2.6.1.
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2.4 Protein Techniques

2.4.1 Overexpression of Cys-modified E. coli CheY/CheY**

In a first attempt, genes of interest were cloned into a pFN29A 6xHis-Halo Tag vec-

tor configured to append the 6xHis-Halo Tag to the amino-terminus of the protein

fusion partner, providing T7 RNA polymerase-driven protein expression in E. coli.

This approach was not successful, as there was very little or no protein overexpres-

sion, as verified via expression trials. In a second, this time successful, attempt,

Cys-modified cheY and cheY** genes were cloned in a pQE60-His6Tag vector. In

the case of N terminal cysteine modification, a Cys was inserted after the first

aminoacid (M1) in WT CheY sequence; in the case of C terminal cysteine modific-

ation, a Cys was inserted after the last aminoacid in WT CheY sequence (M129),

but before the 6xHis tag of pQE60. Formation of correct constructs was checked

by sequencing. Recombinant pQE60-derivative plasmids encoding for the different

proteins of interest were transformed into E. coli M15[pREP4] competent cells by

heat-shock (see section 2.3.4), plated onto LB agar + Amp and incubated overnight

at 37◦C. Before starting large scale cultures, expression trials were carried out at

four conditions of temperature and duration to assess which one would yield the best

overexpression: 18◦C overnight, 25◦C overnight, 25◦C 5h, 30◦C 5h, with the latter

resulting the best trade off between time required and yield. Single colonies were

picked for a 25 ml overnight culture containing appropriate antibiotics (Amp and

Kan, in this case). 500 ml of 2X TY rich medium (see appendix A) were inoculated

with 10 ml of stationary overnight culture. Two 2L flasks were used per protein,

i.e. 1L of growth media. Cells were grown at 37◦C with shaking at 225 rpm until

midlog phase. At this stage, IPTG was added to a final concentration of 0.1 mM to

induce protein expression. Cells were incubated for another 5h at 30◦C before being

centrifuged at 7000 x g for 20 min at 4◦C and harvested.
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2.4.2 Purification of Cys-modified E. coli CheY/CheY**

In preliminary studies, a purification protocol presented in 180 was tested, based

on CheY’s affinity to cibacron blue dye and therefore presenting the advantage

of not involving the use of any tags or labels on the protein itself. In fact, such

modifications, despite simplifying purification procedures, might alter to a certain

extent the native structure/function of the protein, and, where applicable, involve

also cleaving steps after purification. However, despite successful overexpression

of WT CheY from BL21(DE3)PLysS E. coli cells transformed with the inducible

expression vector pIND4, no purified protein was obtained.

A different approach was then followed. Exploiting the presence of a C terminal

6xHis tag, proteins were purified using nickel affinity chromatography: cell pellets

from section 2.4.1 were resuspended in lysis buffer (see appendix A) in presence of 1

mM DTT, a disulphide bond reducing agent, one tablet of SIGMAFASTTM Protease

Inhibitor Cocktail EDTA-Free and Benzonase nuclease (Sigma-Aldrich); cells were

lysed by sonication on ice using the Vibracell sonicator with settings 60% amplitude,

4 mins sonication time, 5 s on, 15 s off (total time 16 minutes per protein). Lysates

were cleared by centrifugation at 36000 x g for 45 min and filtered through a 0.45

µm filter. A nickel affinity chromatography column was prepared by pouring 1 ml

Ni-NTA Agarose slurry (Bio-Rad) into a chromatography drip column, allowing to

settle for 10 min and equilibrating with 30 column volumes (30 ml) of lysis buffer.

The filtered cleared lysate was applied to the column and run through. Protein was

allowed to bind and the column was washed with at least 50 ml of lysis buffer before

being eluted with 10 ml of elution buffer (see appendix A) with TCEP, an even

stronger reducing agent. Six 1 ml fractions of the eluate were collected and stored

at 4◦C (protein usually elutes mostly in the first three fractions).
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2.4.3 SDS-PAGE

Overexpressed proteins’ purity and identity were assessed by size comparison using

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis). An appro-

priate amount of 4x RunBlue LDS Sample Buffer (Expedeon) and β-mercaptoethanol

reducing agent (in a volume ratio of 1:5) were added to samples to be visualised.

Protein samples and cell pellets were boiled at 100◦C for 10 min to denature, loaded

on a precast 4-20% acrylamide gel, alongside a Benchmark Protein Ladder (Invit-

rogen). Gels were run for 1 hour in SDS-PAGE running buffer (see appendix A) at

165 V, 110 mA (per gel), stained and visualised using Instant Blue, a Coomassie

based staining solution.

2.4.4 Overexpression and purification of

Cys-modified E. coli CheY(I95V)

E. coli DH5α cells containing plasmids of interest were aerobically grown in 1 L of LB

(see appendix A) with the appropriate antibiotic at 37◦C, 225 rpm. After reaching

OD600nm 0.5, cells were induced with 1 mM IPTG at 37◦C and further incubated for 3

hours. Cells were harvested by centrifugation for 10 min at 7000 x g and resuspended

in 5 ml of 50 mM sodium-phosphate buffer, pH 7 supplemented with 300 mM NaCl,

0.1% Triton x100, 10mg DNase1 and 10mg lysozyme at 4◦C. Cells were lysed by

sonication on ice using 60% amplitude, 4 mins sonication time, 5 s on, 15 s off (total

time 16 minutes per protein). The lysate was then centrifuged at 10000 x g for 20

min at 4◦C to remove cellular debris, the supernatant collected, and incubated with

2 gr of Protino Ni-TED beads181 for 30 min at 4◦C. The beads were washed for 5

times with 50 ml of 50 mM sodium-phosphate buffer, pH 7 supplemented with 300

mM NaCl at 4◦C. The protein was eluted from the beads for 5 times with 3 ml

(each) of 50 mM sodium-phosphate buffer, pH 7 supplemented with 300 mM NaCl
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and 200 mM Imidazole at 4◦C. The eluted protein was filtrated and de-salted with

an Amicon centrifugal device (3 kDa Molecular Weight Cut-Off) for 3 hours at 7000

x g at 4◦C. The flow-through was discarded and the sample diluted with 50 mM

sodium-phosphate buffer, pH 7 supplemented with 1 mM MgSO4. The dilution step

was repeated three times. Finally, the sample was concentrated to 200-500 µl in

volume. The protein yield obtained was in the range 2-20 mg/ml.

2.4.5 Overexpression and purification of

R. sphaeroides CheY6(A134C)

E. coli BL21 (DE3) cells containing plasmids of interest were aerobically grown in

1L of 2xTY rich medium (see appendix A) with appropriate antibiotic/s at 37◦C,

225 rpm. After reaching OD600nm 0.6-0.8, cells were induced with 1 mM IPTG at

18◦C and incubated overnight. Cells were harvested by centrifugation for 20 min at

7000 x g and resuspended in 30 ml of lysis buffer (see appendix A). Cells were lysed

by French Press (3 passes, 1000 psi) and lysate centrifuged (36000 x g, 1 hour) to

remove cell debris and insoluble material. The supernatant was then filtered through

a 0.45 µm filter and applied to a Ni-NTA Agarose (QIAGEN) column. The column

was pre-equilibrated with 5 volumes of lysis buffer, the protein allowed to bind, then

washed with other 5 volumes of lysis buffer and the protein eluted in lysis buffer

(no protease inhibitor) containing 200 mM imidazole. Protein purity was assessed

using SDS-PAGE gels.

2.4.6 Size exclusion chromatography

To remove impurities still present in the protein samples purified by Ni-NTA affinity

chromatography, size exclusion chromatography (gel filtration) was used. The pro-

tein fractions were centrifuged at 10000 x g for 10 min at 10◦C to precipitate eventual
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aggregates, injected onto a S75 gel filtration column (HiLoad 16/600 Superdex 75

pg, GE Healthcare) connected to an AKTA system and run through with Labelling

buffer (see appendix A) at a flow rate of 1 ml/min. The void volume (50 ml) was

discarded and fractions of 1 ml collected for approximately 80 ml. UV absorption

at 280 nm was used to identify fractions containing protein and SDS-PAGE was

used for size confirmation. Fractions containing the protein of interest, usually 3-10

ml total, were combined and concentrated using a centrifuge concentrator (5 kDa

Molecular Weight Cut-Off). The column was washed in MilliQ, then 20% ethanol

after every run.

2.4.7 Protein concentration determination

Final protein concentration was determined using the Bradford assay182. To form

the standard curve, 20 µl serial dilutions of bovine serum albumin (BSA) in MilliQ

from a stock at 1.5 mg/ml were made, concentrations ranging between 0 mg/ml to

0.8 mg/ml (minimum 5 different concentration points required). Triplicates of each

concentration were made for greater accuracy. The Bradford solution was prepared

mixing 1 part of concentrated Bradford reagent (stored at 4◦C) to 4 parts of MilliQ

and filtered through Whatman paper. 1 ml of Bradford solution was added to each of

the 20 µl BSA solutions and these were incubated for 5 min; at the end of this time,

Abs595nm measured and values plotted to give a standard curve. Protein samples

were diluted in 20 µl such that their concentrations fell within the straight portion of

the standard curve (0.3-0.6 mg/ml)and treated in the same way. Abs595nm readings

were compared to the standard curve to estimate protein concentration.
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2.5 Protein-dye conjugation

2.5.1 Labelling

Pure protein aliquots from 2.4.6 were stored in a buffer suitable for maleimide dye

labelling (Labelling buffer, see appendix A) in presence of TCEP reducing agent

to avoid aggregation and oxidation of the cysteine’s -SH groups and with optimal

pH for the cysteine-maleimide reaction to occur (∼7.4). An appropriate number

of aliquots of pure protein were thawed on ice. 280 nm absorption of all of them

was re-measured on a spectrophotometer, respective concentrations compared with

values found in section 2.4.7 and confirmed; if necessary, protein was diluted with

Labelling buffer to reach a final concentration in solution of 50-100 µM, and a

reaction volume of 200-300 µl. Between 6x and 20x molar excess of the chosen

maleimide dye resuspended in dimethyl sulphoxide (DMSO) was then added. For

compounds with low aqueous solubility, like most fluorescent dye maleimides, use of

organic co-solvent, such as DMSO is essential. Percentage of DMSO to protein was

always kept < 3% vol/vol. Labelling reactions were allowed to proceed in the dark

overnight or for one hour either at 4◦C or at room temperature; for each of these

conditions, sensitivity of the labelling buffer to temperature was taken into account

when adjusting the reaction’s pH to 7.4.

2.5.2 Free dye removal

Removing free, unreacted dye after labelling was essential in order to avoid false

fluorescent positives during microscopy imaging. The dye-protein labelling reaction

products were therefore run on a suitable size exclusion column (i.e. Superdex 75

HR 10/30 or Hiload 16/600 Superdex 75 pg) connected to an AKTA machine. The

latter was provided with UV and Visible detector lamps to monitor elution profiles

of both free dye and labelled (or unlabelled) protein. In the following, presence of
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some unlabelled proteins in the final sample was not an issue, as these were not

fluorescent and therefore did not constitute false positives or background for the

labelled proteins once internalised inside the cells.

The column was equilibrated first with water and then with Electroporation buffer

(see appendix A). The sample was spun down for 2 min at max speed in a bench-

top centrifuge to pellet eventual aggregates at the bottom of the tube and avoid

column clogging. Supernatant was separated from the pellet and injected onto the

column using a Hamilton syringe and run through electroporation buffer at the re-

commended flow rate of the column in use (0.5-1 ml/min). The pellet was in turn

resuspended in 200 µl of Labelling buffer and stored at 4◦C to run on a gel together

with purified fractions. The void volume of the column was discarded and fractions

of 500 µl collected in a ”raster scan” fashion. The column was washed in MilliQ,

then 20% ethanol after every run.

Fractions corresponding to labelled protein were distinguished from those contain-

ing only free dye or other side products by careful analysis of the elution profiles:

chromatograms for absorption at 280 nm and absorption at the dye’s maximum

excitation wavelength were compared and overlap of the two peaks confirmed.

2.5.3 Visualisation, concentration, storage

In order to decide which elution fractions to mix to make the final sample, selected

ones both in the proximity of the peak of interest (i.e. labelled protein) and away

from it were run on a SDS PAGE gel. Bands were then scanned for dye’s fluores-

cence using a UV-Vis Pharos FX Plus Molecular Imager (Bio-Rad) and subsequently

stained with Instant Blue (see section 2.4.3) to check for protein presence. Fractions

positive for both dye’s and protein’s presence were then combined and concentrated

down to a final working concentration of 2-60 µM and stored either in 50% Glycerol

at -20◦C or at 4◦C.
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2.5.4 Quantification of labelling yield

The degree of labeling, i.e. the dye/protein ratio in the final labelled protein sample,

was estimated by measuring the absorption spectra of the species involved on a spec-

trophotometer and inserting the resulting quantities into the standard formula183:

Dye

Protein
=

Amax εProtein
[A280 − (correction factor)Amax] εDye

(2.1)

where Amax is the maximum absorption of the dye at its excitation peak, A280 is the

maximum absorption of the protein at 280 nm, εProtein and εDye are the protein’s

and the dye’s extinction coefficients (in units of M−1cm−1) respectively, and the

correction factor accounts for absorption of the dye at 280 nm.

2.6 Visualising bacterial cells

2.6.1 Sample preparation

According to the particular kind of experiment carried out, described in chapters

6 and 7, samples for imaging were prepared in two alternative ways, using agarose

pads or tunnel slides, respectively.

Agarose pads

Agarose pads for E. coli cells deposition were created by pipetting a droplet (∼300

µl) of 1% agarose (BD/DIFCO) in Motility buffer (MB) (see appendix A) on the

centre of a coverslip and leaving it to spread a little until naturally set. The pad

should not be too flat, but raised about 0.5 - 1 mm from the bottom glass. In the

case of internalisation and viability tests, MB was replaced with EZ Rich Defined

Medium (RDM, non-autofluorescent) to ensure cell growth and division. For R.
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sphaeroides, pads were made using a solution of 1% agarose in Succinate medium

(SUX) (see appendix A). The pad was left to dry out for 10-15 min, after which 5

µl of cells to be imaged were pipetted onto it and a burned1 coverslip added on top.

Coverslips were burned in order to remove undesired residual dirt and stains before

imaging. The sample thus prepared was inverted and placed on the microscope with

the burned coverslip closest to the objective.

Tunnel slides

Tunnel slides for motility studies were made by attaching two strips of double-sided

tape (3M) to the longer sides of a rectangular microscopy slide and placing a glass

coverslip on top of it (Figure 2.2). The glass coverslips used each have a thickness

of 170 µm. The height of the tunnel is determined by the thickness of the tape

used which is about 100 µm. Solutions were flushed in the tunnel through the small

air space between the slide and the coverslip. In the case of E. coli , thanks to the

fliC(sticky) mutation (various regions in the fliC gene truncated so that hydrophobic

regions are exposed, see Table 2.1), cells would tether to the glass via their flagella

and they could therefore be incubated in a dark humidity chamber in presence of

a wet piece of tissue upside down for 10 min without any further addition. In the

case of R. sphaeroides, before flushing in the cells, a 1:1000 dilution in water of anti-

flagellin antibody stock would be first flushed in, incubated for 5 min and excess

washed away with 100 µl of SUX medium. For both E. coli and R. sphaeroides,

non-stuck cells were removed by washing the slide with 100 µl of either MB or

SUX media, respectively, three times, adsorbing liquid from the opposite side with

a Kimwipe (KIMTECH). The open ends of the tunnel were finally sealed with nail

varnish to prevent evaporation and the sample imaged upside down.

1The procedure for burning coverslips is: ramp up the heat in the furnace at 90◦C per hour until
500◦C; burn at 500◦C for one hour; cool down at 150◦C per hour to 90◦C until room temperature
is reached.
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Figure 2.2: Schematic of a tunnel slide. The central chamber has a volume of
∼25-50 µl.

2.6.2 Motility checks

For quick confirmation of motility, 8 µl of cells were visualised between a slide and

a coverslip using white light and a 40x magnification on a Nikon Optiphot phase-

contrast microscope. A field of view was found with rotating cells lying separate from

each other, and, where necessary, videos were recorded using a Generic Interface for

Cameras (GenICam, Stemmer Imaging).

2.6.3 Epi-fluorescence microscopy

Epi-fluorescence microscopy was mostly carried out on an inverted Nikon Eclipse Ti

system connected to an Andor iXON CCD camera. A 100x oil objective (Nikon)

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

Perfect Focus System (PFS) feature was activated when time courses or multiple

fields of view were captured in order to maintain a stable focus. For epi-fluorescence

acquisition, a mercury lamp with appropriate excitation and emission filters for

the fluorescent proteins/labelled proteins/dyes being imaged was used. In addition,

a Nikon Eclipse TE200 microscope was also used (sections 5.2, 5.3), samples ilu-

minated by a mercury lamp with the appropriate excitation and emission filters
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(Chroma) and images captured with a Hamamatsu ORCA-ER CCD camera. This

microscope was controlled using the Simple PCI 6 software package.

For both setups, exposure times were in the range 50-800 ms and white light images

were taken using a halogen lamp for illumination in DIC configuration.

2.6.4 TIRF microscopy

TIRF and n-TIRF (also known as HILO166) fluorescence microscopy of electro-

porated labelled proteins in live E. coli and R. sphaeroides was performed on a

customised inverted Olympus IX-71 microscope equipped with two lasers, a 637 nm

”red” diode laser (Vortran Stradus; Vortran Laser Technology, Sacramento, CA,

USA) and a 532 nm ”green” DPSS laser (MGL-III-532nm-100mW, CNI). Laser

light was combined into a single-mode optical fiber (Thorlabs, Newton, NJ, USA)

and collimated before focusing on the objective. nTIRF and TIRF illumination was

achieved by adjusting the position of the focused excitation light on the back focal

plane of the objective (UPLSAPO, 100x, NA 1.4, Olympus). Cellular fluorescence

was collected through the same objective, filtered to remove excitation light through

a long-pass filter (HQ545LP; Chroma, Taoyuan Hsien, Taiwan) and a notch filter

(NF02-633S; Semrock, Rochester, NY, USA), and spectrally separated by a dichroic

mirror (630DRLP, Omega, Brattleboro, VT, USA). Each channel was imaged onto

separate halves of the chip of an EMCCD camera (iXon+, BI-887, Andor, Belfast,

UK). The illumination for white-light images comprised a white-light lamp (IX2-

ILL100; Olympus, Shinjuku, Tokyo, Japan) and condenser (IX2-LWUCD; Olympus)

attached to the microscope. Movies and images were recorded using manufacturer’s

software (Andor). All measurements were carried out in continuous wave (CW)

mode for both green and red lasers. For the viability experiments described in sec-

tion 4.3, the exposure times and excitation powers were 100 ms, 1 mW for the green

laser and 0.6-2.5 mW for the red laser; for the single-molecule and motility experi-
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ments described in chapters 6 and 7, the exposure times and excitation powers were

1-10 ms, 1 mW for the green laser and 2.5-19 mW for the red laser.

Contributions

Cloning of cheY6(A134C) gene into pQE80, overexpression and purification of CheY6

(A134C) were carried out by Matthew W. Smith (Armitage Lab, Department of

Biochemistry, University of Oxford). Cloning of cheY (I95V) gene into pCA24N,

overexpression and purification of Cys-modified CheY(I95V) were carried out by

Oshri Afanzar (Department of Biological Chemistry, The Weizmann Institute of

Science, Israel).



Chapter 3

The Electroporation Technique

3.1 Rationale

To perform an accurate study of the interactions between chemotaxis proteins and

the motor complex it is essential to investigate their behavior in vivo. Most current

research relies on the use of proteins fused to Fluorescent Proteins (FPs). Over

the last 20 years, these have revolutionized cell biology via their use as genetically

encoded protein labels: Green Fluorescent Protein (GFP)164,184,185 and its mutated

allelic forms, blue, cyan, and yellow fluorescent proteins are used to construct fluor-

escent chimeric proteins that can be expressed in living cells, tissues, and entire

organisms, after transfection with the engineered vectors186–188. Red fluorescent

proteins have also been isolated from other species, including coral reef organisms,

and are similarly useful189,190. The fluorescent protein technique avoids the prob-

lem of purifying, tagging, and introducing labelled proteins into cells or the task

of producing specific antibodies for surface or internal antigens. These fluorescent

tags have allowed studies of the copy number, diffusion patterns and intracellular

localisation of proteins involved in processes such as gene expression or membrane

transport58,191,192. Moreover, this method has allowed researchers in the bacterial

72
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flagellar motor field to measure stoichiometry of different components in single mo-

tors and has led to the discovery that both rotor and stator proteins exchange on a

timescale of minutes with cellular pools of spares58,193,194. However, as mentioned in

the Preamble, these methods suffer from a number of serious limitations. To start

with, being genetically encoded, they label essentially all target proteins, which is of

course a great advantage for counting molecules, but is less good for tracking single

molecules due to spots-overlapping issues; also, FPs are much less bright (∼6-fold

for GFP)195,196 and photo-stable (∼100-fold for GFP)5 than commercially available

small organic dyes and are therefore far from ideal for single-molecule tracking pur-

poses. Furthermore, not all fusions are fully functional, limiting the interpretation

of the data and the proteins available for study, and they usually involve quite big

tags, meaning the function of the wild type protein could in principle be affected.

For many years researchers have been trying to find smaller, more stable fluoro-

phores that could be used inside living cells. Organic dyes remain the prime choice

for in vitro experiments due to their greater photostability, small size (up to 100-

fold smaller volume than FPs) and ease of intramolecular labelling (mainly through

the use of cysteine residues)195,196. All these factors are particularly important for

single-molecule fluorescence imaging and tracking.

However, since these are not compatible with genetic tagging, a means for re-

introducing externally dye-labelled proteins into cells is required for in vivo studies.

Several internalisation methods combining the advantages of organic labeling and

in vivo detection have been introduced over the past decade, some employing rel-

atively large polypeptides tags (e.g., TMP, HALO, or 20 kDa SNAP tags)41,197,198

not ideal for bacterial application and others were limited to large, single-membrane

eukaryotic cells (e.g., scrape loading, syringe loading, microinjection)199–202. A new

method recently developed in Oxford overcomes these limitations, offering the ex-

citing possibility of a new generation of single-molecule in vivo fluorescence experi-

ments in live bacteria5,203. Purified proteins are labelled with organic dyes of choice
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and put back into cells in small numbers using electroporation, a modification of a

method that is well established in molecular biology and exploits the phenomenon

that application of an external electrical field to a low ionic strength cell suspension

creates transient pores in the membrane, allowing for the uptake of DNA or other

macromolecules.

The driving idea for the research described in this thesis is to combine electropor-

ation with single-molecule microscopy in live E. coli and R. sphaeroides to image

and track chemotaxis proteins of interest while performing their function as response

regulators between the chemoreceptor clusters and the motors. As explained above,

upon electroporation cells internalise the organic dye-labelled proteins which, at the

illumination powers used and compared to if they were labelled with a FP, emit

a higher number of photons before bleaching and therefore allow for longer, faster

and more accurate single-molecule tracking. As with every new method, there are

of course some challenges, which will be addressed in this chapter and in the fol-

lowing ones: just to mention some, tuning electroporation’s conditions to trade off

between cell survival and internalisation efficiency; recovering electroporated cells to

a healthy, motile state as quickly as possible; imaging fluorescence from internalised

molecules before this is reduced by cell division or degradation.

3.2 Overview of electroporation theory

The electroporation mechanism has long been investigated, both experimentally

and, more recently, computationally (see 204, 205 for a review). Electrically, the

cell membrane can be viewed as a thin insulating sheet surrounded on both sides by

aqueous electrolyte solutions. During electroporation, the cell membrane is exposed

to an external electric field of sufficient magnitude and duration to cause electrical

breakdown and breaching. What happens next is best described by the theory of

aqueous pore formation: permeabilising structures (pores) form almost instantan-
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eously, allowing transmembrane transport of molecules that are otherwise unable

to cross, like the fluorescently labelled proteins at issue206. The main molecular

constituents of every cell membrane are the lipids. The most abundant in bacteria

are phospholipids (Figure 3.1). Each of these three major lipid classes has a polar

(hydrophilic) and a nonpolar (hydrophobic) part. Typically, the polar part is rather

compact and the nonpolar part is more elongated, so they are often referred to as

the ”head” and the ”tails” of the lipid molecule, respectively.

Figure 3.1: Left: space-filling model and structural formula of the SOPC (1-stearoyl-
2-oleoyl-phosphatidylcholine) molecule, a typical membrane lipid. Right: schematic
of a bilayer of such lipids in an aqueous electrolyte solution, with explicit charges.
Taken from 207.

Lipids are held together only by weak (noncovalent) interactions, and at sufficiently

high temperatures, the bilayer behaves as a two-dimensional liquid207. Because of

its nonpolar interior, it is also an almost impenetrable barrier for polar molecules

dissolved in the aqueous electrolyte on both its sides. Nevertheless, water and some

monoatomic ions permeate through it at rates too high to be explainable by diffusion

through an entirely intact bilayer208,209. Under certain conditions, e.g., sufficiently

high temperature, surface tension, or both, this permeation can be attributed to the

formation and rapid resealing of very small aqueous pores in the lipid bilayer, with

radii below a nanometer and lifetimes below a nanosecond; they form and reseal

because of thermal and mechanical fluctuations. Therefore, pores can form without
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an external electric field acting on the membrane, but they are inherently unstable.

