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Abstract

The bacterial flagellar switch is responsible fontolling the direction of rotation of the
bacterial flagellar motor during chemotaxis. Treg#llar switch has a highly cooperative
response, contributing to the remarkable signallidicgiion observed in th&scherichia
coli chemotactic signal transduction pathway. A cergaal in the study of the pathway

has been to understand such sources of amplificatio

Flagellar switching has classically been understimoterms of the two-state concerted
model of allosteric cooperativity. In this studwithing of single motors was observed
with high resolution back-focal-plane interferonyetuncovering the stochastic multi-
state nature of the switch.h@ observations are in detailed quantitative agee¢nwith
simulations of a recent general model of allostar@operativity, exhibiting the novel

phenomenon of conformational spread.
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Chapter 1

| ntroduction

1.1 Preamble

Reductionism is a necessary component for sucdessientific enquiry, but alone is
insufficient to understand the emergent propendebiological complexity. A systems
approach to the subject is required, in which thétimariate datasets of experimental
investigation are integrated by sweeping quangatnodels, through numerous rounds
of the Scientific Method. In this way, it is hopttht insightful in silico reproductions of

the system can be achieved, and possibly evemitlagical laws are established.

The bacterial chemotaxis network is among the mwstl characterised signal
transduction pathways in biology. The core of teéwork is conserved throughout the
bacterial kingdom, with the simplest and paradigofarm found inEscherichia coli(E.
coli). In this species, the structure, copy numberallsation and kinetics of almost all
known participating proteins have been elucidatdagether with the superior
experimental accessibility of signal output, namiégellar rotation, the pathway has
provided an ideal candidate for systems biologgt'he lessons learned are expected

to be of broad relevance to other biological system



1.2 The motility of E. coli

Of the various forms of locomotion observed in tecterial kingdomE. coli, the
protagonist of this study, swims in fluid by rotagilong helical flagellar filaments that
are attached to rotary molecular motors embeddethéncell envelope (Berg and
Anderson, 1973, Silversmith and Simon, 1974). Threctdrium operates in an
environment with a low Reynolds number (<)0such that viscous drag dominates
inertia. Propulsion arises due to the reaction doagainst viscous drag over non-
reciprocal cycles of rotating helical flagella,lrat than the displacement of fluid as in a

macroscopic propeller, resulting in cell translat{and roll) (Purcell, 1997).

There are typically half a dozen independently fiotmeng motors distributed over the
cell surface, each able to rotate clockwise (CWj) eounter-clockwise (CCW). During
CCW rotation (looking down the filament towards tedl body), the stable left-handed
flagella form a bundle due to hydrodynamic intekatd, allowing the cell to ‘run’
smoothly in one direction at speeds of 2080 s’. During CW rotation of one or more
motors, the associated flagella undergo a tordipimaduced polymorphic transformation
to an unstable right-handed state and leave thdlbuoausing erratic ‘tumbling’ of the
cell, and random reorientation for the subsequent(Berg and Brown, 1972, Turnet
al. 2000, Darntoret al. 2007, Kimet al, 2003) (Figure 1.1). The ability of motors to
switch direction of rotation is pivotal to the pess of chemotaxis, the biased random
walk towards high concentrations of attractant moles and away from high
concentrations of repellent molecules in the ege#hular environment (Brown and Berg,

1974, Berg and Tedesco, 1975).



Figure 1.1. A swimmindg. coli bacterial cell, where the body and filaments hasenblabelled with Alexa
Fluor 532 and illuminated by a strobed argon-igetaimage from Turnest al, 2000). Frame rate is 60
Hz and every other frame is shown. All but onetd filaments undergo a polymorphic transformation,

disrupting the bundle and redirecting the cell.



Being too small in size to sense gradients diretitly cell measures spatial gradients by
temporal sampling as it swims. In baseline swimnbegaviour, cells run for ~ 1 s and
tumble for ~ 1/10 s. By modulating the frequencyswefitching between CW and CCW
rotation, the cell can perform a biased random walkreferable areas. When the cell
moves up a spatial gradient of attractant or dowspatial gradient of repellent, runs are
extended, up to ~ 10 s. Runs do not exceed the %-I@nge due to physical
considerations (Berg and Purcell, 1977). Below the,cell does not travel far enough to
outrun diffusion and make a fresh estimate of diicancentration. Meanwhile, running
for longer than 10 s is futile since the cell drififf course by more than 90° due to
Brownian motion. The motors receive instructions rtmdulate the frequency of
switching via an intracellular signal transductigathway, which is reviewed in the next

section.

1.3 The chemosensory pathway of E. coli

1.3.1 Molecular details

Many signal transduction pathways in prokaryotesisat two-component histidine-
aspartate phosphorelay (HAP) systems, in whichstdime protein kinase with a fused
sensory domain catalyses the transfer of phosplgooyips from adenosine-tri-phosphate
(ATP) to one of its own histidine residues. Theugras then transferred to an aspartate
residue on a response regulator that proceeds gulate the pathway output. The
chemosensory pathway &. coli represents a variation on this theme and has been

thoroughly characterised. For reviews see BrenEsenbach, 2000, Bourret and Stock,



2002, Wadhams and Armitage, 2004, Sourjik, 2004kiRsonet al, 2005, Bakeet al,

2006ab.