Upon electroporation, instead, the applied transmembrane voltage reduces the en-

ergy required for spontaneous formation of aqueous pores facilitating the formation

of a higher number of pores which are also more stable than in the absence of the

electric field, with lifetimes ranging from milliseconds up to minutes after the field is

removed. The formation of these pores in the membrane caused by electroporation

has not yet been observed directly, however, convincing evidence is provided by Mo-

lecular Dynamics (MD) simulations. Such simulations already provide some support

for pore formation in the absence of an electric field207; moreover, if a sufficiently

strong electric field perpendicular to the bilayer is added in them, there is a clear

increase in the rate of pore formation and stabilisation based on the transition from

the hydrophobic to the hydrophilic pore form (Figure 3.2).

Figure 3.2: A Molecular Dynamics simulation of an aqueous pore forming in a lipid
bilayer exposed to an electric field perpendicular to the bilayer plane. Left: bilayer
at steady state. Middle: water molecules from one side of the bilayer meet water
from the opposite side to form a bridge. Right: the adjacent lipids reorient with
their heads toward the water molecules in the middle lining the periphery of the pore
and stabilising it, allowing for internalisation of the labelled molecules in solution.
Taken from 207.
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3.3 Protein Labelling

3.3.1 Choice of proteins

The wild type forms of CheY and CheY6 were the obvious choice of proteins to

electroporate in E. coli and R. sphaeroides, respectively, for the aims described in

section 3.1. Two more mutants of E. coli CheY were also produced in order to

compare their binding affinities to FliM with those obtained for the WT protein.

In the following, the replacement of an amino-acid A present in the protein’s WT

sequence in position X with another amino-acid B is indicated as AXB:

� CheY(D13K/Y106W) also known as CheY**, a constitutively active form

of CheY which promotes clockwise flagellar rotation in the absence of phos-

phorylation173,210, is not supposed to interact with the chemoreceptor cluster

at all and has slightly inferior binding affinity to FliM than WT CheY-P

(KD(CheY-P) = 26 µM , KD(CheY(D13K/Y106W)) = 55 µM211);

� CheY(I95V), a hyperactive form of CheY showing increased CW bias in vivo 175

and enhanced FliM binding affinity in vitro, namely three-fold with respect to

unphosphorylated CheY when unphosphorylated and seven-fold with respect

to phosphorylated CheY when phosphorylated211. This mutant’s characterist-

ics suggest a role for Ile95 in switch interaction: it could either directly interact

with the switch or alter the nearby proposed FliM binding surface; alternat-

ively, it could influence the side chain conformation of the adjacent residue

Tyr106. Moreover, this mutant has reduced CheZ sensitivity, which in WT

backgrounds, could potentially increase the concentration of phosphorylated

CheY in the cell thereby leading to the observed stronger CW rotational bias.

A prominent difference between the various studied mutants of CheY, as revealed

from their X-ray structures, is the orientation of the side chain of Tyr106, located

on the face of the molecule79. This side chain appears in WT CheY as a mixture
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of inward and outward conformations, whereas in all the other studied mutant pro-

teins and analogs, the side chain is found in only one orientation, specifically in the

outward one for both our mutants of interest CheY** and CheY(I95V)79,211. This

is however inconsistent with the suggestion that phosphorylation of Asp57 initiates

conversion of Tyr106 from a solvent-exposed orientation to a more internal posi-

tion79. This notion is supported by the observations that in the analogs phosphono-

CheY212 and BeFX·CheY213, the side chain of residue 106 is oriented inwardly. The

finding that the side chain of Tyr106 is oriented outwardly in the complex between

CheY and the P2 domain of CheA214 further suggests that repositioning of Tyr106

might be involved in the release of CheY from CheA and in its subsequent binding

to FliM. It thus seems that the rotameric state of Tyr106 plays an important role

in determining the level of CheY activity, but it is still controversial how.

3.3.2 Cysteine insertion

Sulfhydryl groups (SH), also called thiols, are encountered in proteins and peptides

as cysteine residues and are useful targets for bioconjugation and labelling. First,

sulfhydryls are present in most proteins but are not as numerous as primary amines;

thus, crosslinking via sulfhydryl groups is more selective and precise than via NHS

(N-HydroxySuccinimide) esters. Second, sulfhydryl groups in proteins are often in-

volved in disulfide bonds (-S-S-) within or between polypeptide chains as the basis of

native tertiary or quaternary protein structure, so crosslinking at these sites typic-

ally does not significantly modify the underlying protein structure or block binding

sites. Third, the number of available sulfhydryl groups can be easily controlled or

modified: they can be generated by reduction of native disulfide bonds, or they can

be introduced into molecules through genetic manipulation, as in this work.

Maleimides are electrophilic compounds which show high selectivity towards thiols.

Reaction of thiols in the cysteine residues with a maleimide modification of the
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chosen organic dye is nowadays one of the most widely used mechanisms for protein

labelling. It proceeds as illustrated in Figure 3.3.

Figure 3.3: Maleimide reaction mechanism for chemical conjugation to a sulfhydryl
group. (R) represents a labeling reagent having the maleimide reactive group; (P)
represents a protein or other molecule that contains the target functional group SH
on one or more cysteine residues.

The maleimide group reacts specifically with sulfhydryl groups when the pH of the

reaction mixture is between 6.5 and 7.5, with the optimal value being 7.4215 to form

a stable, covalent thioether linkage; note that the choice of pH for the labelling

buffer depends on the temperature at which the reaction is carried out (see section

2.5.1). During the labelling reaction, thiol-containing reducing agents like dithio-

threitol (DTT) and β-mercaptoethanol (βME) must be excluded because they would

otherwise compete for coupling sites. However, the tris(2-carboxyethyl)phosphine

(TCEP) disulfide-reducing agent, not containing any thiols, does not have to be

removed and was for this reason chosen for this work.

Wild type CheY and CheY** proteins do not have any native cysteine in their

aminoacid sequences and CheY6 proteins have only a very buried one in position 80.

Therefore, in order to label them with an organic dye through maleimide-thiol reac-

tion as described above, a cysteine residue in exposed position had to be engineered.

An appropriate site had to be chosen in order to both satisfy such requirement and

not disrupt the protein’s function or affect its binding/interacting to/with other

proteins: suitable candidates satisfying such requirements were the N and C termini

in all the chemotaxis proteins used in this work, for both E. coli and R. sphaeroides.
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In fact, as shown in Figure 3.4 for E. coli CheY and in Figure 3.5 for R. sphaeroides

CheY6, the proteins’ N and C termini are far away from all the crucial residues

for function. The CheY(I95V) protein used was a modified form derived from the

ASKA library176 having a C’ linker with the sequence GLCGR and N’ linker with

the sequence MRG(6xHis)TDPALR. It therefore already had a C terminal cysteine.

This and the CheY** mutants are structurally almost indistinguishable from WT

CheY211.

To further ensure suitability for dye labelling, solvent exposure of such residues on

both proteins’ surfaces was checked and confirmed using PyMol218, as shown in

Figure 3.6.

3.3.3 Labelling procedure

To prepare the protein samples to electroporate, N’ and C’ cysteine mutants of CheY

and CheY** and C’ cysteine mutants of CheY(I95V) and CheY6 were first cloned

according to criteria discussed in 3.3.2, overexpressed and purified as described in

sections 2.4.1-2.4.6; each was then labelled with a maleimide modification of the

organic dyes of choice according to the protocol described in 2.5.1; finally, unreacted

dye was removed by size exclusion chromatography to avoid false positives during

fluorescence imaging (sample chromatogram shown in Figure 3.7). In this step, the

labelled protein was also buffer-exchanged into Electroporation buffer (see appendix

A), then concentrated and stored either at -20◦C in 50% glycerol for long-term or

at 4◦C for short-term storage. The ionic strength of the buffer in which cells are

electroporated should be high enough to maintain protein integrity but low enough

to avoid the occurrence of an electrical short circuit (arcing). The electroporation

time constant describes the exponential decay of the applied voltage with time and

is indicative of whether a certain level of electrical discharge has occurred in the

medium. For a standard electroporator such as the one used in this work, 5 to
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Figure 3.4: Evaluation of suitable protein sites for cysteine insertion in E. coli.
(a) Solution structure of CheY in complex with P1-P2 domains of CheA (PDB
entry 2LP4216). Both proteins are shown in cartoon representation, with CheY
coloured according to secondary structure (red α-helices, yellow β-sheets, green
loops) and CheA-P1/P2 in blue marine. (b) Specific interaction sites of CheY with
the phosphatase CheZ and the histidine kinase CheA-P1 (Asp57, blue) and with
FliM (Tyr 106, cyan). CheA-P2 interacts with CheY through the latter residue,
as well. The Asp13 residue, involved in Mg2+ binding and catalysis, is also shown
(orange)108. Detail from (a)).

6 ms are considered acceptable values to yield good cell loading while preserving

cell viability. Since the chemotaxis proteins involved in this work are all quite

stable in relatively low salt conditions, a working electroporation buffer of 50 mM

Tris, 25 mM NaCl (pH 7.5 at RT) was used, similar to what previously reported

in the literature219. In 219, it was also shown that the presence of glycerol in the
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Figure 3.5: Evaluation of suitable protein sites for cysteine engineering in R.
sphaeroides. Asp56, the major site of interaction between CheY6 (pale green) and
the P1 domain of CheA3 (light blue) is shown. The interaction site of CheY6 with
FliM is not known; however, it can be inferred based on homology with E. coli CheY
that this is not likely to be situated in proximity of the protein’s C terminus (shown
in the picture), where the cysteine for this work was engineered. Residues 113-118
of CheY6 correspond to a highly flexible loop which was only partially ordered in
the crystal structure and could not therefore be traced (dotted line). Reproduced
from 217.

electroporation buffer, often added for storage purposes to maintain protein integrity

and mitigate the effects of freezing and thawing, is compatible with electroporation,

and does not compromise cell loading.

To test specificity of cysteine labelling, wild type (cysteine-free) CheY was also

overexpressed, purified and incubated with 4x molar excess of Cy3B-maleimide dye

O/N at 4◦C . Following the same procedure described for the preparation of positive

ones, this negative control sample was also loaded on the size-exclusion column and

run with the same program parameters. From the resulting chromatogram, shown

in Figure 3.8, it is possible to infer that the wild type protein corresponds to the first

peak, whereas the two later ones correspond, respectively, to dye reacted with TCEP

reducing agent and free dye. A closer look reveals that, compared to the labelled

cysteine mutant CheY, here the peak in the absorption at 559 nm curve overlapping

with the main protein peak looks broader, slightly shifted to the left and less intense,

suggesting it does not represent a labelled protein. Comparison between Coomassie

Blue staining and UV-Vis scan of a SDS-PAGE gel of selected fractions for the three

peaks confirmed that cysteine-free WT CheY had not been selectively labelled as
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Figure 3.6: Testing exposure of selected sites for cysteine insertion in E. coli and
R. sphaeroides. Both CheY and CheY6 are coloured according to their secondary
structure (red α-helices, yellow β-sheets, green loops). (a) Cartoon representation
of E. coli CheY (PDB entry 3CHY106) showing the protein’s N and C termini,
selected sites for cysteine insertion, coloured in blue and magenta, respectively:
it is already clear from this schematic illustration that these look quite exposed;
(b), (c) Surface representation of CheY with the same colours convention as in
(a): this time, the solvent-accessible surface area is shown, confirming exposure
of the N/C termini. (d) Cartoon representation of R. sphaeroides CheY6 (PDB
entry 3KYJ217) showing the protein’s C terminus, selected site for cysteine insertion,
coloured in blue: again, exposure is already clear from this schematic illustration;
(e), (f) Surface representation of CheY6 with the same colour convention as in
(d): exposure of the C terminus is further supported by visualisation of the solvent-
accessible surface area.

the cysteine-modified mutants and hence the control was effectively negative (Figure

3.9).

With this procedure, a free dye contamination of only 1.2% (quantified in Fiji image-

processing software using the ‘Plot Profile’ function, and integrating the peaks in

OriginPro) was achieved in the final labelled sample, ∼15-fold lower than the starting

amount of contamination before SEC.



84

Figure 3.7: Free dye removal after labelling via size exclusion chromatography. (a)
Example chromatogram showing in separate peaks labelled product, dye reacted
with reducing agent and free dye. (b) Coloured bands corresponding to the different
elution products on a Hiload 16/600 Superdex 75 pg column.

Figure 3.8: Negative control of cysteine-maleimide labelling specificity: absorption
curves at 280 nm (blue) and 559 nm (Cy3B excitation wavelength, red) of WT CheY
incubated with Cy3B-maleimide dye showing in separate peaks labelled product, dye
reacted with reducing agent and free dye upon size exclusion chromatography on a
SuperdexTM 75 HR 10/30 column.
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Figure 3.9: Contamination evaluation through SDS-PAGE. Lanes (1), (4) and (7)
show a Coomassie Blue stained pure CheY protein running at a height compatible
with its molecular weight of 15 kDa; lanes (2) and (5) contain, respectively, the
reaction products of a labelling reaction carried out with Cy3B-maleimide dye (in
green) and Cy5-maleimide dye (in red); lanes (3) and (6) show the same samples
as in lanes (2) and (5) after free dye removal. The comparison between lanes (2)
and (3) and lanes (5) and (6) clearly shows that the free dye contamination is suc-
cessfully removed by SEC. Lane (8) shows the reaction products of a WT cysteine-
free CheY protein incubated with Cy3B-maleimide dye (negative control): in this
case, the band looks much more smeared than those in lanes (2) and (5), and the
purified labelled protein fluorescent band in lane (9) is almost invisible, indicating
hight specificity of the cysteine-maleimide labelling method. Fluorescent bands were
quantified in Fiji image-processing software using the ‘Plot Profile’ function, and the
peaks integrated in OriginPro. A free dye final contamination of ¡1.2% was found.

3.3.4 Samples created

Twelve samples were overall created and used: E. coli CheY was labelled with

maleimide modifications of the Atto647, Cy3B, Atto647N and Cy5 dyes, CheY**

and CheY(I95V) with maleimide modifications of the Atto647 and Cy3B dyes and R.

sphaeroides CheY6 with a maleimide modification of the Atto647 dye. See section 4.1

for a discussion about fluorophores’ choice and Table 3.1 for photophysical properties

of the dyes used.

A comprehensive summary of all the samples produced, with characteristics such as

final concentration of labelled protein in solution, excess-fold of dye added, reaction

volume, concentration of TCEP in solution and Degree of Labelling (DoL) is repor-

ted in Table 3.2. All the reactions were conducted O/N at 4◦C , unless otherwise
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Dye Molecular
Weight (Da)

λexc

(nm)
λem

(nm)
Extinction Coefficient

(×105, M−1cm−1)
Correction

Factor (280 nm)

Cy3B 796 559 570 1.3 0.08

Atto647 832 645 669 1.2 0.04

Atto647N 868 644 669 1.5 0.05

Cy5 817 649 670 2.5 0.05

Table 3.1: Photophysical properties of the organic dyes used in this work. Because
fluorescent dyes also absorb at 280 nm, a correction factor must be used to adjust
for amount of absorbance at 280 nm A280 contributed by the dye. The correction
factor equals the A280 of the dye divided by the Amax of the dye. Correction factors’
values in the Table were taken from the manufacturer’s data sheet for each dye.

stated. The DoL was determined using the formula reported in section 2.5.4 using

as correction factors the values reported in Table 3.1. The variety of proteins, dyes

and bacterial species listed here supports the statement that this technique is par-

ticularly powerful in that it can be easily applied to a wide range of targets, probes

and organisms.

3.4 Modifications to standard protocols

As for transformation of bacteria with plasmid DNA, cells must be treated prior

to electroporation to ensure their electrocompetency. This procedure, consisting of

several washing steps with water and glycerol, increases the membrane permeability

and lowers the ionic strength of the cell suspension to avoid arcing in the electro-

poration cuvette. E. coli and R. sphaeroides cells were made electrocompetent as

described in section 2.3.3. Two main modifications were introduced with respect to

the standard electroporation parameters and procedure for DNA delivery:

� The recommended voltage for efficient DNA delivery inside E. coli , i.e. yield-

ing 109 - 1010 transformants/µg of DNA, is reported in the literature to be

1.80 kV for 0.1 cm cuvettes, corresponding to a field strength of 18 kV/cm

(ref. 220); in order to recover electroporated cells to a healthy, motile state
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Organism Sample C
(µM)

Excess
Dye

Reaction
Volume (µl)

[TCEP]
(mM)

DoL
(%)

E. coli CheY(Cys)-Cy3B 25 20 200 >10 20

E. coli CheY(Cys)-Atto647N 15 10 300 >10 3

E. coli CheY(Cys)-Atto647N 43 6 250 0.4 41

E. coli Cy5-(Cys)CheY 32 9 250 0.4 100 a

E. coli Atto647-(Cys)CheY 4 9 250 0.4 0.5

E. coli Atto647-(Cys)CheY 4 9 250 0.4 6

E. coli Atto647-(Cys)CheY 2 9 250 0.4 0.5

E. coli Atto647-(Cys)CheY† 7 9 250 0.4 0.7

E. coli CheY**(Cys)-Cy3B 34 10 300 >10 6

E. coli CheY**(Cys)-Atto647 60 9 250 0.4 0.7

E. coli CheY(I95V)(Cys)-Atto647 3 7 300 0.5 0.3

R. sphaeroides CheY6(A134C)-Atto647 1.4 10 300 0.1 0.14

Table 3.2: Dye-labelled protein samples created in this work: the convention is
that when the complex dye-(cys) is written before the protein name, the labelling
is via the N terminus; when the complex (cys)-dye is written after the protein
name, the labelling is via the C terminus. C is the final concentration of labelled
protein (measured from Amax(dye)), DoL in the purified samples and information on
labelling conditions used (molar excess of dye added, reaction volume, concentration
of TCEP reducing agent) are listed.
†: the labelling reaction in this case was run O/N at RT.

aSee section 3.6 for comments on such value.

as soon as possible after application of the electric pulse, such voltage was

lowered to limit cell/motor damage and increase cell survival rate and motil-

ity recovery chances. A voltage found in this work to be a good trade-off

between internalisation efficiency and the requirements just listed for E. coli

was 1.2 kV, corresponding to a field strength of 12 kV/cm. For R. sphaeroides,

instead, the only references present in the literature about electroporation in

such species report the use of a 0.2 cm cuvette and an applied pulse of 2.5

kV corresponding to a field strength of 12.5 kV/cm (refs. 221, 222); however,

preliminary experiments carried out in this work revealed that such bacteria

looked more robust and viable than E. coli after electroporation, recovering

growth and division ability on a quicker time scale after start of recovery. A
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slightly higher voltage, 1.4 kV for a 1 mm cuvette, was therefore chosen for

R. sphaeroides, and the amount of fluorescently labelled CheY6 molecules for

incubation reduced accordingly.

� In standard protocols for E. coli, upon electroporation with DNA, cells are usu-

ally incubated in a rich medium like the Super Optimal broth with Catabolite

repression (SOC) at the bacteria’s optimal temperature (37◦C ) for an hour or

more to allow recovery and expression of the plasmid, followed by culture on

agar plates; in this case, instead, the recovery time in rich medium (SOC for

E. coli and SUX for R. sphaeroides) was reduced to only 5-10 minutes at 30◦C

(optimal temperature for bacterial motility in both species) to avoid loss of

internalised fluorescence consequently to cell division and intracellular degrad-

ation. Cells were then washed and imaged straight away instead of proceeding

to plating.

Each experiment always featured at least 3 samples:

1. Electroporated (EP) cells, incubated with 0.3-30 pmoles of fluorescently la-

belled protein (final concentration of labelled protein in solution 15 nM-1.5

µM to 108 cells in each electrocompetent cells’ aliquot, estimated by having

grown them to OD600nm=0.4);

2. Non-Electroporated (NEP) cells, incubated with the same amount of fluores-

cently labelled protein as EP cells, but to which no electric pulse was applied;

3. Negative Control cells, which were never in contact with the fluorescently

labelled protein.

Each time a microscopy experiment was carried out, it was very important to image

at least some fields of view of the last sample to keep a consistent track of possible

sources of background, i.e. autofluorescence from intracellular substances, agarose

pads’ solution, contamination of washing buffers etc.
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3.5 Characterisation of cysteine CheY mutants

ProtParam (http://www.expasy.org/tools/protparam.html) computes various

physicochemical properties that can be deduced from a protein sequence. No addi-

tional information is required about the protein under consideration apart from the

raw sequence. In this work, such tool was used to estimate the extinction coefficient

and the intracellular half life of CheY.

Extinction coefficient of cysteine modified CheY

Amino acids containing aromatic side chains (i.e., tyrosine, tryptophan and phenylalan-

ine) exhibit strong UV-light absorption. Consequently, proteins and peptides absorb

UV-light in proportion to their aromatic amino acid content and total concentra-

tion. Only the amino acids tryptophan (Trp, W) and tyrosine (Tyr, Y) and to a

lesser extent cysteine (Cys, C) contribute significantly to peptide or protein absorb-

ance at 280 nm. Phenylalanine (Phe, F) absorbs only at lower wavelengths (240-265

nm). The extinction coefficient ε indicates how much light a protein absorbs at a

certain wavelength and is an essential quantity in order to estimate the Degree of

Labelling using formula 2.1 in section 2.5.4. It has been shown223 that it is possible

to estimate the molar extinction coefficient of a protein from knowledge of its amino

acid composition. Since CheY mutants produced in this work contain only one Trp

residue, their ε at 280 nm is mostly accounted for by the extinction coefficients of

the two Tyr residues and of the inserted cysteine in their sequences. For them,

ProtParam yields a value of ε=8480 M−1cm−1 using the equations reported in 224.

For CheY**, containing this protein the Y106W mutation and therefore having one

more Trp in its sequence, ProtParam yields a ∼50% higher extinction coefficient

http://www.expasy.org/tools/protparam.html
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value of 12490 M−1cm−1. The conditions at which these estimations are valid are

pH 6.5, 6.0 M guanidium hydrochloride, 0.02 M phosphate buffer. Taking into ac-

count the composition and pH of our storage buffer (Labelling Buffer, see appendix

A for recipe), the real extinction coefficients of the proteins in it could be somewhat

different. Moreover, ProtParam sums the contributions of the different amino acids

as if they were independent, not taking into account secondary or tertiary struc-

ture. Both these observations could be source of inaccuracy in the estimation of the

mutant CheY and CheY** extinction coefficients (see section 3.6).

CheY’s half-life

The half-life is a prediction of the time it takes for half of the intracellular amount

of a protein to turnover. This is a relevant value for the aims of this project in

that it poses an upper limit to the amount of time cells can be allowed to recover

upon electroporation before internalised labelled proteins start being degraded by

cellular internal mechanisms. ProtParam estimates the half-life by looking at the

N terminal amino acid of the sequence under investigation: in fact, it has been

shown225–227 that the identity of the N terminal residue of a protein plays an im-

portant role in determining its stability in vivo. For the CheY mutants used in this

work, ProtParam yields a half life of > 10 hours in E. coli, which is a long enough

time to allow for both a long recovery time and a still satisfactory observation of

internalised fluorescent molecules.

Extinction coefficient of cysteine modified CheY6

Since CheY6 cysteine mutants produced in this work do not contain any Trp residue,

their ε at 280 nm is only accounted for by the extinction coefficients of the two Tyr

residues and of the two cysteines (one of which genetically engineered) in their
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sequences. As the ProtParam tool is not very reliable for proteins not containing

any Trp residues, it gave the quite low value of ε ∼3000 M−1cm−1; however, if

experimentally calculated according to the method described in 228 1, the slightly

higher value of ε ∼3775 M−1cm−1 is found for the wild type protein. The latter

value for ε was considered in this work for the calculation of the Degree of Labelling

of the CheY6-Atto647 sample.

3.6 Variability in Degree of Labelling

One source of inaccuracy in the labelling yield values reported in Table 3.2 calculated

using formula 2.1, is, as mentioned in section 3.5, the difficulty in determining precise

values for the extinction coefficient of the CheY/CheY**/CheY6 mutants, due to

the low abundance in these proteins of the highly absorbing residues Trp, Tyr, and

cystine (disulfide bonds). For the CheY(Cys)-Cy5 sample, for instance, a calculated

DoL close to 100% could mean that the extinction coefficient of the protein used was

overestimated. The extinction coefficients of the dyes are known very accurately and

are not subject to significant variations due to pH or chemical environment changes.

However, even taking this into account, the question why the labelling yield of

some samples listed in Table 3.2 is significantly low (< 1%) remains. Experimental

results show that Cy5-maleimide reacts with Cys-CheY much better than Cy3B-

maleimide and, even more, than Atto647 and Atto647N-maleimide. Despite an

in-depth theoretical and experimental investigation, the source of such low values

is still not clear. Nevertheless, a list of all checks, tests and protocol modifications

that were carried out to rule out possible affecting factors and try to increase the

labelling yield is included below for completeness:

� Exposure checks: as discussed in section 3.3.2, sites for cysteine residues

1The authors of 228 suggest using the formula ε(280 nm) = 5500(#Trp) + 1490(#Tyr) +
125(#cystine) to predict the extinction coefficient value for a folded protein in water at 280 nm
(cystine = disulfide bonds, none for CheY6).
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engineering were carefully selected in the proteins’ sequences to be solvent-

exposed on the surface to allow for efficient labelling with the maleimide

dyes; despite them looking as such in Figure 3.6, interactions of electro-

static/hydrodynamic kind might be taking place that hinder the dye from

binding. From inspection of table 3.3, illustrating polarity and hydrodynamic

properties of the 4 different dyes used in this work, no clear trend arises that

could easily explain the experimental variability identified.

Dye Labelling efficiency Polarity Hydrodynamic behaviour Reference

Cy3B ++ Neutral Highly hydrophobic 229

Atto647N + Cationic Hydrophobic 230, 231

Atto647 − Neutral (zwitterionic) Highly hydrophilic 232

Cy5 ++ Neutral Hydrophilic 233

Table 3.3: Visual comparison of polarity and hydrodynamic properties of dyes whose
maleimide modifications were used in this work for protein labelling. The evaluation
of the fluorophore labelling performance is based on the values reported in column
DoL in Table 3.2: ++ = very high, + = high, − = low.