The system is depicted in Figure 1.2. Dedicatedstrembrane receptor proteins are
responsible for detecting attractant and repel&muli. Different receptor species are
capable of binding aspartate and maltose (Tar tegegerine (Tsr receptor), dipeptides
(Tap receptor), or ribose and galactose (Trg).fth fiype of receptor (Aer) detects redox
potential for mediating aerotaxis responses. Tal dsr are the major receptors,
comprising ~7500 molecules per cell, while the mireceptors number a few hundred
copies. The histidine protein kinase CheA asscgiat#h receptors via the coupling
protein CheW to form sensory complexes. Signalpngceeds through conformational
changes induced in receptors as a result of changsscupancy, which are propagated

to CheA. Sensory complex response occurs oveirttestale of milliseconds.

Autophosphorylation activity of CheA is enhancedigreases in repellents or decreases
in attractants. The phosphoryl group is transfeteetthe response regulator CheY protein
on the timescale of tenths of seconds. CheY-Plémsed and diffuses to motors on the
timescale of microseconds, where binding to theomwicreases the probability of CW
rotation. CheA autophosphorylation is inhibitedibgreases in attractants or decreases in
repellents, leading to a decrease in CheY-P coratért and increased probability of

CCW rotation.

Three other proteins complete the pathway. The giteiase CheZ, localised to the
sensory complex, provides signal termination arstieady-state level of CheY-P during

adapted conditions by decreasing CheY-P half tdenf~ 20s to ~ 200ms. Adaptation to
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Motor

Figure 1.2. TheE. coli chemosensory pathway. Diagram modified from Skur004. Solid arrows
identify localisation, dashed arrows identify irgtetions. Receptors form homodimers. The periplasmic
sensory domain of receptor monomers consist ofpadawn-up-down four helix bundle, connected via a
hydrophobic membrane spanning helix to a long lrailige anti-parallel coiled coil extending intoeh
cytoplasm. A highly conserved signalling domairitegt cytoplasmic tip binds CheW and CheA. CheA has
five domains: a phosphorylation domain (P1); a lnigddomain (P2); a dimerisation domain (P3); a
catalytic domain (P4) and a regulatory domain farping CheA to CheW (P5). CheA is expressed in two
forms: full-length Chef and short-length Chef which lacks a phosphorylation site and binds CheZ
CheY and CheB bind competitively to P2 and are phosylated by the P1 domain of CheACheR and
CheB bind in competition to an NWETF pentapeptidguence at the C-terminus of the major receptors
(Tar and Tsr) for receptor modification (this semeee is absent in minor receptors, which are matlifig

CheR/CheB docked to nearby major receptors).



attractant stimuli is mediated by the constitutvattive methyltransferase CheR, which
adds methyl groups to receptors from a cytoplagmial of S-adenosyl methionine, to
increase CheA activity. Adaptation to repellentrstii is mediated by the methylesterase
CheB, a second response regulator that is phodphenlyby CheA, before proceeding to
demethylate or deamidate receptors. Phosphotratsf@heY is faster than to CheB,
ensuring a response is generated before adaptaticurs. Negative feedback in both
adaptation scenarios is provided by CheB. Adaptaticcurs on the timescale of seconds

under physiological conditions and resets signgitmthe baseline level.

1.3.2 Amplification

The remarkable signal processing abilities of Ehecoli chemosensory pathway have
been the subject of interest for several decadesly Envestigation explored the
rotational response of a tethered cell (attached bingle antibody-treated filament to a
microscope coverslip) following exposure to smakps in aspartate concentration
delivered iontophoretically (Segadlt al, 1986). According to estimates of receptor
number and aspartate dissociation constant, seguBnly to a change in the aspartate
receptor occupancy of just 0.2 % (~ 20 out of theE0600 receptors) resulted in a 23 %
change in CW bias (the probability of CW rotatiomhe amplification of the pathway,
defined as the fractional change in CW bias dividgdhe fractional change in receptor
occupancy, therefore stands at a factor of ~ 10fupling to the adaptation system
allows widely variable sensitivity (defined as thgerse of the concentration resulting in
a half maximal response) and prevents signal datarat higher stimuli concentrations

(Koshlandet al, 1982). The cell has the resulting ability to ntain the amplification



response over ambient concentrations spanningdiders of magnitude from 10 nM

aspartate (Bray, 2002).