� Duration/temperature of labelling reaction: three conditions were tried

out, O/N at 4◦C, 1 hour at RT and O/N at RT. The latter two were tested

because, CheY being a very stable protein, it is possible to work with it at RT

for a reasonable amount of time. However, the cysteine-maleimide reaction is

supposed to take place instantaneously so that usually even just half an hour

or one hour incubation are enough to achieve yields of ∼ 100%183,234; inter-

estingly, when the reaction was run for 1 hour at RT, the same percentage

of labelled protein as when left O/N at 4◦C was obtained. Incubation time

was then increased to O/N, always at RT, hoping that allowing the reaction

to proceed for longer would help, but again the same degree of labelling was

obtained. Increasing the temperature did not yield a significant improvement,

suggesting that this reaction is probably limited by steric hindrance or elec-

trostatic interactions more than by low collision rate of the two compounds
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involved. The first listed duration/temperature conditions (O/N, 4◦C ) were

therefore selected for all the samples used in further experiments unless other-

wise stated, as they guaranteed a good trade off between duration and protein

preservation.

� Reaction volume/protein concentration: based on experimental experi-

ence of the author, and on consultations with people working in the field, the

ideal volume for optimal proceeding of the labelling reaction is around 200-

300 µl and protein concentration in solution around 50-100 µM. The labelled

samples listed in Table 3.2 were produced observing these guidelines, so it

is probable there was no negative effect of the reaction volume and protein

concentration parameters on the labelling efficiency.

� Excess dye: a cysteine-maleimide reaction is supposed to occur almost in-

stantaneously with very high specificity between the moieties involved, and

therefore even a 1:1 molar ratio of protein:dye would theoretically be enough

to achieve a satisfactory yield of labelled sample (close to 90%). It was how-

ever discussed earlier in this section how, since the very first trials with WT

CheY, all response regulator proteins considered have been particularly hard

to label. Therefore, in the reactions listed in Table 3.2 dye was added in a

6-20 fold molar excess, this modification still did not positively affect the low

labelling efficiency obtained.

� % DMSO in solution: for compounds with low aqueous solubility, like most

fluorescent dye maleimides, use of an organic co-solvent like Dimethylformam-

ide (DMF) or dimethylsulfoxide (DMSO) to dissolve them is essential. The

latter was used to resuspend the dye powder to a 5-10 mM final concentration.

However, once the dye is mixed with the protein for labelling, the minimum

volume of DMSO added is required. Ideally, DMSO in the protein solution

should be <3% vol/vol. This upper limit was scrupulously respected for all of
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the samples listed in Table 3.2, therefore eventual unavailability of the protein

for the reaction due to precipitation or degradation by DMSO also cannot

explain such a low yield of labelled molecules.

� TCEP concentration: the two most commonly used thiol reductants are 2-

mercaptoethanol and dithiothreitol (DTT)235. However, disulfide reduction by

thiols can be inconvenient when reacting protein sulfhydryls with thiol-reactive

extrinsic labels like maleimide dyes, as the SH groups of the reductant com-

pete directly with those of the protein for attachment. Therefore, thiol-based

reductants are typically removed by dialysis or gel filtration before the pro-

tein is labeled. Unfortunately, such removal is sometimes accompanied by air

oxidation of the thiols back to the disulfides. Tris(2-carboxyethyl)phosphine

(TCEP) is an alternative reducing agent which has been commercially available

since 1992236. In aqueous solutions, TCEP stoichiometrically and efficiently

reduces disulfides; it has been shown to be significantly more stable than DTT

at pH values above 7.5 and high temperatures, and a faster and stronger re-

ductant than DTT at pH values below 8.0237. In addition, TCEP has been

advertised as being noncompetitive with protein sulfhydryls for attachment

of thiol-reactive dyes, thereby eliminating the need to remove it before la-

beling238. However, it has been reported that TCEP might indeed react with

maleimides at concentrations higher than 2.5 mM239,240. For this reason, in

this work the final concentration of TCEP in the volume of those reactions

involving Atto647-maleimide dye for single-molecule experiments was kept to

less than 500 µM, as this was low enough to avoid undesired interactions with

the protein’s cysteine but it was at the same time 5-fold the typical protein

molar concentration used for labelling (∼ 100 µM), assuring its reducing effic-

acy - still only a 0.14-6% labelling yield was obtained for the relative products

(see Table 3.2).
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3.7 Discussion

From Table 3.2, a clear correlation between the yield values obtained and the illus-

trated labelling reaction parameters does not seem to emerge. Nevertheless, some

partial conclusions can be drawn. Note that the Cy5 case will be left out, as estim-

ation of the DoL for such reaction is probably not accurate for the reasons stated

in section 3.6.

� It is unlikely that the low labelling efficiency is only due to TCEP competitivity

for sulfhydryl groups on the proteins. In fact, for instance in the reactions of

CheY and CheY** with Cy3B-maleimide dye, where up to 10 mM TCEP was

present, the labelling yield did not seem to be affected by such concentration of

reducing agent, but by the amount of dye in solution instead. It however never

reached values greater than 20% even upon addition of 20 fold molar excess of

Cy3B, nor showed a linear relationship between yield and molar excess of dye,

as the addition of 10 fold molar excess of the same dye, in the presence of the

same amount of TCEP, gave only 6% labelled molecules. This suggests that

in the Cy3B case the difference was made by the increased amount of added

dye.

� The only case where there seems to be some sort of correlation between the

TCEP concentration and the labelling yield obtained is that of Atto647N:

here, a yield >40% was achieved when 0.4 mM TCEP was present, whereas

this was reduced to 3% upon addition of ∼10 mM TCEP, despite the fact that

the excess dye in the former reaction was only half of that in the latter. This

suggests that in the Atto647N case the difference was made by the reduced

TCEP concentration.

� From the above considerations, the author feels confident inferring one major

conclusion: the main cause underlying the diverse labelling yield values ob-
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tained in this work is the different affinity of the maleimide modifications of

the dyes used for the cysteine site in the modified chemotaxis proteins. The

Cy3B-maleimide dye gives the best labelling yield, whereas Atto647 performs

the worst. Atto647N seems to be placed in between these two. This empir-

ical deduction could be due to the structural, electrostatic or hydrodynamic

properties of such dyes as well as of the proteins themselves.



Chapter 4

Internalisation and Viability

4.1 Photostability of organic dyes in vivo

The photostability and brightness of the four organic dyes in Table 3.3 was evalu-

ated for their use in vivo in E. coli. An example analysis for Cy3B and Atto647,

the two main fluorophores used in the experiments illustrated in chapters 6 and 7, is

reported below. Based on the approach described in 241, the single-cell photobleach-

ing lifetime of cells electroporated with a 1.5 µM concentration of CheY(Cys)-

Cy3B, Atto647-(Cys)CheY, Atto647N-(Cys)CheY and Cy5-(Cys)CheY was taken

as a measure for photostability. Example frames that were recorded for the electro-

porated cells and for the positive control cells (NEP) are shown in Figure 4.1. Cells

were segmented by adapting the MATLAB implementation Schnitzcells for bright-

field cell images242. The manually adjustable cell masks were saved and then used to

extract fluorescence data by calculating the total fluorescence intensity per cell area

within each cell mask for each movie frame. The cell autofluorescence per cell area

after photobleaching was subtracted using a custom-written MATLAB script (The

MathWorks, Natick, MA, USA). Thus, single-cell photobleaching timetraces were

obtained (Figure 4.2, black curves). The raw single-cell photobleaching timetraces

97
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Figure 4.1: Example frames recorded for photostability studies. Fields of view of
RP437 FliCst cells (a) electroporated with 1.5 µM (i.e. 30 pmoles) CheY(Cys)-
Cy3B and (b) positive control (cells incubated with the same amount of dye but
not electroporated): left panels, fluorescence at 532 nm; right, overlay of bright-
field and green fluorescence in false colour. Images were recorded using nTIRF
illumination and 100 ms exposure time; settings for Cy3B: 532 nm laser, 1 mW.
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were fitted with a single-exponential (Figure 4.2, red curves). Cy3B showed a

photobleaching lifetime of (19.9±8.9)s (mean ± standard deviation over 500 cells),

Atto647 of (26.7±13.8)s (400 cells), Atto647N of (29.5±16.8)s (200 cells) and Cy5

of (3.8±1.8)s (200 cells). The first three values are in the range of results previ-

ously reported for such fluorophores in similar acquisition conditions (all dyes 100

ms exposure time - Cy3B: 532 nm laser, 1 mW; Atto647 and Atto647N: 637 nm

laser, 300 µW)241; the photobleaching time for Cy5 was obtained in this work using

a 637 nm laser with power of 600 µW, i.e. twice the one used in the cited paper:

it is therefore consistent with the lifetime reported in 241 of (10±5) s for a laser

of the same wavelength, same exposure time and 300 µW power, as the dose (i.e.

power per area) on the sample was half than the one used in this work. As a com-

parison, photobleaching times for Negative Control cells (i.e. electrocompetent but

never been incubated with the dye) is <4 s in the green channel and <8 s in the red

channel with the same laser power settings and exposure times.

Based on these values, the pool of candidates for protein labelling was narrowed

down to Cy3B, Atto647N or Atto647 which showed comparable photostability in

vivo. Cy-Dyes are a group of highly fluorescent molecules that cover a wide spectral

range and they are used as probes in many biological applications; however, most

Cy-Dyes are vulnerable to cis/trans isomerisation about their polymethine linker

which leads to loss of fluorescence upon excitation243. Cy3B is a conformationally

locked version of Cy3, the green emitting dye in this series: it means it is not prone

to photo-isomerisation and has superior fluorescence properties. The reason why

this dye was used for the bulk fluorescence experiments shown in section 5.2 but

not for single-molecule experiments reported later in chapter 6 and in chapter 7,

is that bacterial cells exhibit a quite pronounced autofluorescence in the green re-

gion of the spectrum due to endogenous flavins, essential metabolic coenzymes244.

Flavins comprise a category of molecules that include riboflavin (RF, vitamin B2)

and its derivatives flavin adenine dinucleotide (FAD) and flavin mononucleotide
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Figure 4.2: a) Cell-based photobleaching study of internalised CheY(Cys)-Cy3B
into live E. coli as a measure for photostability. Main panel: two examples of
single-cell photobleaching traces over time (black, raw data), respective single ex-
ponential fit (red, solid line) and average timetrace (blue) over 50 cells. Inset: a
histogram of photobleaching lifetimes obtained by the single-exponential fit of single-
cell photobleaching traces. b) Single-cell photobleaching lifetime measurements of
Atto647-(Cys)CheY (main panel and inset as described in a). The average timetrace
(blue) is in this case over 400 cells. Each histogram is based on a data set consisting
of 400-500 cells. Data for both dyes were recorded using nTIRF illumination and
100 ms exposure time; settings for Cy3B: 532 nm laser, 1 mW; settings for Atto647:
637 nm laser, 300 µW.
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(FMN). The oxidised form of flavin is excited at 450-490 nm and emits at 500-560

nm, whereas the reduced state exhibits no fluorescence. Due to the aerobic exper-

imental conditions adopted in this work, the presence of some of such coenzymes

in the oxidised, green-fluorescent form in the cell suspension could not be excluded.

Cy3B was deemed suitable for high-loading experiments such those described in 5.2,

where the background fluorescence from various sources can be disregarded due to

a much brighter signal from the internalised probes; however, a dye emitting in a

different channel was selected to carry out single-molecule measurements reported

in chapters 6 and 7, where precise measurement of brightness and accurate tracking

of a single labelled protein could suffer more from cellular autofluorescence. The

ultimate choice of dye therefore ended up being between Atto647N and Atto647,

both emitting in the red region of the visible spectrum. Diode laser excitation at

wavelengths greater than 635 nm and red-absorbing fluorescent dyes were shown to

reduce autofluorescence of biological samples and cell damage when working with

live cells245. Atto647N is a popular dye in single-molecule experiments due to its

outstanding brightness and photostability; however, its positive charge and hydro-

phobicity230 cause molecules labelled with this dye to stick non-specifically to, for

example, microscope cover slides or to cell walls when internalised246,247. As a con-

sequence, Atto647N has proved difficult for study of single-molecule dynamics in

vivo 241. For all these considerations, the dye of choice for the single-molecule work

reported in chapters 6 and 7 of this thesis is Atto647 (excitation 647 nm, emission

669 nm, extinction coefficient 120000 M−1cm−1).

4.2 Brightness of Cy3B and Atto647 dyes in vivo

One of the main goals of this work was to carry out single-molecule tracking of

dye-labelled CheY molecules while performing their function as response regulator

in live cells, diffusing in the cytoplasm between the chemoreceptor clusters and the
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motors, binding to each of the latter in turn. Collecting a large number of emitted

photons per frame (N) from the organic dyes is essential to localise and track the

electroporated labelled proteins with high-precision, since lateral localisation preci-

sion scales with 1/
√
N , neglecting pixelation and background noise248. Moreover,

in order to avoid artifacts caused by overlapping spots, it was also fundamental to

quantify the cellular uptake of labelled proteins upon electroporation and tune the

initial incubating concentration to yield internalisation of very few proteins per cell

(ideally less than 5 in average). Both Cy3B and Atto647 have been previously shown

to have very high, comparable brightnesses in vivo when attached to dsDNA241;

brightness values in the same range of those reported in 241 were found in this

work for the case of dye-labelled proteins, as well. Single-molecule photobleaching

steps in the fluorescence decay timetraces of E. coli cells electroporated with a 15

nM concentration (100 times lower than in photostability studies) of CheY(Cys)-

Cy3B and Atto647-(Cys)CheY were taken as a measure of fluorophore brightness

in vivo. Single-step photobleaching timetraces from cells loaded with less than 6

fluorescent molecules were fitted by Hidden Markov Modeling (HMM) as previously

described5 and the photobleaching step heights were obtained for 45 and 60 cells,

respectively (Figure 4.3 a) and b), left panels, blue curves: raw data, red curves:

HMM fit). In this specific case, timetraces were modelled as a sequence of up to

10 hidden states and transitions (i.e. photobleaching); the steps thus obtained were

fitted with the Viterbi algorithm and a comprehensive MATLAB script performing

the latter and HMM was run recursively. It is noticeable that the baseline in the

photobleaching curves for both dyes does not reach zero. This is probably caused by

autofluorescence from the agarose pads used or from other spurious sources. Being

only one dye species present in each experiment, step-heights data were fitted with

a single Gaussian. The center of the latter (right panels, red curves) for the binned

photobleaching step heights is the unitary fluorophore intensity, and corresponds to

the in vivo brightness of a single fluorophore. The single-Gaussian fit is centered
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at (3.5±8.1) a.u., corresponding to a unitary fluorophore intensity of (3100±7200)

photons per second for Cy3B, and at (8.1±5.6) a.u., corresponding to a unitary

fluorophore intensity of (7000±4800) photons per second for Atto647. The photons

per second values were obtained from comparison with those reported in 241 using

the same imaging setup and acquisition parameters, and were found to be in agree-

ment. The error on the estimate for Cy3B is bigger than the one on Atto647 due

to lower sampling. In this case, to have an idea of how much the estimate given by

the centre value of the Gaussian fit is close to the real unitary fluorophore intensity

it is worth looking at the Standard Error on the Mean (SEM) (standard deviation

divided by
√
N), as this takes into account the different sample sizes (N) for the two

dyes: for Cy3B, the Gaussian fit is then centred at (3.5±1.2) a.u. (mean±SEM)

whereas for Atto647 the Gaussian fit is centred at (8.1±0.7) a.u. (mean±SEM). This

means that for Cy3B the unitary fluorophore intensity determined as the centre of

the fitted Gaussian is within 35% of the true value, while for Atto647 the unitary

fluorophore intensity determined as the centre of the fitted Gaussian is within 9%

of the true value. In Figure 4.3 c), histograms of the number of fitted steps for

Atto647(Cys)-CheY (left) and CheY(Cys)-Cy3B (right) are shown: these give an

indication of how many labelled proteins were internalised per cell, and, as desired,

despite cell-to-cell variability, they are indeed centered at (5±2) for CheY-Atto647

and (3.6±1.7) for CheY-Cy3B on average, estimated as the µ and σ of the fitted

Gaussians (red curves in Figure 4.3, c) calculated using the lsqcurvefit MATLAB

in-built function). For all the fits (red curves) shown in Figure 4.3, goodness was

determined by calculating their R-squared (R2) value (reported in the Figure’s cap-

tion). R-squared is a statistical measure of how close the data are to the fitted

regression line. It is also known as the coefficient of determination, or the coefficient

of multiple determination for multiple regression.
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Figure 4.3: Photobleaching step size analysis as a measure of Cy3B and Atto647
dyes’ brightness in live E. coli. a) Internalisation of CheY(Cys)-Cy3B. Left: example
of single-cell photobleaching timetrace (blue: raw data, red: Viterbi path). Right:
histogram of single-step height intensities from fitted steps (45 cells, red: Gaussian
fit calculated using the lsqcurvefit MATLAB in-built function - R2 = 0.77). b) In-
ternalisation of Atto647-(Cys)CheY and same graphs as for a) (60 cells, R2 = 0.83).
Here is also visible an example of a blinking event just after a minute acquisition.
See main text for estimation of unitary fluorophore intensities. c) Histograms of
the number of steps per cell for Atto647-(Cys)CheY (left) and CheY(Cys)-Cy3B
(right), confirming that the used loading conditions are suitable for single-molecule
experiments as less than 5 molecules are internalised in average per cell (red curves
Gaussian fits, R2 = 0.75 for Cy3B, R2 = 0.91 for Atto647).
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4.3 Viability

Electroporation is a harsh procedure which damages and inevitably kills many cells.

In fact, according to the most-widely shared understanding of the electroporation

mechanism as described in section 3.2, both reversible and irreversible electropor-

ation result in transient openings (pores) forming through the membrane. These

pores may allow significant molecular transport between the intra- and extracellular

volumes which could lead to a significant chemical imbalance which might negatively

affect the cell. Electroporated bacteria are usually recovered in rich medium for one

hour or more in case of DNA delivery to allow for replication and gene expression.

However, in this work, the recovery time was reduced to only a few minutes, the

main interest being to image fluorescence from internalised molecules on a timescale

shorter than that for cell division, fluorescence degradation or intracellular protein

breakdown. Minimising any damage caused to cells was the key factor guiding the

formulation of the delivery protocol illustrated in section 3.4. Viability is defined

as the ability of bacterial cells to grow and divide in favourable conditions on agar

plates or in liquid medium. In contrast to viable cells, dying/dead cells have irrevers-

ibly lost their capability of growth and multiplication. Besides these two mutually

exclusive conditions, upon microscopic investigation on agarose pads some electro-

porated cells in a sort of “persistent” state were observed in this work, nor growing

nor dividing neither showing any sign of damaged membranes, previously described

as “identical” in the literature219: these cells could be in a still viable but stressed

state after application of the electric pulse and in need of further recovery time to

resume growth/division and motility. It should be in fact pointed out that a cell

can be “alive” in the sense of functional motility and chemotaxis without being

able to divide or grow (as shown in 249, cell envelopes without cytoplasm (ghosts)

still rotated when artificially energised). A multi-approach assessment of cell viabil-

ity, characterisation of protein internalisation efficiency and fluorescence persistence
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over time upon electroporation of labelled chemotaxis proteins is included in the

following.

4.3.1 Viable plate counting

Complete cell viability, not just membrane recovery, is usually important for biolo-

gical applications of electroporation, but determination of cell death following such

treatment is nontrivial. If the cells in question can be cultured, assays based on

clonal growth should provide the most stringent test, and this can be carried out

relatively rapidly assessing microcolony formation, as explained below.

� EP sample: electrocompetent E. coli cells were electroporated without pre-

vious incubation with fluorescent species using standard parameters and re-

covery/washing procedure (1.2 kV, 5 minutes recovery in SOC medium and 4

washing steps in MB); they were plated on LB-agar in 10−3, 10−5, 10−6, 10−7,

10−8 and 10−9 dilutions in MB.

� NEP sample (equivalent in this case to the Negative Control one, as cells were

not incubated with any fluorescent molecule): same treatment as EP sample;

the same dilutions in MB as for EP sample were plated, except for the 10−3

one as it would have been too dense to yield single colonies.

� Wild Type (WT) sample: cells from an O/N culture were diluted in fresh

TB, grown to OD600nm=0.4 to reproduce as much as possible the same growth

conditions in which cells were before being made electrocompetent and plated

on LB agar in 10−6, 10−7, 10−8, 10−9 dilutions in MB.

All plates were incubated O/N at 30◦C. At the end of the incubation period, only

the plates containing between 30 and 300 colonies were selected and the colonies on

each one were counted. This particular choice was made as this range of colonies is

conventionally considered statistically significant: in fact, if there are less than 30
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colonies on a plate, small errors in dilution technique or the presence of few contam-

inants will have a drastic effect on the final count; likewise, if there are more than

300 colonies, there will be poor isolation and colonies will be difficult to count flaw-

lessly. The number of colonies in each plate was multiplied by the respective dilution

factor, in this way determining the number of Colony-Forming Units (CFUs) per ml,

i.e. the number of viable (living) cells in the original electroporated sample. Results

from such test showed that, out of a starting sample with 108 (i.e. OD600nm=0.4)

cells:

� EP cells had 172 × 105 CFUs per ml;

� NEP cells had 110 × 106 CFUs per ml;

� WT cells had 30 × 106 CFUs per ml.

The difference between NEP and WT cells can be accounted within the pipetting

error. The number of viable cells in the EP sample is ∼20% of those in the NEP

and WT samples, meaning that about 80% of the initial cells in the EP sample died

upon electroporation. This value is in agreement with estimates previusly reported

in the literature for electroporation in E. coli of RNAP ω subunit (10 kDa) labelled

with Cy3B at the same voltage (but after 1-2 hours recovery vs 5 minutes here), i.e.

growing/dividing cells were (30±15)% of the starting ones219.

4.3.2 Optical Density versus recovery time

A second approach to test cells viability upon electroporation based on ensemble

measurement of optical density is described in the following.

� EP sample: electrocompetent E. coli cells were electroporated without incuba-

tion with fluorescent species using the same parameters and recovery/washing

procedure described in the previous section;
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� NEP sample: same treatment as EP sample, but no electric pulse applied;

� Negative Control sample: these were just electrocompetent cells thawed on

ice, no electroporation nor washing steps applied.

All samples were resuspended in SOC and recovered for 2 hours 30 minutes at

30◦C, 225 rpm, measuring the OD600nm and checking for motile phenotype every 30

minutes under 40x phase-contrast microscope.

Figure 4.4: Semi-log plot of OD vs recovery time curves for EP, NEP and Negative
Control cell suspensions over 2 hours 30 minutes recovery in SOC at 30◦C. Where
applicable, electroporation was performed 30 minutes before the first data point was
taken. The red arrow indicates the time when spinners started to appear in both
EP and NEP samples (75 minutes into recovery). Illustrative of one single culture;
error bars estimated as ±0.01 uncertainty on the OD measurement returned by the
spectrophotometer.

Figure 4.4 shows a plot of the OD curves of the three samples as a function of the

recovery time: comparing them, it is possible to infer that, while NEP and Negative

Control cells basically resumed growth and division at the wild type rate straight
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away (i.e. one generation every 40-50 minutes at 30◦C), there is a delay of ∼2 hours

before the bulk effect of cell division becomes evident in the EP sample growth curve.

Motility-wise, a lag time was observed for both EP and NEP cells, instead, before

retrieval of any spinning/swimming phenotype, which occurred after 75 minutes from

the start of recovery with different levels in the two samples (few spinning tethered

cells over several Fields of View (FoVs) in the EP sample (¡1%) vs ∼1 per FoV in the

NEP sample - about 20 cells in each FoV (5%)). Such lag time in motility recovery

might be due to disruption of either the motor itself or the proton motive force or

to other kind of intracellular unbalance - either at the rotor or stators level - as a

combined result of the several washing steps performed during the electrocompetent

process and, in the case of the EP cells, of the electric shock inflicted. While the

delay in motility recovery for NEP and EP cells was similar, this turned out to

be however shorter than the time required for the EP cells to start dividing again,

indicating that it is in principle possible to image fluorescence and motility at the

same time in the very cells present in solution at the moment of electroporation,

losing none or, in the worst case, only some of the initial fluorescence signal due to

cell growth/division. This was an unprecedented and very promising result for the

aims of this work, as cell division over many generations would inevitably “dilute”

the fluorescence signal from the electroporated molecules5. More motility studies

are reported in chapter 7.

4.3.3 Single-cell growth

A third, this time single-cell, approach to assess resumption of division upon elec-

troporation is described in this section.

� EP sample: electrocompetent E. coli cells were electroporated with∼17 pmoles

(∼0.9 µM) of CheY**(Cys)-Cy3B using standard parameters and recovery/washing

procedure described above;



110

� NEP sample: same treatment as EP sample, but no electric pulse applied;

� Negative Control sample: these were just electrocompetent cells thawed on

ice and diluted 1:10 in MB, no incubation, electroporation or washing steps

applied.