The higher order organisation of the receptorsitgal for this response. The revelation
that sensory complexes assemble into tight clugkéasldock and Shapiro, 1993, Sourjik
and Berg, 2000) rather than being scattered indkpdly around the cell surface
indicated a possible source of interaction respd@sior amplification (Brayet al,
1998). Indeed, clustering has since been obsenveall iother examined bacteria and
archea (Gestwicket al, 2000) suggesting a universal mechanism for sigratessing.
The basic receptor units of the clusterEncoli are thought to be homo- and hetero-
trimers of homo-dimers (Kinet al, 1999, Ameset al, 2002, Studdert and Parkinson,
2004). Various stochiometries for CheW and CheAtied to the trimers have been
proposed (Li and Hazelbauer, 2004, Ames and Pakjn994, Ame®t al, 2002), but
all arrangements suggest that several receptoesd¢whaborative control over only a few
CheA dimers. This also provides a means of sigmalgration and an explanation for
how the minor receptors are able to generate sonsgpequal to the major receptors

(Sourjik and Berg, 2004).

Confirmation of the contribution of clusters to Ipatly amplification was provided by an
in vivo fluorescence study, where CheA activity wagerred from the steady-state
concentration of the CheZ-CheY-P complex, measus#dg Forster-resonance-energy-
transfer (FRET) between the fluorescently labeld®Z and CheY proteins (Sourjik and
Berg, 2002a). A 1 % change in receptor occupansyited in a 35 % inhibition of CheA

activity. Interactions between receptors have sh@en elucidated (Li and Weis, 2000,

Bornhorst and Falke, 2000, Gestwicki and Kiessli2@)2); a notable study using the



above approach demonstrated that heterogeneouptoeqgeopulations operate with
reduced amplification relative to homogenous paputs, indicating functional
interactions between receptors (Sourjik and Be@®42. Modelling of the response as a
function of receptor species homogeneity (Sounild 8erg, 2004, Endrest al, 2008)
suggests that receptor trimers form teams of ~ dils.uDomain swapping has been
proposed as a mechanism of interaction, in whiehstéttond coiled coil after the hairpin
in one receptor partners with the first coiled @oia neighbouring receptor (Wolanin and
Stock, 2004). Receptor interaction mediated viaGheA-CheW complex has also been

considered (Shimizat al, 2000).

Beyond the clusters, there does not appear to peaplification in the cytoplasm; a
linear relationship exists between CheA activityl @heY-P concentration, and CheZ
deletion mutants retain amplification ability (Kimt al, 2001, Sourjik and Berg,
2002ab). The second and final amplification stegpuos at the motor. Early tethered cell
studies relying on population averaging revealesleak sigmoidal dependence of CW
bias on expressed CheY-P concentration (Scttaaf, 1998a, Aloret al, 1998). A later
study demonstrating the importance of single cedhsurements corrected this finding.
The concentration of fluorescently labelled CheYwRs variably expressed and
monitored in a single immobilised cell, while mototational bias was assessed by video
darkfield microscopy of a latex bead attached totating flagellum (Cluzeét al, 2000).

A steep sigmoidal relationship was observed betw@eaY-P concentration and motor
bias: for very small changes in CheY-P concentmatibout the operational value (~ 3

uM), very large changes in motor bias are obserlemting to a maximum of 4-fold



amplification in the signal. When combined with tleeeptor amplification, this motor

response explains the overall ~ 100 fold amplifaratn the pathway.

In terms of understanding the cell's signal prorgssabilities, attention has focused
mainly on the receptor-end of the pathway, the fchmurce of amplification, and
adaptation, in chemotactic response. This studycerms the end-point amplification
mechanism. In the following sections, we review experimental subject, the bacterial

flagellar motor and flagellar switch.

1.4 The bacterial flagellar motor of E. coli

1.4.1 Structure and function

Flagellar rotation is due to the bacterial flagellaotor, which is capable of driving
filaments at rotation rates, or ‘speeds’, of ortilé0 Hz inE. coli (the record is held by
the Vibrio species, clocked at 1700 Hz). At 11 MDa, compgsinl3 different protein
components and a further ~ 25 for expression asdnalsly, the motor is one of the
largest and most complicated assemblies in theebatctell (Berg, 2002). As with the
chemosensory pathway. coli provides the most well studied example, along with
Salmonella entericeSv typhimurium (S. typhimuriuh and Thermotoga maritima(T.

maritima).

Electron microscopy reconstructions have providedeaeral picture of the flagellar
motor (Figure 1.3). Like macroscopic rotary motdirsee motor consists of a rotor and
stator. The rotor comprises four rings and a rodR&nphilis and Adler, 1971). The MS

(Membrane, Supermembranous) ring is constructet] 6f ~ 26 FliF protein subunits

10



Filament

~— MotB 2 x 11 (or more)
MotA 4 x 11 (or more)

MS ring FiG 23-26
FliM 32-36
FiN 4 x (32-36)

45 nm

Figure 1.3. Schematic of the bacterial flagellatongfrom Sowa and Berry, 2008). The motor consita
rotor comprising a rod and four rings, and a statomprising MotAMotB, units. The assembly spans the
outer membrane (OM), peptidoglycan wall (PG) antbghasmic membrane (CM). Rotation is coupled to
the flagellar filament via the hook, a universahjoRight: detail of the proposed location andeatation
of C-ring proteins consistent with the model of Broet al, 2007. X-ray crystal structures of the truncated

proteins are shown docked into rotor structureahd C- termini and missing amino acids are inditate