Growth and division for NEP and EP cells deposited onto 1% EZ Rich Defined Me-

dium (RDM)250 agarose pads was monitored on a microscope in DIC over 3.5 hours

at room temperature (∼156 cells). In this experiment, approximately 68% of the

electroporated cells (106 out of 156) resumed growing/dividing within one hour, 20%

remained intact but not growing (31) and 12% (19) showed evident signs of damaged

membranes or other altered features. The 68% value obtained here is higher than

the 20% one obtained in section 4.3.1 for colonies formed upon electroporation and

recovery on LB-agar plates. This discrepancy could be due to the different growth

media used in section 4.3.1 and in this section: in the former, LB agar was em-

ployed, a widely used bacterial culture medium mainly made of tryptone and yeast

extract, which supply essential growth factors, such as peptides, peptones, trace

elements (e.g. sulfur, magnesium), minerals and vitamins (see recipe in Appendix

A). Sodium ions for transport and osmotic balance are provided in this medium by

sodium chloride, which can be added in different concentrations - in this case 5 g/L

NaCl (i.e. low salt). In the formulation adopted in the experiment in section 4.3.1,

however, LB agar provided only small amounts of utilisable carbon sources, with

catabolisable amino acids recovered from breakdown of oligopeptides the principal

ones. In fact, a dedicated carbon source like glucose or glycerol was lacking from the

composition, and the bacteria would therefore probably feed on peptides of varying

length, in a much slower fashion than on sugars. There is, moreover, a clear size

limit at about 650 Daltons for the peptides usable by a cell, which corresponds to

the exclusion limit of porin channels251. The smaller, usable peptides are a minority,

perhaps a quarter of the entire LB agar mixture, and free amino acids are an even
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smaller minority, approximately 1% or less of the entire preparation252. Another

factor may have an even more profound influence on the difference observed: the

availability of divalent cations, Mg2+, Ca2+ or similar, needed by the cells to link the

highly negatively charged lipopolysaccharide (LPS) molecules in their outer mem-

brane253. The experimentally determined value for the Mg2+ content of LB broth

cited by Papp-Wallace and Maguire in 254 is quite low, only 30-40 µmol per litre. In

the single-cell growth experiment described in this section, the EZ RDM was used,

instead: differently from LB, it has 2 g/l, i.e. 0.2% by weight, glucose, which is

E. coli ’s preferred carbon source255,256, and up to 500 µmol of Mg2+ per liter. The

presence of these two factors may well have helped to improve the bacteria’s recov-

ery and growth from the electroporation protocol in this experiment with respect to

the first one.

4.4 Internalisation efficiency

Here the question of how many cells in the population of electroporated bacteria

had taken up a significant number of dye-labelled proteins was addressed. Movies

of electrocompetent E. coli cells onto agarose pads electroporated with up to 30

pmoles of labelled CheY protein were recorded. Following the approach described

in 5, 241, as for section 4.1, cells were segmented automatically by adapting the

MATLAB implementation Schnitzcells242 for bright-field cell images and the total

fluorescence intensity per cell area within each cell mask for each movie frame was

calculated. Apparently dividing cells were segmented as 2 cells if at an advanced

division state. A suitable brightness threshold was set to take into account auto-

fluorescence from the cellular background using the Negative Control cells and this

was subtracted from both EP and NEP samples’ intensities; cells were considered as

“loaded” when the initial cell intensity normalised by the cell area was larger than

the mean plus three times the standard deviation of non-electroporated NEP cells,
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a criterion previously used in 219, 241. Loaded cells contained about 50-300 CheY

molecules. The internalisation efficiency was defined as the ratio of loaded cells

to the total number of cells visible in the bright-field image. However, since these

corresponded only to very bright ones, the cells classified as “loaded” in this way

may be less than the total number of cells that have undergone at least some degree

of internalisation. Using the standard electroporation protocol, an internalisation

efficiency of (11.9±6.1)% was estimated as an average from separate experiments

incubating with 10-30 pmoles (i.e. 0.5-1.5 µM) of different labelled proteins and

dyes, counting ∼2800 cells overall. Namely, CheY(Cys)-Cy3B, KF-Cy3B (KF =

Klenow Fragment), Cy5-(Cys)CheY, CheY(Cys)-Atto647 and CheY(Cys)-Atto647N

samples were used. This internalisation efficiency is slightly lower than the repor-

ted (24±5)% in the literature for electroporation of 2.5 µM RNAP ω-Cy3b at 1.2

kV219: in the first instance, the concentration of labelled protein the cells were in-

cubated with in the experiment described here was a bit smaller than in 219, i.e.

1.5 µM vs 2.5 µM; quantitatively, being this ∼1.6-fold the amount of protein used

in this work, the calculation 11.9 × 1.6 would yield ∼20% internalisation efficiency,

in agreement with (24±5)% reported by 219. Secondly, a reason for this could be

the smaller molecular weight of the ω subunit with respect to CheY (10 kDa vs

14 kDa), which would facilitate electric-field driven internalisation of the former;

thirdly, it might also be due to the fact that cells classified as “loaded” in this paper

were those exhibiting average fluorescence intensity higher than the mean intensity

of Negative Control cells plus three standard deviations, whereas in this work NEP

cells were used to set a threshold for considering a cell loaded. Ideally, Negative

Control and NEP samples should have the same average fluorescence intensity, but,

having measured both intensities, the author found this was not exactly the case

in reality: in fact, having the NEP sample been incubated with the fluorescent mo-

lecules, it might retain some fluorescence even after extensive and careful washing,

for instance if some molecules stick on the outside of the cell membrane or if some
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free dye escaped from the removal steps described in section 2.4.6 has entered the

cell. Moreover, electrocompetent NEP cells with compromised membranes could

also allow internalisation even without electroporation. In this work, NEP cells

were therefore chosen when setting a threshold for defining what a loaded cell was

in order to take into account the described sources of false positives. Signal from

internalised molecules was still visible in cells not growing nor dividing (classified as

“intact but not growing”) for more than 6 hours after electroporation and for more

than 3.5 hours in cells classified as “growing” or “growing and dividing”.

4.5 Correlation between cell loading and viability

In this section, the results of a simultaneous evaluation of cellular loading and viab-

ility upon electroporation are reported: 50 fields of view of cells electroporated with

CheY**(Cys)-Cy3B were imaged on 1% EZ agarose pads both in bright-field and

epi-fluorescence for 3.5 hours using an automated microscope stage and time lapse

measurement. The EZ RDM was chosen over SOC for this experiment because of

its low autofluorescence. Out of the cells displaying some degree of internalisation,

the number remaining intact but not growing, growing but not dividing, actively

dividing and showing damaged membranes or other altered features during the 3.5

hours of acquisition was monitored. The internalisation efficiency was ∼9.8% (21

loaded out of 215 cells), in agreement with the estimate reported in the previous

section, with 19% (4 out of 21) of the fluorescent cells growing but not dividing,

19% growing and dividing (i.e. 38% overall growing AND/OR dividing) (Figure

4.5, a)), 43% (9 out of 21) intact but not growing and 19% damaged over the 3.5

hours of imaging (Figure 4.5, b)). It is therefore possible to conclude that fluores-

cence uptake is not lethal for the loaded cells, which are largely still viable upon

internalisation, and cell viability is independent of fluorescence load (in agreement

with findings reported in reference 5). Comparing these values with those repor-
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ted in 219 for a 12 kV/cm field strength and 1-2 hours recovery, it is evident that,

thanks to the damage-minimising protocol applied and despite recovering cells only

for 5 minutes, both the proportion of loaded cells which can grow/divide after elec-

troporation (38% vs 11%) and of cells remaining intact but not growing up to 3.5

hours from application of the electric pulse (43% vs 32%) were increased, reducing

the percentage of damaged cells from 59% to only 19%, as well. Fluorescence from

internalised molecules was shown to decay exponentially over time for all the cases

(growing/dividing, intact but not growing and damaged cells) but with different

time constants, namely (118±4) min for the growing/dividing, (180±35) min for

the intact but not growing and (101±13) min for the damaged cells (Figure 4.5, c)).

These values are consistent with the hypothesis that damaged cells have “leaky”

membranes through which the internalised fluorescent molecules can escape into the

outer solution more quickly than through intact membranes; moreover, the fact that

between the time constants for growing/dividing and intact but not growing cells

there is a factor of ∼1.5 is consistent with the assumption that whenever a loaded

cell grows/divides it redistributes the internalised fluorescent molecules to a more

elongated shape/its daughters, respectively.

4.6 Motility assessment and recovery

Application of the electroporation technique for the internalisation of proteins into

live bacteria is something only recently attempted by colleagues in the Physics De-

partment5,219,241 and is not reported anywhere else. However, neither in this work

nor in the literature reporting more “canonical” uses of electroporation in E. coli

has recovery of electroporated cell motility and the state of the motor after elec-

troporation been investigated. A functional motor is paramount for the study of

the interactions between the E. coli chemotaxis system’s response regulator CheY

and the motor’s switch complex. Since the start of this project, therefore, much
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Figure 4.5: Electroporated E. coli cells imaged in white light (top panels) and in
fluorescence (bottom panels) during a 3.5h time-lapse experiment on rich medium
agarose pad: a) in this field of view, all but one are growing/dividing after one
hour (top, white light), including the only cell that has uptaken some fluorescence
(green oval) and which increases its size 1.5x by the end of the acquisition. b) in
this field of view, a growing/dividing cell (green oval), a damaged cell (red oval) and
an intact but not growing cell (blue oval) are visible. The latter remains in its lag
state at least until the end of the acquisition, without showing any evident sign of
membrane degradation. c) in a) (green dots, single exponential fit in red with τ =
(118±4) min), b) (blue dots, single exponential fit in red with τ = (180±35) min))
and c) (red dots, single exponential fit in red with τ = (101±13) min)) the intern-
alised fluorescence decays exponentially over time and single-molecules start being
distinguishable in the cells from T = 3h onwards. As stated in section 4.5, the three
fluorescence decays are averages over time for the observed 8 growing/dividing, 4 in-
tact but not growing and 4 damaged cells. Errorbars represent standard deviations
on the values measured for the different cells, reflecting internalisation variability.
Scale bars in white light images 3 µm (translate to fluorescence images).
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effort was put into recovery of cells to a motile phenotype upon electroporation. If

the exposure to the electric field is sufficiently short and the membrane recovery

sufficiently rapid for the cell to remain viable (see discussion in section 4.3), elec-

troporation is said to be reversible (i.e. Reversible Electrical Breakdown, REB),

irreversible otherwise. There is some experimental evidence that the membrane re-

covery (or, microscopically, pore resealing) consists of several stages: a fast phase

(occurring in microseconds after the end of the pulse) is followed by several slower

phases lasting from milliseconds to tens of seconds, or even minutes257,258. Recovery

of the membrane after pulsing is clearly essential to achieving motility. Presently,

however, relatively little is known about the kinetics of membrane recovery after the

membrane has been damaged by REB. Some studies have used “delayed addition”

of molecules to determine the integrity of cell membranes at different times after

pulsing259,260: such experiments suggest that a subpopulation of cells has a delayed

membrane recovery, as they are able to take up molecules after the pulse. This

observation will be useful in order to understand some of the experimental results

reported in the following.

In these studies, motility was rapidly assessed via phase-contrast microscope exam-

ination, simply sandwiching cells between a slide and a coverslip. Such an approach

was also useful for determining how consistent cellular shape and arrangement were

among different days. One disadvantage over tunnel slides was that, since no wash-

ing was applied, not all cells were tethered and in some cases the motion seen was

due only to Brownian motion and convection currents in the fluid, making it there-

fore difficult to distinguish between real directed motion and diffusion. The purpose

of this simple test was, however, to observe at least some rotating tethered cells to

judge whether the bacteria had already started recovering motility from the electro-

poration shock and could therefore be used for further experiments.



117

4.6.1 Results

The effect of electroporation on cell motility was first investigated without anything

being actually internalised. It is important to keep in mind that by the point

the motility of electroporated cells is assessed, the cells will have gone through

two quite stressful treatments, i.e. the process that made them electrocompetent

(including freezing and thawing) and the electroporation itself. Whether the former

had any effect on cell motility was addressed first: to start with, it was checked that

the RP437, FliCst cells in the starting frozen stock were actually motile by phase-

contrast microscopic examination as described above. A stock of electrocompetent

cells was then prepared applying the protocol from 178 without any modifications,

using LB medium at 37◦C throughout all the growing steps and flash-freezing the

cells in 20 µl aliquots. After electroporation and 5 minutes recovery in TB at

30◦C with agitation, non-electroporated (NEP) and electroporated (EP) samples

(prepared as illustrated in section 3.4) were observed under a 40x phase contrast

microscope and deemed NOT motile. However, EP cells were not all dead, as

they started dividing again upon extensive recovery in TB at 30◦C, with motile

daughter cells after about 3 hours (see Figure 4.6, black data points). A similar

behaviour was found for NEP cells, which were not electroporated but were subject

to the same recovery procedure as EP cells. These data clearly indicated that the

process of making the cells electrocompetent was affecting the motor’s function,

even before application of the electric pulse. This was likely due to the particular

temperatures and media used: in fact, it is known that the optimum temperature

for E. coli motility is 25-37◦C179. Moreover, LB is an extremely rich medium in

which cells grow very rapidly: in fact, as visible from the blue and green data points

in Figure 4.6, the LB-grown electrocompetent cells were in a stationary phase when

the electric pulse was applied, and organisms from this phase are known to be

distinctly inferior for motility than those from an exponential phase. These reasons
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could account for a 3 hours-delay before re-gaining a motile phenotype. In order

to restore motility as quickly as possible after electroporation to limit fluorescence

loss consequent to cell division, the protocol from178 was modified as described in

section 3.4. Cells made electrocompetent in this way were motile both when freshly

made and after being frozen and thawed, as judged by phase-contrast microscopic

examination of both samples. Nevertheless, comparing the optical density curves

over time of NEP and EP cells made electrocompetent using LB or TB (Figure 4.6),

it was found that also TB-grown EP cells’ OD started increasing again after about

3 hours from electroporation upon recovery in TB at 30◦C. However, while only few

(<1%) spinning tethered cells (spinners) were visible in LB-grown electrocompetent

cells after 3 hours’ recovery (most probably being already daughter cells), more

(10%, i.e. 112 out of 1106 cells) were present in TB-grown electrocompetent cells

already after 50 minutes recovery. Eventually, however, SOC was selected as the best

medium for early cell recovery upon electroporation: in fact, comparing the black

curve in Figure 4.6 and the red curve in Figure 4.4, it is possible to notice that while

in the former there is a percentage decrease of about 38% in the OD600nm between

the value immediately after electroporation and the minimum at ∼80 min after

electroporation (i.e. before cells resume division), such percentage decrease is only

3.4% for the latter, where cells were recovered in SOC for the same amount of time

and with the same shaking settings. This physiological decrease in optical density

in the first minutes after electroporation is likely due to the presence of damaged

cells which do not manage to recover their membranes to a healthy state and lyse as

a consequence. As explained in section 4.3.3, divalent cations like Mg2+, Ca2+ and

similar, are needed to link the highly negatively charged lipopolysaccharide (LPS)

molecules in their outer membrane; moreover, glucose, the carbon source preferred

by E. coli, could also help to re-establish intracellular energetic levels. Differently

from TB, SOC contains both these elements, and is therefore likely to provide the

electroporated cells with more necessary nutrients to recover from electroporation
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Figure 4.6: Comparison between OD values for LB-grown and TB-grown NEP and
EP cell suspensions over 4 hours 45 min recovery in TB at 30◦C. Where applicable,
electroporation was performed at t=0. It is possible to see that both curves corres-
ponding to LB-grown and TB-grown EP cells start slowly rising again after about
3 hours’ recovery. Illustrative of one single culture; error bars estimated as ±0.01
uncertainty on the OD measurement returned by the spectrophotometer.

faster and more efficiently. Furthermore, the percentage of electrocompetent cells

spinning in SOC after 50 minutes recovery was comparable to that in TB (i.e.

(11±4)%, average of 4 experiments over 2 different days, 152 out of 1328 cells)

indicating that similar motility capability was retained despite the medium being

richer.

4.7 Summary

In this chapter, photostability of the four chosen CheY-dye complexes was character-

ised by measuring their photobleaching lifetime in vivo. CheY(Cys)-Cy3B, Atto647-

(Cys)CheY and Atto647N-(Cys)CheY performed equally well with lifetimes of the

order of 20-30 s; however, due to the high “stickiness” of Atto647N previously found,

and in these experiments confirmed, CheY(Cys)-Cy3B and Atto647-(Cys)CheY con-
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jugates were in the end selected to perform high-load and single-molecule experi-

ments, respectively. The brightness of these two dyes was therefore evaluated in

vivo, as well, using Hidden Markov Modeling and was found to be on average ∼3100

photons per second for Cy3B, and ∼ 7000 photons per second for Atto647, in agree-

ment with previously measured values for the same dyes241. An estimate of the

number of labelled proteins internalised using 1.2 kV and 15 nM concentration in

the electroporation cuvette was also determined, with less than 5 molecules per cell

found on average.

Studies of cell viability upon electroporation were then reported: in the light of the

results from different types of assays, i.e. viable plate counting, optical density and

single-cell growth, it was possible to conclude that, upon recovery in rich medium,

up to 68% of the cells resume growth/division within one hour from electroporation.

The existence of a correlation between cell loading and viability was assessed next.

Fluorescence uptake was shown to be not lethal for the loaded cells, which were

largely still viable upon internalisation, and cell viability was demonstrated to be

independent of fluorescence load (in agreement with what previously reported in 5.)

Finally, evidence for the existence of a minimum lag time of ∼50 min before cells

start spinning/swimming again after application of the electric pulse and recovery

in TB was presented. This is probably mostly due to the electric shock inflicted

by electroporation, in terms of either disruption of membrane integrity, of proton

motive force or both. Such delay, however, turned out to be less than the time

required for cells to start dividing again, thus meaning that it is indeed possible to

image fluorescence from the internalised molecules and a motile phenotype at the

same time in the very cells present in solution at the moment of electroporation,

losing none or, in the worst case, only some of the initial signal.
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Chapter 5

Motility and functionality in

electroporated E. coli

In the previous chapter, independence between cell loading and viability upon elec-

troporation was shown; furthermore, as a complementary check, the possibility for

the cells to recover a motile phenotype upon electroporation was also assessed and

confirmed. The main results of this work will be described in chapters 6 and 7.

However, in these experiments cells had to be imaged onto agarose pads for the sake

of precise localisation of the internalised molecules; it was therefore not possible to

infer with certainty the motor’s state, i.e. whether it was functioning and intact or

damaged, despite the behaviour shown for CheY reflecting the expected response

regulator’s one suggested that the cell retained a functioning chemotaxis machinery.

In the following, experiments that aim to explicitly show CheY’s interaction with

FliM in rotating tethered cells are reported.

122
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5.1 Motility and electroporation in E. coli

In this section, results of motility experiments carried out on E. coli electroporated

tethered cells are presented. The disadvantage of the method used in section 4.6

for a first assessment of motility is that the slide quickly dries out, rendering the

organisms immotile or however less motile due to lack of oxygen. For this reason,

for all the following experiments, cells were imaged in tunnel slides, prepared as

illustrated in section 2.6.1.

5.1.1 Shearing or not shearing?

The RP437 strain of E. coli bacteria used in all the experiments reported in this

chapter has a fliC(sticky) mutation (various regions in the fliC gene truncated so

that hydrophobic regions are exposed), so cells would naturally tether to the glass

via their flagella, with further shearing usually not necessary. However, since the

percentage of rotating tethered cells obtained above was not very high (i.e. ∼11%

in SOC), a test was carried out to establish whether shearing cells would increase

such number. Cells were passed through a shearing device, usually about 50 times;

this was made of a plastic loop about 20 cm long, with an overall inner volume of

about 100 µl; at each end of the loop there was a 0.45 mm-diameter needle: due

to the turbulent flow which occurs inside this small aperture, cells’ filaments break

at random points along their length and are shortened from about 10 µm down to

∼200-600 nm. This way, the yield of tethered cells should increase, as cells with

multiple, long, sticky filaments would stick flatly to the coverslip without possibility

of moving, instead. However, no big difference was detected, as about ∼8% of the

cells were found to be tethered and rotating upon shearing, versus (11±4)% in the

case of not-shearing. Non-sheared sticky filaments were therefore chosen as preferred

tethering method for all the experiments in E. coli reported in the following.
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5.1.2 Motility is independent of loading

The first question that was addressed was whether the uptake of fluorescent mo-

lecules upon electroporation would affect cell motility on top of the stress caused

by the application of the electric pulse itself. Figure 5.1 shows a tethered electro-

competent E. coli cell electroporated with ∼100 times the amount of CheY protein

employed for single-molecule tracking experiments in chapter 6, i.e. 1.25 µM or 25

pmoles, (same procedure as described in section 2.3.4, 5 min recovery in SOC at

30◦C) imaged in fluorescence in TIRF: this cell is still live and rotating CW at a

speed comparable with the average one of wild type cells, i.e. 3-10 Hz, proving that

motility recovery upon electroporation is not depending on the number of intern-

alised fluorescent molecules, in the same way as cell viability is independent of cell

loading, as shown in section 4.5.

5.1.3 Single-molecule interaction with FliM in motile cells

Once established that uptake of fluorescent molecules was not somehow negatively

affecting the electroporated cells more than the application of the electric pulse

alone, the interaction of single labelled CheY molecules with FliM (and with other

possible loci) in real time in a rotating tethered cell was investigated. Figures 5.2

and 5.3 show two example tethered cells electroporated with Atto647-(Cys)CheY

and CheY**(Cys)-Atto647, respectively, imaged both in bright-field (left) and in

fluorescence (TIRF, right): the convention is red for internalised proteins and green

for FliM-YPet spots. The electroporation procedure was as described in section

2.3.4, 5 min recovery in SOC at 30◦C. Throughout the movie from which the frames

in Figure 5.2 are extracted, it is possible to clearly see a persistent red spot over-

lapping with the green one at the centre of rotation, and another, dimmer red spot

at one of the cell’s poles. In the frames shown in Figure 5.3, it is possible to see

colocalisation of green and red spots in the cell, as well, showing the real time in-
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Figure 5.1: Frames from video fluorescence microscopy performed over 3 s showing
single molecules diffusing/binding inside a tethered rotating electrocompetent E. coli
RP437, FliC(sticky) cell electroporated with 1.25 µM , i.e. 25 pmoles, CheY(Cys)-
Cy3B. At times during the movie (for example at t = 0 s, t = 0.21 s and t = 0.45
s), it is possible to clearly see a bright spot on top of the center of rotation. These
colocalisation events last for much longer than just one frame and therefore suggest
a possible interaction of CheY with the motor: it is in fact very unlikely that a free
diffusing CheY molecule, moving at about 4 µm2/s in the cytoplasm, would stay
fixed in the same location in the cell if it was not interacting with other protein
complexes. At other times (for example at t = 1.56 s and t = 2.91 s), the bright
spot localises at one pole of the cell; finally, in some frames (for example at t =
0.21 s and t = 0.54 s), it is possible to observe two bright spots in the cell, one of
which is always at the centre of rotation and the other seems to be located at - or
travelling to - the cell pole. Exposure time 30 ms, settings for Cy3B: 532 nm laser,
2 mW. Scale bar = 1 µm. (Substack of full video found on USB stick, CheYmot1
movie (20 fps)).

teraction of the labelled CheY** with the motor; moreover, the cell imaged in this

movie switched direction of rotation 10 times in 30 s of acquisition, proving that

the chemosensory pathway was still indeed correctly functioning despite the harsh

electroporation treatment and the presence of ”externally re-introduced” chemotaxis

proteins in the cytoplasm.
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Figure 5.2: Frames from two-colours fluorescence video microscopy performed over
3 s (substack) showing single molecules diffusing/binding inside a tethered rotating
E. coli RP437 (FliM-YPet, FliC(sticky)) electrocompetent cell electroporated with
20 nM, i.e. 0.4 pmoles, Atto647-(Cys)CheY: for most of the movie, it is possible
to see very clearly a bright red spot on top of the center of rotation (green). Such
long colocalisation events suggests a possible interaction of CheY with the motor:
it is in fact very unlikely that a free diffusing CheY molecule, moving at about 4
µm2/s in the cytoplasm, would stay fixed in the same location in the cell if it was
not interacting with other protein complexes. At other times (for example at t =
0.35 s and t = 0.71 s), it is possible to see also a second bright spot which localises
at one pole of the cell. Exposure time 10 ms, settings for YPet: 532 nm laser, 1
mW; settings for Atto647: 637 nm laser, 2.5 mW. Scale bar in bright-field image (in
black) = 1 µm; scale bar in fluorescence image (in white) = 500 nm. (Substack of
full video found on USB stick, CheYmot2 movie (40 fps)).

5.1.4 Time-lapse measurements

In the examples shown so far, cells were recovered for only 5 minutes after electro-

poration in order to not lose the internalised fluorescence due to protein degradation

or cell division; finding a cell which was both spinning and fluorescent at the same

time was therefore an extremely low yield process, with very few, i.e. 4 or 5, ro-
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tating tethered cells found in one whole sample. Ideally, cells should be recovered

for longer after electroporation in order to be in a healthier state at the time of

imaging, this way increasing the probability of observing spinners, as well. For this

purpose, a time lapse experiment was carried out in which cells were recovered for

several hours after the application of the electric pulse and periodically imaged in

bright-field and in fluorescence for a simultaneous evaluation of motility and load-

ing: the aim was to find an optimal time point where cells had recovered enough

that the efficiency of the spinners-searching procedure was improved but a sufficient

amount of fluorescence from the internalised molecules to perform single-molecule

imaging was still retained. In this type of experiment cells were therefore deliber-

ately allowed to grow and divide; in order to have some fluorescence inside daughters

as well, cells were initially incubated and electroporated with 3-fold the amount of

labelled protein used in single-molecule experiments, namely 50 nM (i.e. 1 pmole)

Atto647-(Cys)CheY. Cells were first recovered for 5 minutes in SOC, then diluted

1:10 in TB to a starting volume of 4 ml (OD600nm, t=0 = 0.076) and incubated at

30◦C, 225 rpm in a sterile tube. The OD600nm was measured every 30-40 minutes,

200 µl of cells washed and quickly imaged using phase contrast microscopy for a

general assessment of motility; cells were then flushed into a tunnel slide, left up-

side down in a humidity chamber for 10 minutes and washed extensively with MB

to remove unstuck cells; the tunnel’s edges were sealed with nail polish to prevent

evaporation and the sample in this way prepared was imaged in both bright-field

and fluorescence. A NEP sample was prepared in the same way. The percentage of

spinning cells kept increasing steadily with time up until 2.5 hours of experiment,

meaning that, at least up to such time point, de-oxygenation was not a problem.