11



(Suzukiet al. 2004), and serves as a platform for the remaisgl§fassembly. The L
(Lipopolysaccharide) and P (Peptidoglycan) rings &elieved to serve as bushing
between the motor and outer envelope. The rod atsitiee MS ring to the hook, which
serves as a universal joint for the rigid filameatlpwing filaments from different motors
to bundle and rotate (Samatetyal, 2004). Both hook and filament are tubular polysner
of a single protein, FIQE and FliC respectively.papatus within the C (Cytoplasmic)
ring allow these proteins to be exported by ditfmsthrough the hollow rotor, hook and

filament for incorporation at the distal end (Minamand Namba, 2004).

The C-ring constitutes the proteins FliG, FIiM afd\, and is believed to be the site for
torque generation (Katamaw al, 1996). The assembly is also known as the switch
complex, since mutations here lead to defectiveckivig phenotypes (Yamaguati al.
1986ab). FIiN is important in assembly and is thdug provide a scaffold for the switch
(Dyer et al, 2009). Atomic structures of the maritimamiddle and C-terminal domains
of FliG, middle domain of FIiM and C-terminal domadf FIiN have been resolved by X-
ray crystallography (Lloyet al. 1999, Browret al. 2002, 2005; Parkt al. 2006), as well
as a peptide version of tie coli N-terminal domain of FIiM (Leet al, 2001, Dyeret

al., 2004, Dyer and Dahlquist, 2006). Biochemical ssidhave provided a model for the
locations of these proteins within the C-ring (L@nveét al. 2005, Paul and Blair 2006,
Paulet al. 2006, Brownret al. 2007, Parlet al, 2006). A partly functional fusion between
FliF and FIiG indicate that the MS and C-rings aomnected and that there are ~ 26
copies of FliG present (Francet al. 1992). Meanwhile there are ~ 34 FliM and ~ 34
tetramers of FliN protein subunits (Thomas et 19%@rious configurations have been

proposed to reconcile the mismatch between the &t FliM ring symmetries: in one

12



reconstruction, the C-ring inner lobe shares thermM& symmetry, while the outer lobe
independently maintains 34-fold symmetry (Thoreasl. 2006); another model (Brown
et al.2007) suggests that FliG spans both lobes, andhbge are ~ (34-26) defects in the

outer lobe missing FIiG.

In a technique known as ‘resurrection’, the incogbon of successive stator units into
the motor by controlled expression of stator proteads to step-wise increases in speed,
demonstrating that there are ~ 10 torque generaitnitg surrounding the rotor, and that
the units function independently and contributeadiguo output (Reicket al, 2006). The
units continuously turnover during rotation, asemed in a study using labelled units
with Total Internal Reflection Fluorescence (TIRRicroscopy (Leake at al., 2006). The
average lifetime of a unit is < 1 minute; the reasar turnover is unclear, but exchange
might serve the replacement of damaged units. Tdtersunits are unusual among motor
proteins for their free energy source: in cellsiag the ability to generate ATP (the
common energy currency of the cell, as producedAb¥-synthase, the only other
molecular motor known to utilise rotary rather tHarear motion) flagellar rotation was
restored by the application of an artificial memi@wavoltage or pH gradient,

demonstrating that the motor is ion driven (Mansbal, 1977, Matsuurat al, 1977).

These ion translocating membrane complexes comgase MotA and two MotB
proteins subunits in proton-driven motors suctEasoli (Blair and Berg, 1990, de Mot
and Vanderlayden 1994, Braehal. 2004, Kojima and Blair 2004), and four PomA and
two PomB protein subunits in sodium-driven motarshsasVibrio alginolyticus (Sato
and Homma 2000). No atomic structures exist for @eny of the stator, but cross-linking

and site-directed mutagenesis studies have revéladé@dgeneral topology and function

13



(Deanet al. 1984, Chun and Parkinson 1988, de Mot and Vanglizlta1994). MotA has
four membrane spanning alpha-helices with a laggeptasmic domain; MotB has one
membrane spanning alpha-helix and a large periptasiomain. The C-terminal
periplasmic domain of MotB has a peptidoglycan igdnotif, allowing the unit to be
anchored to the cell wall. The four alpha-helicésme MotA unit surround a suspected
protein binding site at residue Asp32 on MotB (Phetral. 1995ab); this configuration is

expected to form one of two ion channels per MdétB, unit (Braun and Blair 2001).