Figure 5.4, a) shows the optical density curves for EP and NEP cells over time: as

previously observed, the latter grow faster than the former by about 20%; although

shown, data points with OD600nm greater than 1 should not be deemed as fully re-

liable, as the spectrophotometer is known to lose linearity at high cell densities. In
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panel b), a comparison of the number of tethered cells with a spinning phenotype

over time in samples EP and NEP is shown: for the reason just stated, only meas-

urements up to OD600nm=1 are included in the graph, and it is possible to see that

the two curves are quite in agreement. This indicates that the adopted protocol is a

good recovery procedure for electroporated cells, yielding as many motile cells as the

non-electroporated sample. Finally, in panel c), the probability curves over time of

observing in the EP sample a fluorescent cell (black), a rotating tethered cell (red)

and a fluorescent spinning cell (blue) are shown. These values are normalised to the

total number of cells imaged (20-80) for each time point. As expected, the probab-

ility of observing a fluorescent cell decreases exponentially with time, whereas the

probability of observing a spinning cell increases, at least until about 3 hours from

start of recovery, where it starts to decrease in correspondence to OD600nm reaching

values above 1 and cells entering stationary phase. The curve given by the product

of the first 2 probabilities is also shown (green): in fact, if the probabilities of a cell

being motile and of being fluorescent are independent, then the probability of them

both occurring is the product of the probabilities of each occurring. In this case, the

blue experimental curve and the green one, obtained multiplying the black and red

curves, are in good agreement, supporting once again the hypothesis that motility

and fluorescence are indeed independent. From the blue curve shown in Figure 5.4,

b) it is possible to infer that the optimal trade-off between observing a spinning cell

and the probability of observing a fluorescent one is reached after a recovery time

of about 2.5 hours. Moreover, it was possible to observe some cells containing inter-

nalised fluorescence still up to about 4 hours from electroporation, data consistent

with the finding reported in section 4.4 that signal from internalised molecules was

still visible in growing or growing and dividing cells up for more than 3.5 hours

after electroporation (see CheYTimeLapseBrightField and CheYTimeLapse movies

on USB stick, recorded after 3.5 hours from electroporation (60 fps)).
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5.2 Electroporated CheY localises at the cell pole

The question as to whether the re-introduced labelled chemotaxis proteins were

functional in general, without particular regard to the motor, was then posed: in

figure 5.5, the three panels in a) show, respectively, a sparse field of view of E.

coli cells electroporated according to the protocol described in section 2.3.4 with

1.5 µM (30 pmoles) CheY(Cys)-Cy3B imaged in fluorescence with the internalised

molecules in false colours, and an overlap with the same field of view illuminated

by white-light in DIC. No fluorescence was observed in the negative controls with

cells incubated with the same molecules but not electroporated (b). In ∼80% of the

cells that had internalised some fluorescence (20 out of 26 fluorescent cells over 60

imaged cells), an interesting trend arose of the internalised proteins to localise at the

poles where the chemoreceptors are known to cluster Figure 5.5, (c). This result,

widely reported for wild type CheY in the literature in colocalisation experiments

carried out using genetically fused fluorescent tags90,261, seemed to indicate that the

proteins internalised by electroporation were still intact and retained their function

inside the cells. As a further control, cells electroporated with free dye did not show

any sign of localisation in particular regions of the cells (d).

5.3 CheY-CheZ colocalisation

As a further check that the fluorescence at the poles was actually the protein per-

forming its function, i.e. binding to the chemoreceptors’ cluster as previously de-

scribed, and not an artifact due, for instance, to the introduced proteins aggregat-

ing at the cell poles, colocalisation of the electroporated CheY molecules with the

phosphatase CheZ, which has been shown to mostly localise at the chemoreceptor

cluster at the cell pole90,262, was investigated. Using a strain featuring a Cyan

Fluorescent Protein (CFP) genetically fused to CheZ (UU2689, see Table 2.1) and
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two-colour imaging, unambiguous identification of the chemoreceptor cluster was

possible. Colocalisation of CheY(Cys)-Cy3B and CheZ-CFP in electroporated E.

coli cells was confirmed in 22 out of the 53 cells showing some degree of fluorescence

internalisation (42%), as an example field of view in Figure 5.6 shows. It should be

mentioned that in the remaining 58% of the cases, the fluorescence in the imaged

cells was very diffuse, and no other locus different from the pole where electropor-

ated proteins tended to localise could be individuated. This was a good indication

that the re-introduced fluorescently labelled CheY was still intact and functioning

in vivo upon electroporation and that the trend observed in section 5.2 could be

real and not due to artifacts.

5.4 Summary

In this chapter, results from joint motility and fluorescence microscopy experi-

ments in E. coli were reported, as well as a functionality assay of the externally

re-introduced CheY proteins. Firstly, as a complementary check to what shown

in chapter 4.3 about cell viability, the possibility for the cells to recover a motile

phenotype upon electroporation was assessed and confirmed. Secondly, cell motil-

ity was shown to be independent of loading, as growth/division were demonstrated

to be in chapter 4.3. The interaction of single labelled CheY molecules with FliM

(and with other possible loci) in real time was therefore investigated and observed

in rotating tethered bacteria recovered for a short amount of time (few minutes) as

well as for hours (in a time-lapse experiment) in rich medium. Finally, good indica-

tion of general functionality of the electroporated CheY labelled proteins apart from

interaction with the motor was shown by means of two-fluorescence colocalisation

studies with CheZ-CFP at the cell poles.
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Figure 5.3: Frames from fluorescence video microscopy performed over 30 s showing
single molecules diffusing/binding inside a tethered rotating E. coli RP437 (FliM-
YPet, FliC(sticky)) electrocompetent cell (yellow outline) electroporated with 30
nM, i.e. 0.6 pmoles, CheY**(Cys)-Atto647. For each of the 3 chosen frames (rows),
images acquired in separate channels for CheY**(Cys)-Atto647 and FliM-YPet (in
red and green false colours, respectively) and an overlay of the two are shown.
Throughout the whole movie, it is possible to see very clearly a bright red spot on
top of the center of rotation (gree, white arrows). Such a long colocalisation event
suggests a possible interaction of CheY with the motor: it is in fact very unlikely that
a free diffusing CheY molecule, moving at about 4 µm2/s in the cytoplasm, would
stay fixed in the same location in the cell if it was not interacting with other protein
complexes. At other times (as shown for example in frames at t = 1.92 s and t = 3.38
s), it is possible to see two red spots localising with two green ones: the second green
spot, not corresponding to the tethered motor, could either represent another motor
(complete or partially formed) which has come into the TIRF zone from somewhere
in the membrane which was not illuminated as a consequence of cell movement or
some FliM-YPet aggregates; finally, a bright spot at the cell pole opposite to the
motor’s location is also sometimes visible, not corresponding to any green spot,
and likely due to transient interaction of CheY** with the chemoreceptors through
CheA. Note: the red fluorescence background in this experiment is slightly higher
than in Figures 5.1 and 5.2 because of the ∼1/3 greater initial concentration that the
cells were electroporated with. Extra fluorescence background in the green channel
could be due to cell lysis, instead. Exposure time 10 ms, settings for YPet: 532 nm
laser, 1 mW; settings for Atto647: 637 nm laser, 2.5 mW. Scale bars in bright-field
image (in black) and in fluorescence image (in white) = 1 µm. (Substack of full
video found on USB stick, CheYStarStarmot1 movie (60 fps)).
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Figure 5.4: Correlation study of motility and fluorescence in E. coli cells electro-
porated with 50 nM (1 pmole) CheY-Atto647: a) Semi-log plot of optical density
curves for EP and NEP cells over time; b) number of spinners versus time in EP
and NEP samples; c) Probabilities normalised to the total number of cells imaged
(20-80) for each time point of observing in the sample a fluorescent cell (black), a
rotating tethered cell (red) and a fluorescent spinning cell (blue). The curve given
by the product of the first 2 probabilities is also shown (green). Error bars on each
data point are given by the normalised percentage error assuming 1 cell miscounting.
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Figure 5.5: a) Fluorescence images in false colours of electrocompetent E. coli cells
electroporated with 1.5 µM (30 pmoles) CheY(Cys)-Cy3B imaged in DIC, fluores-
cence and an overlap of the two; b) Electrocompetent cells incubated with the same
amount of protein but not electroporated showed little or no fluorescence internal-
isation. c) Detail showing polar localisation of electroporated CheY-Cy3B proteins
inside the cells; d) Further control: electroporated free Cy3B-maleimide dye shows
no specific localisation. Epi-fluorescence, 150 ms exposure time. Electroporation
parameters and procedure as described in section 2.3.4.
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Figure 5.6: Colocalisation of electroporated CheY-Cy3B (green) and CheZ-CFP
(blue) in false colours in E. coli. Two-colour imaging revealed that Cy3B labelled
CheY molecules localise at the same cell pole as the phosphatase CheZ in electro-
porated cells showing polar fluorescence. Epi-fluorescence, 150 ms exposure time,
electroporation parameters and protein used for electroporation were the same as in
the experiment described in section 5.2.



Chapter 6

Fluorescence Microscopy in E. coli

6.1 Single-molecule experiments

The goal of this type of experiments was to observe and quantify the working cycle

of various CheY mutants in different genetic backgrounds. Single molecules were

detected and tracked in their journey between the receptor clusters and the motors,

via diffusion through the cytoplasm, in live cells. Binding kinetics to both motor

and MCP array, as well as diffusion between them, in different background strains

and in the presence and absence of chemotactic stimuli were quantified. Tracking of

individual CheY molecules had never before been attempted. The outcome of the in-

vestigations reported herein will guide further studies, either into the detailed effects

of chemical stimuli on the dynamics of CheY, or the behavior of other chemotaxis

proteins at the single molecule level.

6.2 CheY-FliM interaction: a brief summary

A short summary of section 1.3.3 about the state-of-the-art knowledge of the inter-

action between CheY and FliM is reported here for the reader’s convenience.

135
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One of the most notable properties of the E. coli flagellar motor is that it can switch

direction in response to very small changes in the concentration of the signaling pro-

tein CheY-P, showing thereby a high degree of cooperativity135. The Hill coefficient

for the sigmoidal curve that relates CheY-P concentration to motor rotational bias

has been measured to be in fact ∼10 (reference 136). Despite in the last few decades

a series of models have been proposed, the mechanism through which switching is

achieved is not yet fully understood. A recently proposed allosteric model based on

cooperative conformational spread in a ring of identical protomers, like FliM sub-

units, is able to qualitatively reproduce switching and Hill coefficient value measured

for the rotary motor133. The interaction between CheY-P molecules and FliM sub-

units in the C-ring is believed to be responsible for determining the direction of

rotation1,74 and the possibility of cooperative binding between the two has been

suggested to explain the motor’s ultrasensitivity90. However, studies focused on

this binding step have determined a Hill coefficient <1 for it, which eliminates the

possibility that the amplification is driven by cooperative CheY-P binding to the

motor and suggests that a separate, post-binding step within the switch complex is

responsible137,263. Further evidence in support of the conformational spread model is

the observation that flagellar motors can switch at low temperatures in the absence

of CheY264. The authors of 141 suggest an alternative model: two FliM populations

are envisioned to be present at the motor, one exchanging and one non exchanging,

with the latter stabilising the C-ring; CheY-P molecules could bind the peripheral

array of FliM subunits, which are in 1:1 stoichiometry with FliG, destabilising them

and causing FliG to assume the conformation needed to generate CW rotation.

In Afanzar, Di Paolo et al. (in submission), the N-terminus of the switch protein

FliM (FliMN), which is known to be the high-affinity interaction site for CheY-

P123,263,265, is shown to be not essential for phosphorylation- and acetylation-mediated

clockwise generation, chemotactic response, and switch modulation in FliM∆N back-

ground. Furthermore, evidence is provided that clockwise rotation is generated by
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the cooperative binding of CheY to secondary low-affinity sites in the switch. The

proposed function of FliMN is to recruit a high enough amount of CheY molecules

to such sites, thereby compensating for their low affinity. A further suggestion

made in the paper is that acetylation indirectly affects chemotaxis by modifying the

threshold for phosphorylation-dependent switching. Experimental evidence sup-

porting the existence of a secondary low-affinity binding site at the switch and of

an acetate-induced effect on CheY-FliM interaction will be presented in section 6.5.

6.3 Tuning conditions

Those who choose electroporation as transformation method for their bacteria face

several challenges, such as finding an opportune voltage to trade off between cell

survival and internalisation efficiency, recovering electroporated cells to a healthy -

ideally motile for this work’s purposes - state as quickly as possible, imaging fluores-

cence from internalised molecules before it is reduced by cell division or intracellular

degradation. Reasons why a 1.2 kV voltage was adopted for all the experiments de-

scribed in this thesis are reported in section 3.4. Treatments to recover cell motility

upon application of the electric pulse will be illustrated in chapter 7. In order to

carry out single-molecule experiments, an additional challenge was to characterise

the cellular uptake of labelled proteins upon electroporation and tune it to yield

internalisation of very few molecules per cell (ideally less than 5 in average) to rule

out artifacts caused by overlapping spots as much as possible. Based on the results

obtained in section 4.2, a final labelled protein concentration of 15-30 nM in the

electroporation cuvette was chosen.



138

6.4 Analysis tools

Channel mapping and cell segmentation

Fluorescence was recorded in two channels (green for FliM-YPet at the motors and

red for Atto647 labelled chemotaxis proteins), each onto half of the camera chip; a

bright-field image of each field of view in both channels was every time recorded,

as well. To take into account possible distortions and tilts due to the optics, before

performing any further analysis on the recorded movies, the green fluorescent channel

was matched to the red one by means of a spatial transformation matrix obtained

recording calibration images of fluorescent beads on the same day of the experiment.

Fluorescence overlay images shown in the following were obtained by overlaying the

averaged first 500 frames of corrected green channel and the red fluorescence channel

(false colours).

Cells presenting a signal in both the green and the red channel in an overlay image

were manually selected for further analysis.

6.4.1 Particle localisation

For each movie, spots corresponding to internalised labelled proteins were detected

using automatically calculated high-pass filter. In general, the method of calculation

was based on sorting all of the pixels in a given frame according to their intensity,

with the intensity value that is farthest away from the line that connects the min-

imum and the maximum of the sorted pixels used for high-pass filtering, as shown

in Figure 6.1. After applying the filter, a spot was defined as an area of at least

9 connected pixels. To account for cases in which several fluorophores shared the

same spot area, a peak finding algorithm was applied to the area of the spot. If

more than one local maximum was found, each peak was transformed into a spot

the size of 5x5 pixels. Since detection was mostly based on pixel connectivity, a spot
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Figure 6.1: Fluorescence baseline subtraction in single-molecule experiments: for
each frame, all pixels were sorted according to their intensities (blue curve) and the
intensity value (red star) farthest away from the line (red straight line) that con-
nects the minimum and the maximum of the sorted pixels was used for background
thresholding (cyan, dashed line).

was identified as such even when its intensity was at the edge of the background

level (i.e., a continuous region of pixels with low intensity values was considered as

a spot whereas a region featuring a ”salt and pepper” pattern was not). The area

of each identified spot was fitted with a 2D Gaussian, and the estimated parameters

were used for sub-pixel localisation.

An estimate of the Z position would be possible using the ratio of maximum I(0)

and measured I(z) fluorescence intensities and theoretical TIRF penetration depth

d according to the formula z = d ln I(0)
I(z)

. Another possibility is to assess the Z posi-

tion from the integral of the intensity from all the spots, considering that the most

intense spots within the cell should be those at Z = 100 nm (the distance between

the coverslip and the rotor). However, in the case of smeared spots, the intensity

does not reflect the Z position of the particle but rather its velocity (i.e., highest

intensity is where the particle spent most of its time in the frame) and therefore

Z-estimation was for now neglected.
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FliM spots were calculated from a series of 500 frames, in which the maximal in-

tensity per pixel was recorded over time. The output image of this process was

segmented using automatically calculated high-pass filter, and segmented regions

were probed with peak finding algorithm to pixel resolution.

6.4.2 Localisation Uncertainty Estimation

The localisation uncertainty was previously experimentally measured by the author

to be ∼30 nm for a static labelled CheY attached to the coverslip (Half Width

Half Maximum (HWHM) of the fitted Gaussian); such value, considering the ex-

perimental setup and parameters used, is then the minimum expected for a labelled

CheY in a cell. The localisation uncertainty was also estimated by the number of

collected photons emitted according to the following formula, taken from 266:

〈
(∆x)2

〉
=
s2

N

(
16

9
+

8πs2b2

Na2

)
(6.1)

where s2 = σ2 + a2/12, with σ standard deviation of the point spread function and

a pixel size (in nm), N number of collected photons and b standard deviation of the

background fluorescence. The photon count was defined as the number of photons

under the Gaussian subtracted by the equivalent background area according to the

solution of the bidimensional Gaussian integral N = 2π ASx Sy with Sx and Sy

Gaussian spreads in the two directions (in nm) and A Gaussian amplitude (photon

count at peak).

As already mentioned above, due to the frame rate being for certain molecules

slower than their velocity between two consecutive frames, some CheY spots look

smeared in the movies. In cases in which the intensity values were too low and the

predicted error was above 1 pixel, the error was arbitrarily assigned as 1 pixel and

colocalisation determined with one pixel resolution at the coordinates of the pixel

with the highest intensity.
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6.4.3 Single-molecule tracking

Single-molecule tracking was performed by MATLAB implementation of a published

algorithm267. Localised PSFs were linked to a track if they appeared in consecutive

frames within a maximum distance corresponding to the length of the major axis

of each analysed cell, to avoid false positives from molecules floating in the external

surrounding medium. It is worth mentioning that spots outside the region of cell

segmentation were not considered for tracking. The spots were tracked with a 1-

frame memory parameter, e.g. the trajectory of a fluorophore that was lost for up

to 10 ms due to blinking or to having left the TIRF field was recovered. The dye

used for single-molecule tracking was however one of the most photostable on the

market and the chance of it blinking could be therefore reasonably considered close

to zero.

6.4.4 Criteria for colocalisation with FliM

Considering the center of the motor as the pixel with maximal fluorescence intensity,

the expected distance between CheY and FliM in a binding event is given by the

sum of the radius of the motor and the length of the N’ terminus of FliM that

acts as disordered polypeptide chain. The radius is ∼20-30 nm and the length of

the chain is ∼20 nm, summing up to ∼40-50 nm in total. However, since FliM

localisation was calculated with pixel resolution, the interaction distance was taken

to be overall ∼1 pixel, as the maximal emission of a FliM spot could in some cases

have been unequally split between two adjacent pixels. This means that, if CheY’s

XY coordinates are ∼1 pixel away from the motor’s, an interaction between the two

might occur. To be more restrictive, another criterion for binding events was also

set, i.e. the distance travelled by CheY between two consecutive frames should be

less than 200 nm, so that CheY molecules rapidly diffusing and passing nearby the

motor without binding it would not be counted.
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The CheY spots satisfying the listed criteria were tracked with a 1-frame memory

parameter, e.g. a fluorophore that was lost for up to 10 ms due to blinking was

recovered and considered the same one.

6.4.5 Dwell times

The Kaplan-Meier Survival Probability estimator is a non-parametric1 statistic used

to estimate the survival function from lifetime data268. In medical research, it is

often used to measure the fraction of subjects living for a certain amount of time

after treatment. The following example from 269 explains the need for such estim-

ator very clearly: suppose that 100 subjects of a certain type were tracked over a

period of time to determine how many survived for one year, two years, three years,

and so forth. If all the subjects remained accessible throughout the entire length of

the study, the estimation of year-by-year survival probabilities for subjects of this

type in general would be an easy calculation. The survival of 87 subjects at the

end of the first year would give a one-year survival probability estimate of 87/100 =

0.87; the survival of 76 subjects at the end of the second year would yield a two-year

estimate of 76/100 = 0.76; and so forth. However, in real-life it rarely works out

this neatly, as typically there are subjects lost along the way for reasons unrelated

to the focus of the study. To illustrate the complication in this sort of situation,

consider the following hypothetical scenario. Of the 100 subjects who are “at risk”

at the beginning of the study, 3 become unavailable during the first year and 5 are

known to have died by the end of the first year. Another 3 become unavailable

during the second year and another 10 are known to have died by the end of the

second year. And so on for the other years shown. The question in a situation of

this sort is: what should be made of the subjects who become unavailable in a given

1Non-parametric statistics make no assumptions about the probability distributions of the vari-
ables being assessed. The difference between parametric models and non-parametric models is that
the former have a fixed number of parameters, while the latter grow the number of parameters
with the amount of training data24.



143

time period? (Within the context of the Kaplan-Meier procedure, the subjects who

become unavailable are spoken of as censored). It is not known, in fact, whether

these subjects survived or died. Yet, if they were simply omitted from the study,

valuable information would be lost: namely, that the 3 subjects who became un-

available during Year 2 survived at least through Year 1; that the 3 who became

unavailable during Year 3 survived at least through Year 2; and so on. Kaplan and

Meier, in the attempt to save this information, proposed that subjects who become

unavailable during a given time period should be counted among those who survive

through the end of that period, but then deleted from the number who are at risk

for the next time period.

It should be now clear how such type of analysis suits the problem of describing

the probability distribution of fluorescently labelled single CheY molecules dwelling

for a certain amount of time at the motor spot and then disappearing due to either

dissociation or bleaching. A plot of the Kaplan-Meier estimator is a series of de-

clining horizontal steps which, with a large enough sample size, approaches the true

survival function for that population. For each time interval, the estimated survival

probability is calculated as the product-limit:

S(ti) =
∏
ti≤t

(
1− di

ni

)
(6.2)

where ti is duration of study at point i, di is the number of deaths (i.e. molecules

not dwelling at the motor anymore) up to point i and ni is the number of individuals

at risk (i.e. still dwelling at the motor) just prior to ti. Thus, the probability of sur-

viving (i.e. still dwelling) at any time point (frame) is the cumulative probability of

surviving each of the preceding time intervals (calculated as the product of preced-

ing probabilities). Although the probability calculated at any given interval might

not be very accurate because of the small number of events, the overall probability

of surviving to each point is more accurate. It is incorrect to join the calculated
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points by sloping lines. The probability-dwell time plots shown in section 6.5 are

of this type. The dwell time of CheY molecules with FliM spots was calculated as

the number of consecutive frames in which CheY was localised <100 nm away from

FliM, where each dwell time-point was documented in separate (e.g., for a total of

50 ms dwell time, dwell times of 10, 20 , 30 , 40 and 50 ms were recorded). After

collecting the interaction data from all acquisitions, the survival probability of CheY

dissociating from FliM was calculated as above described.

6.5 Results

In this section, results of single-molecule experiments with a series of electroporated

labelled CheY mutants in different background strains of E. coli are reported. The

intracellular diffusive behaviour of such molecules was investigated; furthermore,

to verify that, indeed, the interaction of CheY with the motor involves a binding

site other than FliMN, as suggested in Afanzar, Di Paolo et al. (in submission),

section 6.2), the dwell times near FliM switch complexes in single cells was measured.

The results illustrated in this section will be part of a dedicated paper (Single-

molecule imaging of electroporated chemotaxis proteins in live bacteria, Di Paolo et

al., submitted).

6.5.1 CheY dynamics

One of the aims of this work, listed in section 1.5, was to measure the diffusion coef-

ficient of dye-labelled CheY molecules in vivo, without FP tags that might affect

the mobility properties of the proteins: in the literature, a diffusion coefficient of 10

µm2/s in vitro was reported for CheY89,270. Two main techniques have been used

to try and measure CheY’s diffusion coefficient in vivo: Fluorescence Correlation

Spectroscopy (FCS) and Fluorescence Recovery After Photobleaching (FRAP). The
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former, in 136, yielded an average diffusion constant of the cytoplasmic CheY-GFP

fusion of (4.6±0.8) µm2/s; the latter, in 271, revealed that CheY had a very fast

recovery after photobleaching, on the time scale of several seconds, which could not

be clearly resolved from the recovery of the cytoplasmic fraction; the half-time for

diffusional recovery (t1/2) was therefore estimated and used to calculate its effective

diffusion coefficient, using the relation D = 0.07 L2/t1/2, where L is the cell length.

Values found for CheY were t1/2 = (0.61±0.12) s and hence D = (1.26±0.22) µm2/s

for L = 3.3 µm (i.e. the length of an E. coli cell). which is several times higher

than our estimate. The discrepancy between these two values can be attributed to

the difference in the measurement techniques, with FRAP analysis underestimating

the rapidly diffusing fraction of proteins due to the limited time resolution (0.33

s), and with FCS missing a slowly diffusing fraction. Electroporated dye-labelled

CheY is expected to have a free diffusion coefficient higher than or comparable to

the latter values (being the dye much smaller than GFP) but still not as high as 10

µm2/s, which is the limit in vitro. The Mean Square Displacement (MSD) values

were estimated from the MSDs of all individual trajectories and the diffusion coef-

ficient D calculated according to the 2D formula MSD = 4Dt. Figure 6.2, a) shows

a distribution of 50 equally dispersed bins for D values from all recognised traject-

ories. Two populations of slow and fast molecules were identified and fitted using

a Gaussian mixture distribution model with two components (in-built MATLAB

function fitgmdist, red solid lines). For clarity, also the sum of the two latter curves

(red dashed line) and a single Gaussian fit to the data (blue solid line) are shown.

A complete solution for a stochastic process is its propagator, i.e. the probability

density for the final state at some time tf given an initial condition at time ti. For

normal Brownian motion the propagator is a Gaussian distribution272, hence the

decision to use this fitting function. The R2 value of the single Gaussian fit was

found to be 0.88, versus a value of 0.91 for the two components fit, hence the choice

to rely on the latter. A D = (2.3±2.4) µm2/s was found for the free diffusing mo-
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lecules, and a D = (0.4±0.6) µm2/s for the slow diffusing ones, most of which are

probably binding either the motor or the chemoreceptor cluster. The former value

is in agreement with the one mentioned above measured in 136 for CheY-GFP, and

is likely to be the lower limit for Atto647-(Cys)CheY diffusion. It is in fact possible

that, due to the relatively slow acquisition rate (100 frames per second), molecules

diffusing faster than this were discarded by the software in detection phase due to

their low signal to noise ratio.

To study the interaction with the motor and the chemoreceptors, the low limit of

CheY diffusion was considered (i.e. slow population in Figure 6.2). In wild type

cells, it is known that response times for changes in FliM occupancy by CheY are de-

termined by several sets of rates: (i) rates of receptor-linked CheA autophosphoryla-

tion, CheY phosphorylation by CheA-P, and CheY-P dephosphorylation by CheZ;

(ii) on and off-rates of CheY-P binding to FliM; and (iii) CheY-P diffusion from

receptor-kinase clusters on the cell pole across the cytoplasm to the flagellar motors

or to cytoplasmic FliM. In 263, CheY-P decay rate constants were estimated as k =

(2.2±0.1) s−1 and (0.085±0.001) s−1, corresponding to decay half times of t1/2 = 0.32

s and 8 s, respectively. Assuming that the off rate of CheY-P from the FliM com-

plex is fast relative to rate of dephosphorylation, these would be the half times for

CheZ-catalyzed and spontaneous dephosphorylation, respectively. Moreover, based

on an estimated CheA intracellular concentration of 5 µM, a dissociation constant

for CheY-P from CheA of (3.7±0.4) µM was found. In the same paper, Fluores-

cence Resonance Energy Transfer (FRET) measurements between CheY-YFP and

FliM-CFP in a ∆(cheY, fliM, cheB, cheR, cheZ ) background estimated that CheY-

P binds to FliM in vivo with a dissociation constant of about 3.7 µM. Assuming a

diffusion-limited on-rate constant of (4 x 106) M−1s−1 and the just mentioned KD,

an off-rate of ∼15 s−1 (∼66 ms) was determined. More recently, an off-rate of 20 s−1

(dwell time of 50 ms) was measured for CheY and FliM in an in vitro population137.

These values have been used since in various modelling studies and are consistent
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with data-fitting work in the conformational spread model (Dr. Richard Branch,

personal communication). However, in 211 a KD, FliMN
of 26 µM for CheY-P was

measured in vitro: in this thesis, the apparent discrepancy between dissociation

constant for CheY-P in vitro (26 µM)211 and in vivo (3.7 µM)263 is explained by

means of the existence of secondary binding sites for CheY on FliMM or FliN.

In fact, the value for KD, FliMN
(CheY)=30 µM (calculated assuming a diffusion-

limited kon = (4 x 106) M−1s−1 263) and relative dwell time found for fast-dissociating

molecules in the single-molecule experiments carried out in this work, as shown by

the fitted probability distribution of CheY interaction with FliMN (green straight

line) in Figure 6.2, b), are in good agreement with the value reported in 211. How-

ever, as it is also possible to notice in Figure 6.3 and in Figure 6.12, b) (magenta

dots), longer dwell times were observed for electroporated Atto647-(Cys)CheY in

FliM-YPet strain, as well, up to almost 400 ms. As mentioned in section 6.2,

switching of the motor was described as a highly cooperative process (with a Hill

coefficient of ∼10)136, whereas CheY binding to full-length FliM was shown to be

non-cooperative137,263: such long dwell times could therefore reflect binding of CheY

to low-affinity sites, responsible for post-binding cooperativity, on either FliMM or

FliN, which wold usually be masked in ensemble measurements by the binding of

CheY to FliMN. This is also the reason why a bi-linear fit was chosen for the semi-log

plots, i.e. a bi-exponential behaviour is expected for two different types of binding

site with different rate constants.

6.5.2 CheY** dynamics

Interaction with the motor was also investigated for the hyperactive mutant of

CheY, CheY(D13K/Y106W), already presented in section 3.3.1 and also known

as CheY**173. Being constitutively active, this mutant does not need to be phos-

phorylated to interact with the motor, and is also for this reason likely to interact
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Figure 6.2: a) Diffusion coefficients’ distribution for electroporated Atto647-
(Cys)CheY in RP437, FliM-YPet E. coli cells. Histogram of 50 equally dispersed
bins for D values from all recognised trajectories based on a data set consisting of
837 molecules in different acquisition dates. The two components Gaussian fit (red
solid lines), the sum of the latter (red dashed line) and the single Gaussian fit (blue
solid line) are shown. b) Distribution of dwell times at the motor for electroporated
Atto647-(Cys)CheY in RP437, FliM-YPet E. coli cells. Bins with less than 5 counts
were discarded (i.e. each data point is at least 5 events). The plot shows the ex-
perimental survival log-probability of switch-bound CheY to dissociate from it as a
function of time. The red curve is a bi-exponential combined fit, whereas the green
curve is the linear fit for CheY binding to FliMN and the blue curve is the linear fit
for binding to the secondary sites (see Table 6.1 for the fitted values of KD, FliMN

and
koff, ss). Histogram based on a data set consisting of 48 cells in different acquisition
dates. For both a) and b): exposure time 10 ms, settings for YPet: 532 nm laser,
1 mW; settings for Atto647: 637 nm laser, 2.5 mW.
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Figure 6.3: Frames from two-colors video microscopy showing single molecules diffus-
ing/binding inside E. coli RP437 (FliM-YPet, FliC(sticky)) electrocompetent cells
electroporated with 20 nM Atto647-(Cys)CheY: a) In this acquisition, performed
over 20 s, CheY mostly localises with the green motor spots in the cell; it also
dwells at some other unlabelled loci which could well correspond to polar or lateral
chemoreceptor clusters, as especially visible in the last frame shown (t = 3.65 s).
Scale bar = 1 µm. b) In this acquisition, performed over 40 s, at t = 0 CheY is
located next to a motor at the bottom of the cell, travels to it after ∼550 ms and
dwells there for ∼220 ms; at t = 1 s, another CheY molecule colocalises with the
same motor, dwelling there for 230 ms; at t = 0.9 s, yet another CheY molecule
localises with the top cell pole, for ∼800 ms; finally, a last CheY molecule appears
at the top motor at t = 1.74 s, but disappears after only 20 ms. Scale bar = 500
nm. For both acquisitions: exposure time 10 ms, settings for YPet: 532 nm laser, 1
mW; settings for Atto647: 637 nm laser, 2.5 mW.(Substacks of full videos found on
USB stick, CheYcoloc1 and CheYcoloc2 movies (20 fps), respectively).

with the chemoreceptors’ cluster to a much lesser extent than CheY. For clarity, the

sum of the two components Gaussian fit (red dashed line) and a single Gaussian fit

to the data (blue solid line) are shown, as in Figure 6.2, a). The R2 value of the

latter was found to be 0.79, versus a value of 0.98 for the former, hence the choice to

rely on the latter. The fit of coefficients for the fast diffusing population of molecules

is centred at (2.2±1.4) µm2/s while the fit for the slow diffusing population at D =



150

(0.3±0.4) µm2/s (Figure 6.4, a)).

Figure 6.4: a) Diffusion coefficients’ distribution for electroporated CheY**(Cys)-
Atto647 in RP437, FliM-YPet E. coli cells. Histogram of 50 equally dispersed bins
for D values from all recognised trajectories based on a data set consisting of 2269
molecules in different acquisition dates. The two components Gaussian fit (red solid
lines), the sum of the latter (red dashed line) and the single Gaussian fit (blue solid
line) are shown. b) Distribution of dwell times at the motor for electroporated
CheY**(Cys)-Atto647 in RP437, FliM-YPet E. coli cells. Bins with less than 5
counts were discarded (i.e. each data point is at least 5 events). The plot shows the
experimental survival log-probability of switch-bound CheY** to dissociate from it
as a function of time. The red curve is a bi-exponential combined fit, whereas the
green curve is the linear fit for CheY** binding to FliMNand the blue curve is the
linear fit for binding to the secondary sites (see Table 6.1 for the fitted values of
KD, FliMN

and koff, ss). Histogram based on a data set consisting of 28 cells in different
acquisition dates. For both a) and b): exposure time 10 ms, settings for YPet: 532
nm laser, 1 mW; settings for Atto647: 637 nm laser, 2.5 mW.

Figures 6.5 and 6.6 show frames extracted by two example movies of E. coli cells,

in bright-field in inverted colors, electroporated with CheY**(Cys)Atto647. As in

Figure 6.3, electroporated CheY** proteins are shown in red, motors in green. In

comparison with CheY’s behaviour shown in Figure 6.3, as expected, CheY** tends

to spend much less time in loci in the cell which do not correspond to labelled motors;

however, the trend to insistently localise at the motor spots is retained, with even
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longer dwell times, as shown in Figure 6.4, b): it should be noted that CheY**

is not likely to mimic CheY-P as it has been shown through fluorimetric assay to

have inferior binding affinity for FliMN (KD(CheY-P) = 26 µM vs KD(CheY**) =

55 µM, as illustrated in Figure 6.7)211,273. However, it presents longer dwell times

than CheY, which cannot be accounted for by a KD of 55 µM, but could, in the

light of the hypothesis proposed in section 6.5.1, be attributable to secondary sites’

binding.

6.5.3 Dynamics of CheY(I95V) in ∆cheZ background

To both increase the frequency of CheY interaction with the switch, thereby enhan-

cing sampling, and to better distinguish the long dwell times observed for CheY, the

labelled mutant CheY(I95V) and a ∆cheZ background strain were used. In fact,

both the phosphorylated and unphosphorylated forms of CheY(I95V) were shown to

have an affinity for FliMN higher than both CheY and CheY** (KD(CheY(I95V)-P)

= 3.9 µM vs KD(CheY-P) = 26 µM vs KD(CheY**) = 55 µM)211. Residue Ile95

mediates the surface complementarity between CheY and FliM: in the active, phos-

phorylated form of CheY(I95V), the Tyr106 side chain is probably buried in the

interior of a hydrophobic pocket and therefore does not affect FliM binding. This

is supported by the unaltered FliM binding affinities of CheY mutants with substi-

tutions at position 106 (reference 124). Mutants with substitutions at position 95,

on the other hand, do have a dramatic impact on the binding affinity of CheY to

the FliM N-terminal peptide211. Taken together, these findings suggest that Ile95

itself directly interacts with FliM. It is therefore likely that replacement of isoleucine

with the slightly smaller valine might enhance the complementarity between the two

proteins, allowing neighboring residues to bind to FliM more tightly.

In the single-molecule experiments carried out with this moiety, 0.3 pmoles (15 nM)

of CheY(I95V)(Cys)-Atto647 were transformed by electroporation into FliM-YPet,
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Figure 6.5: Frames from two-colors fluorescence video microscopy showing one single
molecule diffusing/binding inside an electrocompetent E. coli RP437 (FliM-YPet,
FliC(sticky)) cell electroporated with 30 nM CheY**(Cys)Atto647: in the top frame
of the left box (t = 0.31 s), the molecule can be seen moving from the motor at the
left pole (after having dwelled there for ∼50 ms) to the one located at mid-cell,
getting there after 100 ms, and moving almost immediately on to the motor at the
right pole of the cell (t = 0.52 s), where it stays for ∼200 ms; in the top frame of
the central box, the same molecule returns to the mid-cell motor (t = 0.77 s), then
moves to the motor at the left pole of the cell, dwelling there for ∼50 ms; finally,
in the right box, the molecule is back at the mid-cell motor (t = 1.29 s), it then
heads to the right pole motor again (dwell time ∼70 ms) and finally returns to the
mid-cell one at t = 1.39 s. Exposure time 10 ms, settings for YPet: 532 nm laser, 1
mW; settings for Atto647: 637 nm laser, 2.5 mW. Scale bar = 1 µm. (Substack of
full video found on USB stick, CheYStarStarcoloc1 movie (20 fps)).

∆cheZ E. coli cells following the procedure described in 2.3.4; setting used for ima-

ging were 10 ms exposure time, 532 nm laser with 1 mW power for YPet and 637

nm laser with 2.5 mW power for Atto647. Movies of electroporated fluorescent cells

on agarose pads were recorded for 30 s and analysed with the software suite whose

features are described in section 6.4. In Figure 6.8, a), a single Gaussian fit to the

diffusion data (blue solid line, R2 = 0.97), a two components Gaussian fit to the
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Figure 6.6: Frames from two-colors fluorescence video microscopy showing single
molecules diffusing/binding inside an electrocompetent E. coli RP437 (FliM-YPet,
FliC(sticky)) cell electroporated with 20 nM CheY**(Cys)Atto647: between t = 0
and t = 0.08 s, a single molecule of CheY** is located next to a motor at the left
pole of the cell, reappearing again at frame 25 (shown) to then travel already in the
next frame towards another motor spot underneath (t = 0.28 s); at t = 0.61 s, a red
spot characterized by ∼twice the intensity of a single one appears close to the latter
mentioned motor, splitting in the following frame into two single CheY** molecules;
these travel in the cell colocalising, respectively, with the motors at each of the cell’s
poles (t = 0.73 s and t = 1.38 s). Finally, at t = 2.65 s, a CheY** molecule localising
at the top mid-cell motor is visible. Exposure time 10 ms, settings for YPet: 532
nm laser, 1 mW; settings for Atto647: 637 nm laser, 2.5 mW. Scale bar = 500 nm.
(Substack of full video found on USB stick, CheYStarStarcoloc2 movie (20 fps)).

diffusion data (red solid lines) and a sum of the latter (red dashed line, R2 = 0.99)

are shown. The two components fit resulted the best, as judged by R2 value, hence

the decision to rely on that. A D = (2.3±1.7) µm2/s was found for the free diffusing

molecules, and D = (0.5±0.7) µm2/s for the slow ones, probably binding to motor

complexes. Both diffusion coefficient values are in agreement with those found for

CheY, suggesting that the I95V mutation does not affect the diffusive behaviour of

the protein.



154

Figure 6.7: Calculated binding affinities of different CheY mutants to the pep-
tide corresponding to the N-terminal 16 residues of FliM (MGDSILSQAEIDALLN).
White bars denote the unphosphorylated, and black bars denote the phosphorylated
forms. Binding reactions for CheY(D13K) and CheY(D13K/Y106W) (CheY**)
were carried out are displayed in black bars because both proteins are assumed to
represent the activated conformation173. Image taken from 211.

As for CheY and CheY**, most of the measured dwell times of CheY(I95V) at the

switch resulted close to the sampling time comparable to the exposure time used

(10 ms), likely representing the interaction of the protein with FliMN as well as

random collisions and false positives (i.e., molecules in similar X- and Y-positions

passing by the motor but at a different focal plane, i.e., different Z-position but in

similar X- and Y-positions). However, some of the measured dwell times were much

longer than those measured for CheY, lasting up to ∼0.3 s in the partial probability

distribution shown in Figure 6.8, b) (bins with less than 5 counts discarded) and up

to 0.7 s in Figure 6.12, b) (full probability distribution). Clearly, the dwelling profile

is not the product of a simple first-order binding process, being different from the

theoretical probability distribution for interaction with FliMN alone (green straight

line in Figure 6.8, b)). This profile is suggestive of a secondary binding process. It is
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reasonable that the short dwell times represent CheY(I95V) interaction with FliMN

whereas the dwell times on the long tail in the curve of Figure 6.8, b) reflect binding

to the low-affinity sites. These results endorse the conclusion that CheY interacts

in vivo with a binding site different from FliMN.

Figure 6.8: a) Diffusion coefficients’ distribution for electroporated
CheY(I95V)(Cys)-Atto647 in ∆cheZ, FliM-YPet E. coli cells. Histogram of
50 equally dispersed bins for D values from all recognised trajectories based on
a data set consisting of 4298 molecules in different acquisition dates. The two
components Gaussian fit (red solid lines), the sum of the latter (red dashed line) and
the single Gaussian fit (blue solid line) are shown. b) Distribution of dwell times
at the motor for electroporated CheY(I95V)(Cys)-Atto647 in ∆cheZ, FliM-YPet
E. coli cells. Bins with less than 5 counts were discarded (i.e. each data point
is at least 5 events). The plot shows the experimental survival log-probability of
switch-bound CheY(I95V) to dissociate from it as a function of time. The red
curve is a bi-exponential combined fit, whereas the green curve is the linear fit
for CheY(I95V) binding to FliMNand the blue curve is the linear fit for binding
to the secondary sites (see Table 6.1 for the fitted values of KD, FliMN

and koff, ss).
Histogram based on a data set consisting of 87 cells in different acquisition dates.
For both a) and b): exposure time 10 ms, settings for YPet: 532 nm laser, 1 mW;
settings for Atto647: 637 nm laser, 2.5 mW.
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6.5.4 Dynamics of CheY(I95V) in ∆cheA background

The results of the experiment described in the previous section, carried out in a

∆cheZ background strain, are representative of the cooperative binding of CheY

to the switch and in particular to a low affinity site on FliMM or on FliN. Since

unphosphorylated CheY can bind FliM without producing CW rotation211,274, and

assuming that CW generation is triggered by the cooperative binding of CheY, a

control representative of the non-cooperative binding to the switch was carried out

in ∆cheA, FliM-YPet E. coli cells. The use of this strain allowed also minimisation

of CheY dwelling at the receptors patch, and therefore diffusion properties between

this and the other strains used were compared. In Figure 6.9, a), a single Gaussian

fit to the diffusion data (blue solid line, R2 = 0.94), a two components Gaussian

fit to the diffusion data (red solid lines) and a sum of the latter (red dashed line,

R2 = 0.99) are shown. The two components fit resulted the best, as judged by R2

value, hence the decision to rely on that. A D = (2.8±1.6) µm2/s was found for

the free diffusing molecules, and D = (0.5±0.6) µm2/s for the slow ones. From

the values reported in Table 6.1, it is possible to say that the diffusion coefficients

values are similar in magnitude to those previously measured for CheY, CheY**

and CheY(I95V) in ∆cheZ background. Unphosphorylated CheY(I95V) has been

shown to have a KD, FliMN
=110 µM (see Figure 6.7): it is therefore possible that

it still interacts with the switch complex through a network of conserved residues

that enable allosteric communication between the phosphorylation site (Asp57) and

the target binding site on FliMN
274. Regarding the dwell times distribution, the

measured dwell times were again much longer than those measured for CheY and

slightly longer than those measured for the same mutant in ∆cheZ background,

lasting up to ∼0.4 s in the partial probability distribution shown in Figure 6.9, b)

(bins with less than 5 counts discarded) and up to 0.8 s in Figure 6.12, b) (full

probability distribution). It would be tempting to speculate that the absence of the
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Figure 6.9: a) Diffusion coefficients’ distribution for electroporated
CheY(I95V)(Cys)-Atto647 in ∆cheA, FliM-YPet E. coli cells. Histogram of
50 equally dispersed bins for D values from all recognised trajectories based on
a data set consisting of 3388 molecules in different acquisition dates. The two
components Gaussian fit (red solid lines), the sum of the latter (red dashed line) and
the single Gaussian fit (blue solid line) are shown. b) Distribution of dwell times
at the motor for electroporated CheY(I95V)(Cys)-Atto647 in ∆cheA, FliM-YPet
E. coli cells. Bins with less than 5 counts were discarded (i.e. each data point
is at least 5 events). The plot shows the experimental survival log-probability of
switch-bound CheY(I95V) to dissociate from it as a function of time. The red,
green and blue curves are as described in Figure 6.8. Histogram based on a data set
consisting of 63 cells in different acquisition dates. For both a) and b): exposure
time 10 ms, settings for YPet: 532 nm laser, 1 mW; settings for Atto647: 637 nm
laser, 2.5 mW.
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phosphate group on CheY could somehow facilitate the binding to the secondary

site or stabilise such bond once it is formed.

6.6 Response to acetate

Phosphorylation is not the only chemical modification that CheY undergoes and

not the only one that activates the protein. CheY also undergoes lysine acetylation,

primarily at residues 92 and 109 (reference 79). This modification significantly

increases the activity of CheY both in vitro 275 and in vivo 276 through what in

Afanzar, Di Paolo et al. (in submission) is believed to be removal of conformational

repression. However, unlike phosphorylation, acetylation does not affect the binding

of CheY to FliM, suggesting that it is involved in a post-binding step277. Although it

was recently demonstrated that this chemical modification is involved in chemotaxis

(R. Barak and M. Eisenbach, unpublished data), its role is still an open question.

6.6.1 Effect of acetate on dwell times

To examine whether acetylation affects CheY binding to the switch, parallel exper-

iments to those described in sections 6.5.3 and 6.5.4 were carried out in which the

cells were also supplemented with 50 mM acetate (Ac). In Figure 6.10 a) and c),

single Gaussian fits to the diffusion data (blue solid lines, R2 for a) = 0.89, R2 for

b) = 0.86), a two components Gaussian fit to the diffusion data (red solid lines)

and a sum of the latter (red dashed line, R2 for a) = 0.97, R2 for b) = 0.95) are

shown. The two components fit resulted the best, as judged by R2 value, hence the

decision to rely on that. In a), a D = (2.5±2.1) µm2/s was found for the free diffus-

ing molecules, and D = (0.4±0.6) µm2/s for the slow ones. In b), a D = (1.6±1.5)

µm2/s was found for the free diffusing molecules, and D = (0.1±0.1) µm2/s for the

slow ones. Comparing the distributions of diffusion coefficients D in Figure 6.10, a)
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and c) with those in panels a) and b) of Figures 6.8 and 6.9, it is possible to make

some considerations: at a first glance, the D values for bound fractions do not seem

affected by the addition of acetate, being always close to zero; however, the shape

of the distribution and the proportions of the slow and fast diffusing populations

in ∆cheA background seems to change substantially upon addition of acetate with

respect to the case without acetate (see Table 6.1), becoming almost equal percent-

ages for the 2 populations. In general, there seems to be the following hierarchy for

the fast diffusing populations:

DI95V,dA > DI95V,dA+Ac > DY ' DI95V,dZ > DY ∗∗ > DI95V,dZ+Ac

This suggests that phosphorylation and even more phosphorylation+acetylation

slow down the molecules in the cytoplasm, maybe increasing the probability that

they interact with exchanging FliMs in the cytoplasm.

A change in the duration of dwell times was also observed upon addition of acetate,

specifically a decrease to 0.5 s in ∆cheA+Ac background and an increase to 1 s

in ∆cheZ+Ac background (Figure 6.12, b)). This result suggests that the complex

generated between a CheY molecule that is both phosphorylated and acetylated and

the secondary binding site at the switch is more stable than the complex generated

with a CheY molecule that is phosphorylated only. In an earlier study involving

all-atom Molecular Dynamics simulation, it was predicted that CheY acetylation

promoted the local activation of the α4β5 region of CheY278, which is localised to

the CheY-FliMM binding interface described in Thermotoga maritima 279. Therefore,

a possible interpretation for the measured higher dwell time of acetylated CheY at

the switch is the enhanced CheY interaction with FliMM. Collaborators examined

the feasibility of this interpretation in a rigid-body docking model (Figure 6.11). In

this analysis, a number of models for the binding of CheY to FliMM in T. maritima

were produced, and the one that best fitted with the Nuclear Magnetic Resonance
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(NMR) results of Dyer et al.279 was chosen. This binding mode was translated to

E. coli proteins by homology modeling for both active and inactive CheY (Figure

6.11 a) and b), respectively). It was observed that while the active conformation

of CheY well docked onto FliMM, the inactive conformation of the α4β5 region of

CheY clashed with the modelled FliMM. In conclusion, the single-molecule results

combined with the docking model suggest that acetylation generates clockwise ro-

tation by enhancing the binding of CheY to FliMM, and that this enhancement is

achieved through modulation of the α4β5 conformation.

Sample Dfast
[µm2/s]

Fast
%

Dslow
[µm2/s]

Slow
%

KD, FliMN
[µM]

koff, ss
[s−1]

Atto647-(Cys)CheY 2.3±2.4 63 0.4±0.6 37 30.1 23.9

CheY**(Cys)-Atto647 2.2±1.4 41 0.3±0.4 59 17.6 5.4

CheY(I95V)(Cys)-Atto647,
∆cheZ

2.3±1.7 24 0.5±0.7 76 19.3 14.1

CheY(I95V)(Cys)-Atto647,
∆cheZ+Ac

1.6±1.5 52 0.4±0.6 48 17.6 10.7

CheY(I95V)(Cys)-Atto647,
∆cheA

2.8±1.6 20 0.5±0.6 80 24.8 13.4

CheY(I95V)(Cys)-Atto647,
∆cheA+Ac

2.5±2.1 48 0.4±0.6 52 25 21.1

Table 6.1: Experimentally measured fast and slow diffusion coefficients, relative
population proportions as in previously shown normal distributions and kinetic con-
stants for the E. coli CheY mutants and background strains used in this work.
KD, FliMN

values were calculated from the fitted koff, FliMN
values (green curves in

previously shown dwell time distributions) assuming a diffusion-limited kon = (4 x
106) M−1s−1. koff, ss values for secondary binding sites (ss) are calculated from the
slopes of the fitted blue curves in previously shown dwell time distributions.