The electrochemical gradient of protons maintaim@doss the inner membrane by
respiration provides the free energy source fotkkwdhe free energy gain per unit charge
crossing the membrane is given by the lon Motivec€qIMF), which consists of an
enthalpic term (due to the electrical potentiafeténce across the membrane) and an
entropic term (due to the chemical potential ddfese across the membrane). Stator unit
assembly into the motor is dependent on the existef an IMF (Fukuokat al, 2009).
Under typical biological conditions, a single iaarsit provides ~ 6ddo, where Ig is
Boltzmann’s constant and, Ts standard temperature (compare this to ~gAQ kor the
hydrolysis of an ATP molecule) (Sowa and Berry, 200on transit is expected to
coordinate conformational changes in MotA via M#Bp32. The cytoplasmic domain
of MotA contains two charged residues that inteedettrostatically with five charged
residues on Flig the suspected site for torque generation (Llayd Blair 1997, Zhou

and Blair 1997, Zhoet al. 1998).

14



1.4.2 Rotation studies

Molecular motors follow mechano-chemical cycles wele discrete units of fuel are
consumed in order to take steps along a discrati.trThe cycles of a number of motor
proteins have been elucidated, most notably the-ddpendent procession of Myosin V
and Kinesin along actin and microtubules respelsti¢€ildiz et al, 2003, Yildizet al,
2004). The evolution of experimental techniquesstoidying and controlling the rotation
of the bacterial flagellar motor has allowed thesaation of discretised rotation,
providing the first step towards understanding irechano-chemical cycle between ion

flux and the torque-generating conformational clesngf a stator unit.

Early studies constructed motor torque versus spelationships to characterise motor
output. The viscous load on the motor, equal toomtwrque in steady state rotation, can
be controlled by varying the size of a plastic béafdorder 1um diameter) attached to
the truncated filament of an immobilised cell, amdo varying the viscosity of the
environment. At the same time, the bead can be ased marker. Superior position
detection to standard video imaging can be achigwttdback-focal plane interferometry
(Ryuet al, 2000). Here, a weak laser is focused on theai@ebead, and small changes
in bead position are accompanied by shifts in odéc laser light, as measured by a
guadrant photodiode in a plane conjugate to thek-Bazmal plane (BFP) of the

microscope’s condenser.

The zero-load regime was probed only recently (Yaad Berg, 2008), following the
development of an assay in which gold nanopartiofediameter 60 nm were attached

directly to hooks by antibody, in cells lackingdgtdla. While brightfield imaging collects

15



incident and sample-scattered light, laser darkfrelcroscopy collects only the scattered
light, allowing direct imaging of the readily seaihg gold nanoparticles with high
contrast to background scattering. A darkfield isaf a nanoparticle wobbles, allowing

motor speed to be measured by spectral analysis.

The torque versus speed curve is a piecewise cmnisfunction: in the first regime
(high motor torque and low speed), the torque igimam at stall and falls linearly by
10% between 0 Hz and ~160 Hz; in the second refjmmemotor torque and high speed)
the torque falls linearly and more rapidly, reaghirero motor torque at ~ 330 Hz (Chen
and Berg, 2000a; Berg and Turner, 1993; Yuan and),B&08). In the first regime,
torque is independent of temperature and solvestbpe effects, while in the second
regime, torque is influenced by both factors (Chad Berg, 2000b). This indicates that
chemical transitions are not rate limited at loveexs but that mechanical and chemical

transitions are rate-limited at high speeds.

A key development for going beyond the torque verspeed curve came from the
genetics front, where the structural similarity iee¢én MotA/MotB and PomA/PomB
inspired the creation of a hybrid motor (Asdial, 2003). A fusion protein was made
between the periplasmic C-terminal domairEofcoli MotB and the membrane spanning
N-terminal domain of PomB fronv. alginolyticus This chimera PotB was expressed
with PomA to form a sodium-driven motor . coli. The chimeric motor allows for
investigation of motor energetics and control oftonorotation: while the electrical
potential difference across the membrane dependsHoand must be kept constant to

maintain healthy metabolism, the chemical potertitiérence for the chimeric motor is

16



dependent on sodium concentration. Motor speedhaabe controlled by varying this

concentration (Leet al, 2006, Loet al, 2007).

A combination of the above techniques allowed fbsesvation of bacterial flagellar
motor stepping (Sowat al, 2005). Observation of motor steps in BFP intergetry is
ordinarily limited by the timescale separation betw motor position and bead position
due to the filtering activity of the elastic hookhe displacement of a bead upon an
instantaneous step in motor position follows anomenmtial response with a decay
constant (the ‘relaxation time’) given by the vigeadrag coefficient of the bead divided
by the spring constant of the hook. To observessiremotor rotation, the step dwell time
must be greater than the relaxation time of thekaraReduction of bead size results in a
reduction in relaxation time, but also a decreasstep dwell time as the motor speed is
increased. A compromise of using beads of diantetenm (with a relaxation time of

1 ms) was selected. Meanwhile, use of the chimaator allowed speed reduction to
<10 Hz. 26 steps per revolution were observedgmeement with the periodicity of the

FIiG track.