6.6.2 FliM’s acetate-induced dispersion

While performing the single-molecule experiments in the presence of 50 mM acetate

in ∆cheA and ∆cheZ strains, a peculiar trend was noticed: the fluorescence intens-

ity of the FliM-YPet proteins in the motor spots decreased with time, until a steady

state was reached after 30-40 minutes in which there was no more trace of localised
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Figure 6.10: a), c) Diffusion coefficients’ distributions for electroporated
CheY(I95V)(Cys)-Atto647 in ∆cheA/∆cheZ, FliM-YPet E. coli cells in the pres-
ence of 50 mM acetate. Histograms based on a data set consisting of 4308 molecules
for a) and 3247 molecules for c) in different acquisition dates. The two components
Gaussian fit (red solid lines), the sum of the latter (red dashed line) and the single
Gaussian fit (blue solid line) are shown. b), d) Distributions of dwell times at the
motor for electroporated CheY(I95V)(Cys)-Atto647 in ∆cheA/∆cheZ, FliM-YPet
E. coli cells in the presence of 50 mM acetate. Bins with less than 5 counts were
discarded (i.e. each data point is at least 5 events). The plot shows the experi-
mental survival log-probability of switch-bound CheY(I95V) to dissociate from it
as a function of time. The red, green and blue lines are as in Figures 6.8, b) and
6.9, b). Histograms based on a data set consisting of 57 cells for ∆cheA + acetate
and 40 cells for ∆cheZ + acetate imaged in different acquisition dates. For all the
4 panels: exposure time 10 ms, settings for YPet: 532 nm laser, 1 mW; settings for
Atto647: 637 nm laser, 2.5 mW.
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Figure 6.11: Predicted FliMM-CheY binding modes in E. coli. The solvent accessible
surface of FliMM is shown in green with a binding depression area and its surrounding
ridge highlighted in yellow and brown, respectively. A) CheY is depicted as a beige
ribbon, with residues F14, T16, M17, I20, P110 and T112 (shown as ball and stick)
corresponding to the interacting residues in T. maritima. Except for T112, all these
residues are interacting residues also in E. coli. B) The predicted interaction in
E. coli rotated by approximately 180◦ about the vertical axis, showing that the
inactivated conformation of CheY (orange coil) clashes with FliMM.

green spots, but only a diffuse, low intensity cytoplasmic fluorescence. Figure 6.13

shows the probability distributions of FliM intensities in ∆cheA, FliM-YPet (left)

and in ∆cheZ, FliM-YPet (right) E. coli cells in the absence (blue dots) and pres-

ence of 50 mM acetate (red dots). Each data point represents the maximum pixel

intensity of a detected motor spot. Comparing the two blue and red distributions, it

is possible to notice that for both genetic backgrounds, while in the absence of acet-

ate the motor spots’ intensities were scattered over a broader range (30-300 counts),

upon addition of acetate the average intensity drops down to ∼25-30 counts.

The trends shown in Figure 6.13 for FliM intensity distributions in the presence and

absence of acetate, joined with the findings about the diffusion coefficients described

in section 6.6.1, support the hypothesis that CheY-Ac removes FliM from the switch

by binding to its oligomerisation interface and mobilising it in the cytoplasm.
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Figure 6.12: Short (a) and long (b) dwell time distributions for all CheY mutants
and genetic backgrounds considered in this study. Bins with less than 5 counts were
discarded in (a) (i.e. each data point is at least 5 events). Both plots show the
experimental survival log-probability of switch-bound CheY mutants to dissociate
from it as a function of time.

Figure 6.13: Probability distributions of FliM intensities in ∆cheA, FliM-YPet (left)
and in ∆cheZ, FliM-YPet (right) E. coli cells in the absence (blue dots) and presence
of 50 mM acetate (red dots). The solid lines, in corresponding colors, are Gamma fits
obtained with the MATLAB in-built function fitdist. As discussed in the main text,
the difference between the two distributions provides evidence for FliM’s acetate-
induced dispersion. Motor spots imaged in different acquisition dates in 150 (-
acetate) and 97 (+acetate) cells using 10 ms exposure time, 532 nm laser, 1 mW
power.
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6.7 Summary

In this chapter, the main results of this thesis were reported. Single molecules of

three labelled CheY mutants were imaged and tracked in their journey between

the receptor clusters and the motors, via diffusion through the cytoplasm, in live

cells. Binding kinetics to the motor, as well as diffusion between them and the

chemoreceptor clusters, in three different background strains and in the presence

and absence of chemotactic stimuli were quantified and summarised in Table 6.1.

The presence of measured long dwell times at the motor which are not compatible

with the dissociation constant to FliM commonly reported in the literature for E. coli

CheY263 supports the recently proposed hypothesis of the existence of a secondary

binding site for CheY on either FliMM or FliN, which would be responsible for post-

binding cooperativity and motor switching (Afanzar, Di Paolo et al, in submission).

Finally, an interesting acetate-induced dispersal effect on FliM proteins was observed

and characterised: that CheY-Ac removes FliM from the C-ring by binding to its

oligomerisation interface and mobilising it in the cytoplasm was suggested.
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Chapter 7

Fluorescence Microscopy in R.

sphaeroides

7.1 Motility and electroporation in R. sphaeroides

The correlation between motility and electroporation was also investigated in R.

sphaeroides. Since in this case cells did not have a FliC(sticky) mutation, after

transformation and washing steps they were tethered to the coverslip glass via anti-

FliC antibody (procedure described in section 2.6.1). As for E. coli, the aim of these

experiments was to confirm interaction of the electroporated labelled CheY6 with the

motor in a rotating tethered cell, to complement the observations in cells deposited

onto agarose pads reported in section 7.3.3. For comparison, table 7.1 contains a

summary of some relevant swimming parameters for E. coli and R. sphaeroides.

7.1.1 Single-molecule interaction with FliM in motile cells

The same approach as for E. coli described in section 5.1 was attempted first:

electrocompetent R. sphaeroides was electroporated with 3.5 nM (i.e. 0.07 pmoles)

165
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E. coli R. sphaeroides

Mean speed 16.5 µm/s280 40 µm/s

Mean run time 1 s 5 s

Mean tumble/stop length 0.1 s 0.66 s

Mean tumble/stop frequency (0.31±0.19) s−1

Mean run bias 0.6-0.7 (0.8±0.2)

Table 7.1: Swimming parameters for wild type E. coli (from 66 unless otherwise
indicated) and R. sphaeroides (from 71).

CheY6(A134C)-Atto647, recovered and washed as described in section 7.3.1. Since

in the single-molecule experiments reported in section 7.3 it was found that R.

sphaeroides cells were more permeable to labelled proteins in solution during the

application of the electric pulse than E. coli, a lower amount of protein was used

here (namely about 1/3 compared to what used in chapter 5) in order to guarantee

the presence of ideally only one molecule per cell. Bright-field and two-colours

TIRF microscopy (with the usual convention: CheY6 in red, motor spots in green)

revealed that, despite most (>95%) of the tethered cells not being motile after

electroporation, in those that showed some extent of movement, however slow and

jerky, CheY6(A134C)-Atto647 was actually colocalising with the motor for periods

as long as the whole duration of the acquisition (see RSmot1BF and RSmot1 movies

on USB stick for an example (bright-field and TIRF movies, respectively, 5.77 s

acquisition in bright-field and 40 s in fluorescence, 10 ms exposure time, 60 fps).

In order to rule out the possibility that the observed movement was only due to

Brownian motion and not to a working motor, a different approach was taken,

where cells were allowed to recover for longer and even grow and divide: a time-

lapse experiment the same as the one described in section 5.1.4 for E. coli.
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7.1.2 Time-lapse measurements

Differently from electroporated E. coli samples, in which it was possible to find

properly spinning tethered cells, though not many, even after only 5 minutes recov-

ery, electroporated R. sphaeroides turned out to preserve motility less well upon

application of the electric pulse if allowed only a relatively short recovery. It was

previously stated that R. sphaeroides seems to take up labelled molecules more

easily than E. coli ; however, motility and fluorescence have been shown by several

pieces of evidence in this work and in 5 to be independent from one another, so a

higher level of internalisation in R. sphaeroides than in E. coli is not likely to be the

cause. Furthermore, R. sphaeroides was found to be more robust and viable than

E. coli after electroporation, as it was observed by the author to grow and divide on

agarose pads with almost no delay after application of the electric pulse; however,

these observations were made on cells deposited onto agarose pads, and did not

therefore give any information about the physical state of the motor nor its func-

tionality. Hence the necessity to carry out tethered cell experiments to confirm the

interaction of CheY6 with FliM in working motors. As for E. coli, in order to have

some fluorescence inside daughter cells, but keeping in mind that R. sphaeroides

takes up molecules very easily, cells were initially incubated and electroporated with

about 1.5-fold the amount of labelled protein used in section 7.1.1, namely 5 nM

(i.e. 0.1 pmoles) CheY6(A134C)-Atto647. Cells were first recovered for 20 minutes

in SUX, then diluted 1:20 always in SUX to a starting volume of 10 ml (OD700nm, t=0

= 0.113) and incubated at 30◦C, 225 rpm in 125 ml flasks. Flasks were used in-

stead of test tubes to prevent the bacteria from switching to photosynthetic growth

due to lack of oxygen (see Discussion in section 7.2). Note that the optical density

measurements for R. sphaeroides are carried out at 700 nm instead of at 600 nm as

it is rich of red-absorbing pigments. The OD700nm was measured every hour, 1 ml

of cells washed and quickly imaged using phase contrast microscopy for a general
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assessment of motility; cells were then flushed into a tunnel slide, left upside down

in a humidity chamber for 10 minutes and washed extensively with SUX to remove

unstuck cells; the tunnel’s edges were sealed with nail polish to prevent evaporation

and the sample in this way prepared was imaged in both bright-field and fluores-

cence. A NEP sample was prepared in the same way. The optical density curves for

EP and NEP cells over time are shown in Figure 7.1: again, the latter grow faster

than the former, but this time by about 30% compared to 20% in E. coli and only

up to the first 3 hours of recovery, after which the NEP cells start growing exponen-

tially faster than the EP ones. From the probability curves in the same figure, where

values are normalised to a total number of 100 imaged cells for each time point, it

is possible to infer that it is overall quite difficult to find a cell with a clearly spin-

ning phenotype, being them always less than 10% anyway, in either sample. Movies

CheY6TimeLapse and CheY6TimeLapseBrightField (60 fps) on USB stick show an

example fluorescent and spinning tethered cell after about 3 hours from electropor-

ation. However, it is interesting to notice that in the NEP sample the minimum

number of spinners is observed in correspondence of OD700nm∼0.3, which is when

the two growth curves for this and EP sample start diverging.

7.2 Chromatophores in R. sphaeroides

With regard to the results illustrated in the previous section, it is worth mention-

ing some interesting fact that the author observed when carrying out experiments

in R. sphaeroides : cells grown to OD700nm∼0.3 and beyond imaged on the TIRF

microscope could be seen to produce some cytoplasmic component excited by the

532 nm (green) laser and emitting in the red channel, causing a source of ”out of fo-

cus” fluorescence that would make difficult accurate detection of the signal from the

Atto647-labelled CheY6 molecules. This could relate to the fact that most purple

photosynthetic bacteria develop an extensive intracytoplasmic membrane (ICM) sys-
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Figure 7.1: Correlation of motility and recovery length in R. sphaeroides cells elec-
troporated with 5 nM (0.1 pmoles) CheY6-Atto647: comparison of optical density
and spinning probability curves over time for EP and NEP cells. Error bars on each
data point are given by the normalised percentage error assuming 1 cell miscounting.

tem in response to a change from chemoheterotrophic to photoheterotrophic growth

conditions (i.e. aerobic/anaerobic respiration)281,282. The ICM is also synthesized by

R. sphaeroides during growth in the dark or light under conditions of limited oxygen

availability (semi-aerobic growth)283. The composition and assembly of the ICM are

known to be tightly regulated, with light intensity and oxygen tension being among

the most prominent environmental stimuli which serve to control these processes. In

R. sphaeroides, the ICM consists of interconnected vesicular structures of spherical

shape and ∼60 nm diameter which originate from invaginations of the cytoplasmic

membrane284 and that can be isolated from cellular extracts as a rather homogen-

eous population of chromatophores (Figure 7.2 a) and b)). On a dry weight basis,

purified chromatophores contain 5% phospholipid, 64% protein, and up to 5% pig-
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ment, consisting mostly of bacteriochlorophylls (BChls) and carotenoids285. These

chromatophore vesicles facilitate light harvesting and subsequent energy transfer to

generate ATP within the bacteria. The photosynthetic apparatus is composed of

three multimeric transmembrane protein complexes: the antenna or light-harvesting

complexes (LHCs), the reaction center (RC) and the cytochrome (cyt) bc1 complex.

The role of the LHCs, which non-covalently bind carotenoid and BChl molecules, is

to collect incident light. Like most purple bacteria, R. sphaeroides has two types

of LHCs, named LH1 and LH2 (see Figure 7.2 c)). The LH1, or B875, complex is

synthesized in fixed stoichiometric amounts with the RC, forming the RCLH1 com-

plexes. More peripheral to this fixed photosynthetic unit is the second complex, the

LH2 or B800-850, whose amount is modulated by several factors, such as light in-

tensity and oxygen partial pressure. Under semi-aerobic conditions, like those used

in the time-lapse experiment described above, the production of the RC, B875, and

B800-850 complexes can vary depending on the local oxygen concentrations. The

syntheses of carotenoids and BChls vary in response to variations in light and/or

oxygen. As shown in Figure 7.2 a) and b), electron tomography images show re-

markably little apparent free cytoplasm in R. sphaeroides cells with full developed

chromatophores288. As a further perspective of this work, electroporation of CheY6

in aerobic and photoheterotrophic R. sphaeroides will be performed to allow both

the true diffusion rate of this molecule in vivo and the effect of large numbers of

physical barriers to that diffusion to be measured.

7.3 Single-molecule imaging of CheY6 in R. sphaeroides

One of the most powerful features of the internalisation approach described in this

work is that it can be applied to a range of proteins (up to 60 kDa molecular

weight) and to many species of prokaryotes as well as eukaryotes5. The FP fusion

method applied in the literature to determine CheY6 localisation and measure motor
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Figure 7.2: R. sphaeroides chromatophore vesicles. a) Architecture and constituents
of a spherical chromatophore vesicle from R. sphaeroides constructed from atomic
force microscopy and linear dichroism data. The light-harvesting complexes, LH2
(green) and LH1 (red), absorb light and transfer the resulting excitation to the
RC (blue), which subsequently initiates electron transfers reducing quinone to hy-
droquinone; the bc 1 complex (yellow) oxidizes hydroquinone to create a proton
gradient across the membrane, which in turn is used by ATP synthase (orange) for
ATP production. Electrons are shuttled back to the RC by cytochrome c 2 (not
shown). Taken from 286. b) Top: tomographic slide of a R. sphaeroides bacterium
in the XY direction; bottom: visualisation of the same tomogram in the XZ direc-
tion. c) In the top panel it is possible to see chromatophores as isolated vesicles
(green arrow), fused with the bacterial membrane (blue) or connected to one another
in an extended reticulum (red); in the bottom panel two vesicles fused to each other
are also visible. b) and c) taken from 287.

binding155 suffers from some serious limitations; the main being that CheY6 fusions

are not functional and that if only a small percentage of a large population of

proteins binds to either the motor or the chemoreceptor cluster, these events would

be difficult if not impossible to distinguish against the background of free diffusing

labelled molecules. Electroporation allows for internalisation of very few labelled

CheY6 molecules, hence removing background issues; moreover, the risk of non-

functionality is limited by the small size of the organic dye used as label, much less

invasive than a fluorescent protein usually at least 3 times as big as the protein itself

and no downstream effects caused by adding the FP gene to the operon. For these

reasons, in collaboration with Matthew W. Smith (Armitage group, Department of

Biochemistry), work on R. sphaeroides was undertaken to investigate the behaviour

in vivo of CheY6, the equivalent of E. coli CheY in this species.
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7.3.1 Experimental conditions

R. sphaeroides cells were made electrocompetent using the protocol in section 2.3.3,

EP, NEP and Negative Control samples were prepared and, where applicable, elec-

troporated as described in section 2.3.4 with a final concentration in solution of

5-10 nM CheY6(A134C)-Atto647. Recovery time was ∼10 minutes for all the ex-

periments and washing steps were carried out as described in section 2.3.4. Such

recovery length was chosen to mirror a similar percentage of doubling time than 5

minutes represent for electrocompetent electroporated E. coli cells, which divide in

∼100 minutes (Figure 7.3, a)), while the calculated doubling time for electrocompet-

ent electroporated R. sphaeroides resulted of ∼2.5 hours (Figure 7.3, b)). Samples

were placed onto agarose pads and imaged using TIRF microscopy. Over 500 cells

imaged, about 70% of EP and 10% of NEP cells internalised some labelled protein

as judged by eye inspection, highlighting the greater membrane permeability of R.

sphaeroides electrocompetent cells compared to their E. coli equivalents (see section

4.5). The position of the CheY6 target was compared to a genomic fusion of FliM to

either YFP or YPet or to a CheW4-YFP fusion. Whilst CheW4-YFP proved bright

enough to locate the cytoplasmic cluster in the cell, due to the low copy number

of FliM in the switch complex, FliM-YFP was not sufficiently bright to determine

the motor location. A strain with FliM-YPet fusion was used for these experiments,

instead.

7.3.2 Colocalisation with cytoplasmic cluster(s)

The same functionality test as for E. coli CheY was first carried out to check that

the dye-labelled CheY6 re-introduced in the cells by electroporation was localising

this time at the cytoplasmic cluster(s), where it was previously shown to localise155.

Depending on whether they are dividing or not, cells may contain either one or two

cytoplasmic clusters289: in the first case, it would be placed at mid-cell, in the second
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Figure 7.3: Experimentally determined doubling time for electrocompetent elec-
troporated E. coli and R. sphaeroides(semi-log plots). Errorbars represent ±0.01
uncertainty on the OD measured value.

case at one-fourth and three-fourths of the cell main axis. As an indicator of where

such cluster(s) was(were) in the cell, a R. sphaeroides strain with YFP labelled

CheW4 was employed, as such protein was shown to localise to the cytoplasmic

cluster in several papers156,290,291. Colocalisation of CheY6 with the cytoplasmic

cluster was confirmed for 75% of the imaged cells which had internalised some fluor-

escence, two example images are shown in Figure 7.4: here it is possible to see that,

besides being localised at cytoplasmic clusters, CheY6 also dwells at some other

locations in the cell which are not YFP-labelled and might correspond to motors or

to the polar cluster (see next section).

7.3.3 Colocalisation with motors

Colocalisation of CheY6 with the motor was then explored, using a FliM-YPet fusion

as in the experiments reported earlier in this chapter for E. coli. Application of the

electroporation approach to R. sphaeroides in this project turned out to be very

promising and yielded good indications of CheY6 colocalisation with the motor from

the first attempts.

In the example cell shown in Figure 7.5, it is possible to identify two FliM-YPet
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Figure 7.4: Colocalisation of CheY6(A134C)-Atto647 with CheW4 in two different
electroporated cells (top and bottom rows): a) Bright-field image of the cell of
interest in inverted colours; b) Position of the cytoplasmic cluster(s) as indicated
by CheW4-YFP (green, average over 4000 frames); c) Average position of CheY6-
Atto647 over 4000 frames (red); d) Overlay of the 3 channels. Total acquisition
time 40 s, exposure time 10 ms, settings for YFP: 532 nm laser, 1 mW; settings for
Atto647: 637 nm laser, 2.5 mW.

motor spots (in green, white arrows). It was previously shown that R. sphaeroides

can have more than one FliM spot, especially if the cell is preparing to divide

(Dr. C. W. Jones, Armitage lab, personal communication). The top right panel

shows an overlay of the ”preferred” CheY6(A134C)-Atto647 localisations obtained

by averaging all the positions occupied over 3 s of acquisition. CheY6 is observed

to dwell for as long as 800 ms at the top motor and 100-120 ms at the bottom

motor. This difference in dwell time could be due to a diverse FliM composition

of the two motors or to one of them being not a fully formed motor but only a

C-ring, instead. However, in the same acquisition, CheY6 is observed to also travel

twice to two non-labelled regions in the right side and at the left pole of the cell,

which could well be the cytoplasmic and the transmembrane clusters, respectively:

it dwells 60 ms on average in both each time it travels there (see Figure 7.5). The

polar chemotaxis cluster contains CheA2, which has been shown to phosphorylate

all six of the R. sphaeroides CheYs and both CheBs in vitro 151,155. In contrast, the

cytoplasmic chemotaxis cluster contains the atypical kinase formed by CheA3 and
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CheA4, which can only phosphotransfer to CheY1, CheY6, and CheB2. As already

mentioned, phosphosignaling from both clusters has been shown to be essential

for chemotaxis143. When CheA3 or CheA4 are inactivated or deleted without a

concurrent CheY6 mutation, smooth swimming results. This suggests strongly that

the polar cluster cannot phosphorylate CheY6 at physiologically relevant rates, at

least during steady state swimming (Dr. J. A. de Beyer, personal communication).

However, single CheY6 molecules could still interact with the polar cluster to be

phosphorylated by CheA2.

In the example cell reported in Figure 7.6, the FliM-YPet spot at mid-cell (white

arrow) is significantly brighter than values normally found for single motors (i.e.

∼4-fold more intense); since the cell is also dividing, it is speculated that they could

actually be two motors, either both fully formed or one still in formation, maybe

even with extra FliM molecules around them to support the construction. In this

case, again CheY6 is observed to localise at the cell bottom pole, and at a lateral

region on the right side that could be the cytoplasmic cluster. The dwell time at

the cytoplasmic cluster also is reproducible if compared with the example reported

in Figure 7.5, i.e. about 50-60 ms. The dwell time at the pole looks in this case

much longer, instead, with molecules visible there for up to 10 s continuosly, but this

could also be due to the presence of a higher number of internalised CheY6 copies.

It is interesting to notice how at t = 4.41 s, a molecule detaches from the mid-cell

FliM spot and travels to a region at mid-cell which could be the cytoplasmic cluster

(red arrows, t = 4.42 s), going going back to the motor after ∼50 ms. This dynamic

behaviour could be explained by the fact that the half life of spontaneous CheY6-P

autodephosphorylation is 4 s, compared to 14 s in E. coli 70. CheY6 could there-

fore be leaving FliM due to loss of its phosphoryl group, travel to the cytoplasmic

CheA3A4 kinase complex to be re-phosphorylated, then move to the flagellar motor

once again. Finally, in the example cell reported in Figure 7.7, only two CheY6

molecules were internalised. Again, here the cell is dividing and the FliM-YPet spot
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at mid-cell (white arrow) has an elongated shape, which could be consistent with

the presence of two motors slightly spaced from each other but not enough to be

optically resolved. The dwell times are reproducible here, as well: about 600 ms

for the motor spot and ∼60 ms for the receptor cluster (average of two dwells at

different times in the acquisition).

7.3.4 Discussion

The components of both the polar and cytoplasmic chemosensory clusters are re-

quired for a wild type chemotactic response in R. sphaeroides 70. Cells must in-

tegrate the signals generated by these clusters to produce an appropriate balanced

response to the sensory stimuli. A phosphorelay mechanism has been suggested in

an ordinary differential equation (ODE) mathematical model292: cytoplasmic CheA3

phosphorylates CheB2, and CheB2-P then phosphorylates polar CheA2. CheA2-P

can subsequently phosphorylate any of its cognate response regulators, using the

phosphoryl group originating from the cytoplasmic cluster (Figure 1.11). It has

been shown that CheY6 can be phosphorylated by both CheA3-P and CheA2-P in

vitro, but the former takes place with a significantly higher rate than the latter.

Despite phosphotransfer from CheA3-P and CheA2-P and dephosphorylation rates

for CheY6 have been estimated143,151, to the authors’ best knowledge, the values of

the dissociation constants for R. sphaeroides Che proteins have not been measured.