1.5 The bacterial flagellar switch of E. coli

1.5.1 Molecular details

CheY is a small (14KDa) protein with the typicavdialpha-helix-five-stranded-beta-
sheet structure of a response regulator (\édlal, 1991). The crystal structure of CheY
bound to a fragment containing the CheY-binding donof CheA indicates that binding

triggers conformational changes in CheY, presumatdgessary for phosphorylation
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(Welchet al, 1998, McEvoyet al, 1998). Autodephosphorylation activity, resultinga
CheY-P half life of ~20 s, precludes X-ray crystglaphy of the phosphorylated state.
The C-terminus of CheY is involved in binding CheéAiM and CheZ and presumably
changes conformation upon phosphorylation to rekeegiliM and CheZ, and upon
dephosphyorylation to recognize CheA (McEvely al, 1998, McEvoyet al, 1999,
Welchet al, 1998, Zhuet al, 1997). NMR studies (that probe the amino acidtedaic
environment) indicate that phosphorylation inducesformational changes along most
of the protein (Drakeet al, 1993, Lowryet al, 1994), although crystal structures of
various mutants and analogues of CheY-P implicatg the rotameric state of residue
Tyrl06 as being critical (Bren and Eisenbach, 2008gse various forms of CheY-P in
themselves provide further insight into the prdteifunction. The mutant CheY13DK
binds FliM in vitro and stabilises CW rotation itve without phosphorylation (Schaet
al., 1998b), while CheY87TIl and CheY109KR remain inacidespite phosphorylation
(Appleby and Bourret, 1998, Lukaet al, 1991). This demonstrates that it is
conformational change of CheY rather than the preseof a phosphate group that is

important for switching.

CheY-P has a reduced affinity for CheA and is reela(Schusteet al, 1993), with an
increased affinity for FliM (Welclet al, 1994). CheY-P bound to FliM is protected from
CheZ-mediated dephosphorylation (Brem al, 1996), presumably through steric
hindrance, given that the CheY binding surface bl Bnd CheZ are similar (McEvoy
et al, 1999). Biochemical study reveals that CheY-P $italthe 16 N-terminal residues
of FIiM (Bren and Eisenbach, 1998), although thes®y not account for the entire

binding site (Matthewst al, 1998). Binding of FliM peptides to CheY appearshange
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CheY structure, as determined from changes in ClaelYophosphorylation rate.
Following binding, it is believed that FliM and Eliinteract, with FliG communicating

FIiM state to the motor (Togasét al, 1997, Matthewst al, 1998, Browret al, 2002).

A recent study characterised the interaction betwsauble fragments of FliM and
BeF3-CheY (a stable analogue of CheY-P) and segetable fragments of FliG, from
T. maritimg using NMR. The N-terminal domain of FliM (FIy was shown to be
attached to the middle domain of FliM (FliN by a flexible linker and that following
binding to FliMy, BeF3-CheY can simultaneously bind to R|jNy virtue of this linker.
BeF3-CheY had only a slightly higher affinity folid yu than for FliV, indicating a
low affinity for FliMy. This setup suggests a ‘tethered bait’ strategyfeeY-P binding,

a common mechanism that allows for substrate bgtiina secondary site via a high
affinity recognition element. Interestingly, BeF3&€Y was found to bind a surface on
FliMy adjacent to the surface used in RliMelf-association. In the context of an earlier
34-FliM ring model (Parlet al, 2006), this occurs on the inside of the C-ringddaln
that model, switching was proposed to proceed eglative reorientation of the FliM
subunits in the ring via re-modelling of the FIiNiNF interfaces. The incursion by the
FliMy-BeF3-CheY complex in the NMR study suggests a meisim for this re-

modelling.

The NMR study also revealed that FljMbinds the C-terminal domain of FIiG (Flin
close proximity to the surface that interacts wWitbtA, and at a surface that overlaps the
BeF3-CheY binding site. Consequently, it appeanatl FliG: was displaced upon BeF3-
CheY binding. It was proposed that this displacencenld affect the torque-generating

interface between Fli&and MotA, permissible through a rod-like helix eswling a
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hinge connecting Flig and the middle domain of FIiG (Fli$ (Brown et al, 2002).
This molecular model is depicted in Figure 1.4.eled, the hinge region is implicated in
switching. A mutational study replacing hinge resid generated a group of mutants that
were exclusively CCW or CW rotating, lesser or mivegjuently switching, transiently

paused and permanently paused (Van Way, 2004).

In the context of structural models for stator-uoitque generation, two movements of
FliGc relative to the FliG rotor perimeter would appear to allow switching. the
crossbridge-type stepping mechanism (Kojima andrB2®01), the pair of MotA units
closest to the rotor perform power strokes tangérnt the rotor perimeter to drive
rotation, alternately to ensure a high duty cyégyet al, 2000). Due to the symmetry
of the MotAiMotB, complex, the farther pair of MotA units will undgr power strokes
in the opposite direction. Thus, a radial movenwdriliG¢ relative to the rotor perimeter
will allow switching between CCW and CW rotationdéire 1.5, left). Meanwhile, in the
piston-type stepping mechanism (Ximg al, 2006) the MotA units perform power
strokes parallel to the axis of the rotor. Heres EBiG: ring presents an inclined saw-
tooth surface to serve as a track, with the dioactif rotation determined by the direction
of inclination. Thus, tangential movement of Ri@lative to the rotor perimeter will

allow switching (Figure 1.5, right).

It is possible to reverse the direction of rotatinmon-switching mutants by reversing
the ion flux. This was performed wiBtreptococcusising a K diffusion potential (Berg
et al, 1982), and wittE. coli using a voltage clamp (Fung and Berg 1995), iriga
that the mechano-chemical cycle of the motor iergble. However, it is generally

agreed
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Figure 1.4. Proposed molecular mechanism for switcffigure modified from Dyeet al, 2009). At high
CheY-P concentration, CheY-P associates with thh hffinity N-terminal domain of FIiM (), driving
interaction with the low affinity middle domain &fiM (FliM y). The binding of CheY-P at the FIiM
interface results in a displacement of the C-teainaf FIliG (&) from its FliMy binding site, resulting in
reorientation of @ relative to the torque generating stator units fMB) and a change in the direction of

torque.

MotA, MotA,

Membrane Membrane

FIiG, FliG, FIiG, FliG,

Figure 1.5. Possible conformational changes in F&&ulting in reversal of rotation direction. Fdardy,
the interaction between just one FliG protein (wile hinge region circled) and one Mgtéomplex is
depicted. Left: radial movement of FliGelative to the rotor results in switching undee ttrossbridge-
type stepping mechanism. Right: tangential movenoérfliG. relative to the rotor results in switching

under the piston-type stepping mechanism.
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that switching is mediated via conformational chemthat affect the direction of torque

generation following the binding of CheY-P to Flikt,a constant IMF of ~ -150 mV.

1.5.2 Kinetics

Early models for flagellar motor switching consig@rdeterministic mechanisms in
which the direction of rotation depended on the amaf CheY-P bound (Bragt al,
1993, Kuo and Koshland Jr., 1989). Switching wdsrlanderstood to be a stochastic
process. In a tethered cell assaytofcoli, CCW and CW intervals were observed to
follow exponential distributions down to intervad$é length 400 ms (the experimental
resolution) (Blocket al. 1983). The distributions prevailed across exposordifferent
levels of attractant concentration and even dupegods where cells were subjected to
continuous chemotactic stimulation. To explain #pparent Markov process, a two-state
thermal isomerisation model was proposed in whiohh €W and CCW states sit in
potential wells with free energiescfp and Gcw respectively. Transitions between the
wells are governed by thermal fluctuations overemergy barrier of free energ$r
(Scharfet al, 1998a), with rate constanksw.ccvw @exp[(Gr-Gew)/kT] and kccw.cw=
@eXxp[-(Gr-Geew)/KkT], wherew is the fundamental switching frequency. The rati€WwW

state to CCW state probabilities is thesv.ccw/ Kecw-cw= exp(AG/ksT), wheredG =

Gew- Geew

AG in this phenomenological model is a function afthbtemperature and CheY-P
binding. Tethered cells lacking CheY and CheA mtakclusively CCW, but begin
switching if the temperature is reduced to abolR@0with neutral bias achieved at -1 °C

(Turneret al, 1996).AG was shown to vary linearly with temperature. Aitra&polation
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up to 23 °C givedG=14.4 kT, the energy difference between CW and CCW states
the absence of CheY-P. At constant temperature,vatid variable expression of the
double mutant CheY(D13K Y106W) (known as CheY**)high is active without
phosphorylation, it was found thAG decreases by about 0.8Tkfor each molecule of
CheY** bound, with the CCW state rising and CW stlling by about 0.44d (Scharf
et al, 1998a). This was determined assuming Michaeligt®tebinding to 26 FliM sites.
A study combining the two variables of CheY** contrtion and temperature found
that A(AG) for each molecule of CheY** bound varies lingaifom 0.3 T at 5 °C to
0.9 IgT at 25 °C (Turneet al, 1999). Curiously, at high temperature the stuelealed

the inability of CheY** to achieve high CW bias owae standard concentration range.

BFP interferometry of beads attached to unsheatathdnts demonstrates long term
variation in bias on the timescale of minutes tarso(Korobkovaet al, 2004). The
variation in bias was confirmed by calculating timstantaneous’ bias of a record over
time, using a 30 second running window. The assedi motor interval distributions
follow a power law, with an excess of longer intdsvcompared to an exponential
distribution. This behaviour was attributed to t#lew fluctuations in the methylation
system: expression of saturating CheR or use ohmisitwith fixed receptor activity
restored constant bias and the traditional expaagntlistributed intervals. It has been
suggested that power-law switching may lead to aenefficient exploration of the
bacterial environment compared to Markov-switch{&gnonet and Cluzel, 2008). The
thermal isomerisation model is able to reproducegrolaw switching if the CheY-P