If the range reported in E. coli chemotaxis literature for KD of CheY from CheA of

2-7 µM263,293 is adopted to denote the dissociation constants between ligands and

active transmembrane and cytoplasmic receptors in R. sphaeroides, as done in 294,

then the dwell times of 60-80 ms at both the different types of receptor clusters meas-

ured in the experiments described above are of the expected order of magnitude,

giving good indication that the values found in E. coli are valid for R. sphaeroides,

too (see Table 7.2). Dwell times τ were calculated using the relation koff=
1
τ

and
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KD =
koff
kon

, with diffusion-limited kon = (4 x 106) M−1s−1. Furthermore, single-

E. coli R. sphaeroides

< τmotor > [ms] 60 600

KD, motor [ µM ] 4 0.4

< τcluster > [ms] 60-80 60-80

KD, cluster [ µM ] 2-7 3-4

Table 7.2: Comparison between experimentally measured kinetic constants for the
R. sphaeroides CheY6 Cysteine mutant used in this work and those found in the
literature for E. coli 263. KD values for the motor and the chemoreceptor clusters in
both species were calculated assuming a diffusion-limited kon = (4 x 106) M−1s−1.

molecule microscopy results reported in this section support the hypothesis that R.

sphaeroides CheY6 interacts with the flagellar motor, this being the first indication

of such interaction in vivo. Interestingly enough, the average dwell time of CheY6

at the motor spots indicated by FliM-YPet resulted of the same magnitude of the

mean stop length measured in wild type R. sphaeroides cells via rotation of 0.83

µm beads on flagellar stubs (0.66 ± 1.01 s)71 (see also Table 7.1). However, if the

same diffusion-limited kon as above is assumed, such dwell times at the motor yield

a KD∼0.4 µM, which is about 10-fold smaller than the value commonly found in the

literature for CheY’s affinity to the E. coli motor in vivo 263(see Table 7.2). Further

statistics would be required to validate these preliminary results. Electroporating

CheY6 in R. sphaeroides containing FP-tagged CheA3 and FliM would be then the

next step to confirm that CheY6’s function is indeed to transduce signals from the

cytoplasmic cluster(s) to the flagellar motor(s). It would also be interesting to fur-

ther investigate CheY6 suggested interaction with the polar cluster via a FP-tagged

CheA2 or CheW3.
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Figure 7.5: Frames from two-colours fluorescence video microscopy showing single
molecules diffusing/binding inside an electrocompetent R. sphaeroides JPA1674
(FliM-YPet) cell electroporated with 10 nM CheY6(A134C)-Atto647: in the top
row, an image of the cell in bright-field (contrast adjusted), in the YPet fluorescence
channel (green) with motors indicated by white arrows and an overlay of the ”pre-
ferred” CheY6(A134C)-Atto647 localisations obtained by averaging all the positions
occupied over 3 s of acquisition (red) are shown. After dwelling at the top motor
for ∼780 ms, a CheY6 molecule moves to a side region which could correspond to a
cytoplasmic cluster; it then moves back to the top motor only to travel after only
30 ms to the bottom motor (t = 1.23 s) where it dwells for 120 ms; from here, the
molecule then spends ∼40 ms at the left pole of the cell, where the polar cluster
might be. Dwellings at the polar and at the lateral regions are repeated once again
after the frames shown in Figure, with a dwell time of 80 ms (at t = 2.48 s) and 60
ms (at t = 2.9 s), respectively. Total acquisition time 40 s, exposure time 10 ms,
settings for YPet: 532 nm laser, 1 mW; settings for Atto647: 637 nm laser, 2.5 mW.
Scale bars = 1 µm. (3s-substack of full video found on USB stick, CheY6coloc1
movie (60 fps)).
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Figure 7.6: Frames from two-colours fluorescence video microscopy showing single
molecules diffusing/binding inside an electrocompetent R. sphaeroides JPA1674
(FliM-YPet) cell electroporated with 10 nM CheY6(A134C)-Atto647: in the top
row, an image of the cell in bright-field (contrast adjusted), in the YPet fluorescence
channel (green) with motor(s) indicated by white arrows and an overlay of the ”pre-
ferred” CheY6(A134C)-Atto647 localisations obtained by averaging all the positions
occupied over 10 s of acquisition (red) are shown. Continuously for the first 2.2 s,
two or more CheY6 molecules are observed dwelling at the motor spot (indicated by
the white arrow) and several at the bottom pole; at t = 0.67 s, a molecule travels
from the pole to a non-labelled lateral region which could correspond to a cytoplas-
mic cluster, dwelling there for ∼50 ms (red arrow) to then go back where it came
from; dwelling events in the same side location happen again at t = 0.9 s, with the
molecule staying there for ∼60 ms and then going back to the bottom pole, and
at t = 4.42 s, with the molecule this time coming from the mid-cell FliM spot in
the previous frame (t = 4.41 s) and going back to it after ∼50 ms (red arrows);
at t = 2.5 s two molecules reappear at the mid-cell motor(s) this time for 600 ms,
simultaneously disappearing at t = 3.1 s; these (or other) two molecules come back
one last time at t = 3.16 s and stay alternatively in one or two until bleaching at
about 10 s of acquisition (frame at t = 8.32 s shown). Total acquisition time 40 s,
exposure time 10 ms, settings for YPet: 532 nm laser, 1 mW; settings for Atto647:
637 nm laser, 2.5 mW. Scale bars = 1 µm. (10s-substack of full video found on USB
stick, CheY6coloc2 movie (60 fps)).
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Figure 7.7: Frames from two-colours fluorescence video microscopy showing single
molecules diffusing/binding inside an electrocompetent R. sphaeroides JPA1674
(FliM-YPet) cell electroporated with 5 nM CheY6(A134C)-Atto647: in the top
row, an image of the cell in bright-field (contrast adjusted), in the YPet fluores-
cence channel (green) with motor(s) indicated by white arrows and an overlay of
the ”preferred” CheY6(A134C)-Atto647 localisations obtained by averaging all the
positions occupied over 5 s of acquisition (red) are shown. A single CheY6 molecule
dwells on the left side of the elongated FliM-YPet focus for ∼600 ms, to then travel
across it to its right side (t = 0.84-0.85 s) and stays there for ∼100 ms. The same
molecule performs such exchange other two times during the acquisition. At t =
0.9 s, a second molecule adds up at the motor(s): its face-to-face position with the
previous molecule supports the existence of two motors or C-rings in the mid-cell
FliM-YPet focus. After parting at t = 1 s to travel towards two diagonally placed
regions, one in the mother cell and one in the daughter cell, to probably interact
with cytoplasmic or polar clusters, the two molecules join again at the motor spot.
The same cycle is then once again repeated, with a similar characteristic time (∼65
ms in average). Total acquisition time 40 s, exposure time 10 ms, settings for YPet:
532 nm laser, 1 mW; settings for Atto647: 637 nm laser, 2.5 mW. Scale bars = 1
µm. (5s-substack of full video found on USB stick, CheY6coloc3 movie (60 fps)).



Chapter 8

General Conclusions

As already stated in section 1.5, the aims of the work presented in this thesis were

two: firstly, to establish a suitable procedure to apply the electroporation technique

to the study of chemotaxis proteins in bacteria; secondly, to exploit such technique

to elucidate the interactions of E. coli CheY and R. sphaeroides CheY6 with the

bacterial flagellar motor in order to further understand the switching mechanism

and the chemotactic response. This chapter summarises the major results obtained

and discusses prospects for further investigations.

8.1 Viability

Studies of cell viability upon electroporation showed that, upon recovery in rich

medium, up to 68% of the E. coli cells resumed growth/division within one hour

from electroporation, and 20% stay intact but not growing, a sort of frozen state in

which, despite lack of growth/division, motility and chemotaxis are unaffected. No

correlation was found between uptake of fluorescent molecules and cell viability, with

loaded cells still largely viable upon internalisation of hundreds of proteins. Thanks

to the damage-minimising protocols developed for both preparation of electrocom-
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petent cells and electroporation, described in section 3.4, it was possible to increase

with respect to previous values reported in the literature219 both the proportion of

loaded cells which could grow/divide after electroporation (38% vs 11%) and of cells

remaining intact but not growing up to 3.5 hours from application of the electric

pulse (43% vs 32%).

8.2 Internalisation

In order to avoid artifacts caused by overlapping spots in single-molecule experi-

ments, the initial incubating concentration of labelled proteins was tuned to yield in-

ternalisation of less than 5 molecules per cell. Brightness measurements for Atto647-

(Cys)CheY reported in section 4.2 gave a unitary fluorophore intensity in vivo of

(7000±4800) photons per second: this is a much higher value than what previ-

ously estimated for a fluorescent protein like mCherry (less than 2800 photons per

second241), further underlining that an unprecedented high localisation precision can

be achieved in single-molecule tracking by preferring the electroporation approach

adopted in this thesis to fluorescent protein fusions.

8.3 Recovery of motility

Evidence for the existence of a minimum lag time between start of recovery and time

when cells start spinning/swimming again after application of the electric pulse was

presented in section 4.6.1. Such delay, however, was less than the time required for

cells to resume growth and division, indicating that it is possible to image fluores-

cence from the internalised molecules and a motile phenotype at the same time in

the very cells present in solution at the moment of electroporation, losing none or,

in the worst case, only some of the initial signal. This is a novel and very important
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result not only for investigation of the interactions between CheY and FliM in a

working motor as proposed in this thesis, but also for the general application of

the electroporation technique to the study of the interactions in vivo of a range of

other chemotaxis and motility proteins. In fact, previously reported experiments in-

volving such technique in bacteria5,219,241 did not consider its effects on cell motility

at all, and actually even used a strain (DH5α) with a demonstrated poor-motility

phenotype295.

8.4 Cell loading and motility

Cell motility upon electroporation was shown to be independent of loading in section

5.1.2, as growth/division were demonstrated to be in chapter 4.3. The interaction

of single labelled CheY/CheY6 molecules with FliM (and with other loci in the cell)

was observed in real time in rotating tethered E. coli and R. sphaeroides recovered

for a short amount of time (few minutes) (sections 5.1.3 and 7.1.1) as well as for

hours in a time-lapse experiment in rich medium (sections 5.1.4 and 7.1.2).

8.5 Electroporated proteins’ functionality

Good indication of general functionality of the electroporated CheY labelled proteins

in E. coli apart from interaction with the motor was given by the two-fluorescence

colocalisation studies with CheZ-CFP at the cell poles reported in section 5.3.

Through a similar functionality test, the dye-labelled CheY6 re-introduced in R.

sphaeroides by electroporation was shown to localise at the cytoplasmic cluster(s)

through two-fluorescence colocalisation with YFP-CheW4.
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8.6 Single-molecule results in E. coli

One of the main aims of this work was to observe and quantify the working cycle

of single CheY molecules while performing their role of response regulators in live

cells. This was done using three different mutants (Cys-modified CheY, CheY**

and CheY(I95V)), as many genetic backgrounds (FliM-YPet, FliM-YPet, ∆cheZ

and FliM-YPet, ∆cheA) and presence or absence of repellent (acetate). Imaging of

CheY proteins in living cells had previously been performed only via FP-genetic fu-

sions. However, this approach presents some drawbacks: first, the protein’s function

could be affected by the presence of big probes as GFP136 or YFP263; secondly, due

to the low brightness of the FPs used, it was necessary to use long exposure times,

which are incompatible with fast acquisition and observation of real-time behaviour;

finally, on a related note, the low amount of photons that could be collected from

FPs for frame and before bleaching did not allow for a high enough localisation

precision to perform a reliable, prolonged single-molecule tracking.

Furthermore, it is known that in E. coli CheY binds to the N-terminus of the flagel-

lar switch protein FliM to generate clockwise flagellar rotation, but the mechanism

by which CheY switches the motor to clockwise rotation is still unknown. A fun-

damental problem in understanding this mechanism is the apparent discrepancy

between cooperativity of clockwise generation and non-cooperative CheY binding

to FliM, hence the rationale for quantifying the kinetics of individual CheY proteins

at the switch.

In this work, single CheY molecules labelled with a small organic dye of choice were

detected and tracked in their journey between the receptor clusters and the motors,

via diffusion through the cytoplasm, in live cells with up to 10 ms temporal resol-

ution and up to 40 s. Binding kinetics to the motor as well as diffusion between

them, in different background strains and in the presence and absence of chemotactic

stimuli were quantified. While the values found for the coefficient of freely diffusing
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molecules reflected those previously reported in the literature (∼4 µm2/s)136, some-

thing interesting was discovered with regard to the interaction between CheY and

FliM. In fact, long dwell times at the motor were measured, in some cases >1 s:

these are not compatible with the dissociation constant to FliM commonly repor-

ted in the literature for E. coli CheY of 3.7 µM263, which would yield an average

dwell time of CheY at the motor of ∼60-70 ms. Recent evidence has been brought

forward that FliMN is not essential for phosphorylation- and acetylation-mediated

clockwise generation, chemotactic responsiveness, and switch modulation (Afanzar,

Di Paolo et al, in submission). Furthermore, the hypothesis that clockwise rotation

is generated by the cooperative binding of CheY to secondary low-affinity sites in

the switch has been proposed. The function of FliMN would be to generate high

enough CheY concentration near the low-affinity sites, thereby compensating for

their low affinity. The long dwell times measured in this work support the existence

of a secondary binding site for CheY on either FliMM or FliN, which would be re-

sponsible for post-binding cooperativity and motor switching.

Finally, FliM proteins localised at motor spots in the cell were observed to disperse

in the cytoplasm over time upon addition of acetate (see section 6.6.2): a possible

explanation is that acetylated CheY removes FliM from the C-ring by binding to

its oligomerisation interface and mobilises it in the cytoplasm.

8.7 Single-molecule results in R. sphaeroides

The rationale for extending the electroporation technique to R. sphaeroides is that

the interaction of CheY6 with the motor had never previously been observed in

vivo, nor any of the dissociation constants for R. sphaeroides Che proteins from

the receptor clusters or the motor had been measured. In this work, a protocol for

the preparation of electrocompetent, motile R. sphaeroides cells was developed, and

suitable parameters for electroporation in this species chosen; in the light of the
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findings for E. coli, a recovery procedure for resuming motility in electroporated R.

sphaeroides cells was devised, as well (sections 7.1.1, 7.3.1). Single-molecule imaging

of electroporated dye-labelled CheY6 in live R. sphaeroides allowed single-molecule

imaging of them with temporal resolution of 10 ms and gave the first evidence of a

CheY6-FliM interaction in vivo (section 7.3.3).

8.8 E. coli and R. sphaeroides: a comparison

� On the one hand, according to what discussed in section 7.3.4, assuming the

dissociation constants between ligands and active transmembrane and cyto-

plasmic receptors in R. sphaeroides of the same range reported in E. coli

chemotaxis literature for KD of CheY from CheA (i.e. 2-7 µM263,293), then the

values of 60-80 ms measured for dwell times at both types of receptor clusters

in this work would suggest that the values found in E. coli are also valid for

R. sphaeroides.

� On the other hand, if the same diffusion-limited kon as for E. coli is assumed

((4 x 106) M−1s−1), the measured dwell times of CheY6 at the R. sphaeroides

motor of ∼600 ms yield a dissociation constant which is about 10-fold smaller

than the value commonly found in the literature for E. coli CheY affinity to

FliM in vivo 263. This would suggest that R. sphaeroides CheY6 binds FliM

with higher affinity than its equivalent in E. coli. As a matter of fact, the

mutations that have been shown to activate E. coli CheY (D13K, Y106W,

I95V) did not appear to activate any of the R. sphaeroides CheYs, including

CheY6
155. This may suggest that although the R. sphaeroides CheY6 and

E. coli CheY are similar in that they require phosphorylation for activation,

they may differ either in the subsequent conformational change caused by that

phosphorylation or in their interaction with the flagellar motor. It was also
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proposed in 155 that despite being unable to stop flagellar rotation, CheY3 and

CheY4 might still compete for binding to FliM with CheY6, the only one that

can stop the motor. This competition, which could be central to integrating

the signals from both the cytoplasmic and polar chemoreceptor clusters, could

also be a cause for enhanced CheY6 affinity to FliM. In conclusion, although

E. coli CheY is often used as a model for response regulators across different

bacterial species, the key residues and the interaction mechanisms with the

motor, and in particular with FliM, between this and other response regulators

should not automatically be translated.

8.9 Future work

Future work will include more about optimisation of the motility recovery process

and study of the internalised fluorescence degradation. For comparison, wild type

and other E. coli CheY mutants will be observed in cells deleted for unlabelled

CheY (CCW motors) or with FliG mutations (CW motors), to investigate the effect

of motor rotation direction on CheY binding and test the prediction of the conform-

ational spread model that CW rotating motors bind more CheY296. Since it was

shown in this thesis that electroporated cells can recover a motile phenotype, bind-

ing and unbinding events will also be correlated with switching events, which will

allow testing of competing switching dynamics’ models. Moreover, a quantitative

analysis of diffusion properties and kinetic constants as the one reported in chapter

6 for E. coli will be carried out in R. sphaeroides, too, which for lack of time could

not be included in this thesis. Further applications of the described electroporation

technique in either the chemotaxis field or, more broadly, in the flagellar motor field

are listed below.
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Chemotaxis in R. sphaeroides

As described in section 1.3.4, R. sphaeroides has two expressed chemosensory path-

ways, the protein components of which are physically separated: one associates with

transmembrane receptors and the other as a cluster at mid-cell with soluble recept-

ors. Both pathways are required to control the single stop-start motor. The soluble

pathway controls CheY6, the only protein which can stop the motor, while the mem-

brane cluster controls CheY3 and CheY4, which are both required for chemotaxis.

The soluble cluster is linked to CheA2 and adaptation proteins CheR2 and CheB1,

the cytoplasmic cluster to CheA3A4, CheR3 and CheB2. Tomography has shown

that both clusters have the same architecture, while extensive molecular genetics,

biophysics and mathematical models have produced two different models for the

mechanisms by which the two pathways integrate to control the single motor: (1)

the CheYs compete at the motor, with attractant signals from the membrane re-

ceptors increasing CheY3 and CheY4 binding to the motor, blocking CheY6 from

binding to and stopping the motor or (2) signals from the cytoplasmic cluster in-

crease levels of CheB2-P, which both diffuses to the polar cluster to phosphorylate

CheA2, increasing CheY3- and CheY4-P levels, and acts as a phosphate sink, redu-

cing CheY6-P levels. There is currently no way of distinguishing the two models in

vivo, as both fit the physiological data. The proteins of interest could be labelled

with the chosen dye and electroporated into R. sphaeroides ; the kinetics of binding

and unbinding for different CheYs at the motor with and without stimulation of

either cluster could be measured, and whether CheB2 can actually diffuse to and

bind to the polar cluster, as assumed in model 2, could be verified directly. Through

single-molecule tracking, one of the two models described above could be identified

as correct, or perhaps a new one could be proposed.
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Flagellar filament assembly

As explained in section 1.2.4, flagellar filaments are built at their distal end by poly-

merisation of FliC exported through the growing filament by a Type-3 export sys-

tem. The mechanism of protein secretion through the T3SS of the bacterial flagellar

motor is controversial. Proteins are known to be delivered partially unfolded to the

export apparatus and the unfolded protein to move down the central channel in the

filament or needle. There are two different theories for the mechanism of transport

through the filament channel, either diffusion or active head-to-tail transport driven

by polymerisation at the growing tip. Thanks to the new electroporation technique,

single-molecule tracking of dye-labelled FliC could be attempted. The dye is small,

and therefore should not interfere with transport. Single labelled molecules could

be visualised running down needles or helical filaments away from any background

cell fluorescence. Their trajectories could provide a direct test of diffusive vs distal

polymerisation chain models in the two related systems.

Protein exchange

Using fusion proteins, it has been shown that FliM and FliN in the rotor exchange

in and out of the motor on a timescale of 30 s. Single-molecule tracking of electro-

porated proteins labelled with organic dyes will allow measurement of the individual

dwell times of molecules both in and out of motors. Moreover, both FliM and FliN

show differences in numbers associated with the core complex or differences in ex-

change rates under different conditions, suggesting different dwell times. This has

led to suggestions that the FP fusion may change the interaction of the proteins in

different conformations. It will be possible to address these questions directly using

stable organic dyes on fully functional proteins.
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Molecular crowding

It has recently become clear not only that the cytoplasm is extremely crowded, but

that its physical state can change in response to growth state and conditions. It is

very unclear whether the changing structures are homogenous or contain regions of

lesser and greater fluidity, and also whether the charge of diffusing proteins alters

their diffusive behaviour. As discussed in section 7.2, R. sphaeroides growing in

low light photoheterotrophically is full of chromatophores, small membrane vesicles

containing the photosynthetic system. Interestingly, aerobic and photoheterotrophic

cells showed different sensitivity to chemosensory signals, perhaps indicating an

effect on numbers of CheYs reaching the motor in a given time. Electroporating

CheY in both will allow the true diffusion rate of CheY and the effect of large

numbers of physical barriers to that diffusion to be measured.



Appendix A

Media and Solutions

Growth media

Luria-Bertani Broth (LB)

Ingredient Quantity per litre

Yeast extract 5 g

Tryptone 10 g

NaCl 5 g

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

LB agar

Ingredient Quantity per litre

Agar 16 g

Yeast extract 5 g

Tryptone 10 g

NaCl 5 g

Made up to 1 litre with MilliQ water. Adjusted to pH 7.0. Autoclaved.
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Tryptone broth

Ingredient Quantity per litre

Tryptone 10 g

NaCl 10 g

Made up to 1 litre with MilliQ water. pH adjusted to 7.0. Autoclaved.

2 x TY

Ingredient Quantity per litre

Yeast extract 10 g

Tryptone 16 g

NaCl 5 g

Made up to 1 litre with MilliQ water. pH adjusted to 7.0. Autoclaved.

Succinate media

Ingredient Quantity per litre

1M Phosphate buffer pH 7.0 20ml

Concentrated base (see below) 20ml

Growth factors (see below) 2ml

(NH4)2 SO4 0.5g

NaCl 0.5g

Sodium succinate 2g

Casamino acids 1g

Made up to 1 litre with MilliQ water, pH adjusted to 7.2 with KOH, autoclaved.
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SOC

Ingredient Concentration

Glucose 20 mM

MgCl2 10 mM

MgSO4 10 mM

NaCl 10 mM

KCl 2.5 mM

Tryptone 20 g/l

Yeast extract 5 g/l

Autoclaved.

Buffers and solutions

Protein Purification - Lysis buffer

Ingredient Quantity per litre

100% Glycerol 100 ml (10% final concentration)

1M Tris (pH 8.0) 50 ml

5M NaCl 30 ml

Imidazole 1.7 g (25 mM final concentration)

Made up to 1 litre with MilliQ water, pH adjusted to 8.0 using concentrated HCl.
Autoclaved.

Protein Purification - Elution Buffer

Ingredient Quantity per litre

100% Glycerol 100 ml (10% final concentration)

1M Tris (pH 8.0) 50 ml

5M NaCl 30 ml

Imidazole 34 g (500 mM final concentration)

Made up to 1 litre with MilliQ water, pH adjusted to 8.0 using concentrated HCl.
Autoclaved.
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Labelling Buffer

Ingredient Concentration (mM))

Tris-HCl 50

NaCl 150

TCEP 0.1

Made up to 1 litre with MilliQ water, pH = 6.8 at RT (7.4 at 4◦C ). 0.45 µm
-filtered and degassed.

Electroporation Buffer

Ingredient Concentration (mM))

Tris-HCl 50

NaCl 25

TCEP 0.1

Made up to 1 litre with MilliQ water, pH = 7.5 at RT. 0.45 µm -filtered and
degassed.

Motility Buffer -NaCl

Ingredient Quantity (ml))

1M K2HPO4 6.2

1M KH2PO4 3.8

10mM EDTA 5

Made up to 1 litre with MilliQ water, pH = 7.0. Autoclaved and 0.45 µm -filter
sterilised.

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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2 x non-stained SDS protein loading dye

250mM Tris, pH 6.8, 2

Ingredient Quantity (W/v)

100% Glycerol 20%

Tris-HCl 250mM

SDS 2%

DTT 1mM

Made up to 1.5 ml with MilliQ water, pH = 7.5 at RT. 0.45 µm -filtered.

SDS-PAGE 1 x running buffer

1x Running Buffer 188g Glycine 30.2g Tris Base 100ml 1010L MilliQ Water

Ingredient Quantity

Glycine 188 g

Tris-HCl 250mM

SDS 2%

DTT 1mM

10 x TBE

Ingredient Quantity

TRIS base 108 g

Boric acid 55 g

EDTA pH 8.0 7.4 g

Made up to 1 litre with MilliQ water. pH adjusted to pH 8.3.

TFB I

Ingredient Concentration

Potassiun acetate 30 mM

RbCl2 100 mM

CaCl2 2H2O 10mM

MnCl2 4H2O 50 mM

Glycerol 15% (v/v)
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TFB II

Ingredient Concentration

PIPES 10 mM

CaCl2 2H2O 75mM

RbCl2 10 mM

Glycerol 15 % (v/v)

Adjust pH to 6.8 with HCl. Filter sterilise.

GYT medium

Ingredient Concentration

100% Glycerol 10% (v/v)

Yeast Extract 0.125% (w/v)

Tryptone 0.25% (w/v)

Sterilised by passing it through a prerinsed 0.22 µm filter. Stored in 1 ml aliquots
at 4◦C .



Appendix B

Primers

Name Sequence (5’ - 3’) Comments

pQE60-YNC-F CATATCACATGTGTGC
GGATAAAGAACTTAA

Forward primer used for cloning of WT CheY,
N terminal Cys-CheY and Cys-CheY**

pQE60-YNC-R GATATGAGATCTCATG
CCCAGTTTCTC

Reverse primer used for cloning of WT CheY,
N terminal Cys-CheY and Cys-CheY**

pQE60-YCC-F CATATCCCATGGCGGA
TAAAGAACTTAA

Forward primer used for cloning of C terminal
Cys-CheY and Cys-CheY**

pQE60-YCC-R GATATGAGATCTACAC
ATGCCCAGTTTCTC

Reverse primer used for cloning of C terminal
Cys-CheY and Cys-CheY**

pFloat-YNC-His-F GAAGGAGATATACATA
TGTGCGCGGATAAAG
AACTTAAATTTTTG

Forward primer used for cloning of N terminal
Cys-CheY with C terminal His-tag

pFloat-YNC-His-R GGAACAGAACTTCCAG
CATGCCCAGTTTCTCA
AAGATTTTG

Reverse primer used for cloning of N terminal
Cys-CheY with C terminal His-tag

pFloat-TAG-amp-fwd GAGATCCGGCTGCTAA
CAAAGCC

Forward primer used for cloning of N terminal
Cys-CheY with N terminal SUMO-tag

pFloat-TAG-amp-rev GGGCCCCTGGAACAGA
ACTTCC

Reverse primer used for cloning of N terminal
Cys-CheY with N terminal SUMO-tag

pQE80-Y6(A134C)-F CGGACGCTGATGGCCT
GCTGAAAGCTTAATTAG

Forward primer used for cloning of C terminal
Cys-CheY6

pQE80-Y6(A134C)-R CTAATTAAGCTTTCAGC
AGGCCATCAGCGTCCG

Reverse primer used for cloning of C terminal
Cys-CheY6
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