concentration fluctuates over time (Tu and Grimst2D05).
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Consistent with the thermal isomerisation view, ttansitions between CW and CCW
states appear to be near-instantaneous, implyiagtkie switch complex undergoes a
concerted quaternary conformational change. This egtablished in an early experiment
using laser darkfield microscopy (Kudet al, 1990). While standard darkfield
microscopy images the entire flagellum, laser daldfimages only components of the
filament helix normal to the incident laser, sotttiee flagellum appears as a series of
bright spots, one for each turn of the helix. Theilkating light intensity passing through
a slit perpendicular to the filament image providestor speed. The study revealed that
switches inS. typhimuriumfrom ~ 100Hz in one direction to ~ 100 Hz in théney

direction were completed in less than 1 ms.

A number of studies have challenged elements ofeftablished switching kinetics
described above. An improved experimental resatuéitowed tethered cell intervals to
be measured down to 35 ms (Kuo and Koshland JB9)19Consequently, a double
exponential was revealed, with the knee occurring 200 ms. Another intervals study
was motivated by the concern that the previousidigions may have been constructed
from cells of very different biases, masking theetinterval distribution (Korobkovat
al., 2006). The authors used BFP interferometry otibedtached to unsheared filaments
of motors where the level of CheY-P was carefubtpressed to obtain intervals at a
certain bias. Gamma distributions resulted, hidtligg a lack of short intervals
compared to an exponential distribution. The gamdietiibutionG(n, v)was interpreted
as arising due to a hidderstep Poisson process preceding the switch ewerits steps

occurring at an average rate

24



The two-state nature of switching has been chadldryy studies suggesting that pausing
represents a third state of switching motors (Lapét al, 1988, Eisenbacét al, 1990).

To avoid concerns about the possibility of mechalninteractions between cells and
coverslip in tethered assays, latex beads werehattiato cells with straight filaments,
which were consequently immotile and recordablesafution away from interacting
surfaces. Pausing was observed, at a frequencglatad with CW bias. None of the
chemotactic mutants investigated could uncoupleipgurom switching, suggesting that
no unique pausing signal exists and that the phenommay instead represent failed or
incomplete switches. In contrast, other studiesnta@ the absence of pausing, or

guestion the resolution of the above experiments¢kkovaet al, 2006, Berg, 2002).

1.6 Aim

E. coli has the ability to detect small changes in stinmalncentration over a wide
dynamic range, providing the basis for successhdnmtaxis. The bacterial flagellar
switch is an important component of the networkspomsible for controlling the
direction of rotation of the bacterial flagellar tap during chemotaxis and partly

responsible for the observed amplification.

Despite this, the mechanism behind the switch nesnpoorly understood, with the early
phenomenological models lacking explanatory powdrght of increasing experimental
detail. Amplification in biology is a hallmark oflasteric cooperativity. We proceed in
the next chapter to consider existing models fas thidespread protein regulation

mechanism, with a view to improving our understagdf the bacterial flagellar switch.
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Chapter 2

Hypothesis

2.1 Allosteric cooper ativity theory

2.1.1 Background

For most proteins there exists a hyperbolic retelip between the fractional occupancy
of substrate-binding sitesy, and substrate concentratior§],[ as described by the
Michaelis-Menten model of 1913. However, the disstan curve for cooperative
proteins is sigmoidal, conferring amplification beyg that possible in a Michaelis-

Menten system. This is critical to a wide rangeefular processes.

The relationship was first observed between Haeatmgland Q by Bohr in 1904. A 3-
fold increase in [g] changed the binding capacity of Haemoglobin @fdtom 10% to
90%, allowing the protein to bind the maximum amaefrO; in the lungs and unbind the
maximum amount of @in the tissues. In a Michaelis-Menten system, &fio8l change

in [O2] would be required for the same effect.

Bohr explained the sigmoidal relationship found Haremoglobin by postulating that the
binding of one @ molecule made it easier for the successive matetwlbind: the
binding events were judged to be cooperative. Tdneept of binding cooperativity was

developed by Hill in 1913. Rather than considering standard equilibrium equation
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Hb+ O, = HDbO, which leads to Michaelis-Menten kinetics, Hill oposed a
hypothetical equilibrium displaying infinite bindincooperativity, where Haemoglobin
binds four Q molecules at oncddb + 40, = Hb((Gy)4. This provided the sigmoidal

dissociation curv&f = [0;]*/ (K + [O4]%), with the dissociation constakt= [Hb][O 5] /
Hb(G,)4. (In actuality, Hill’'s sigmoid curve did not agredth experiments. The data
were described instead by the dissociation cifve [05]%8 / (K + [04]%9), with K =
[HB][O 2] / Hb(Oy)2.9). This general form of the dissociation curve siase been used for
curve fitting purposes. The Hill equatiovi,= [S]" / (K + [S]"), with K = [P][S] "/ [PS],
can be applied to a cooperative protdt,to describe the degree of either binding or
subunit cooperativity in the system with the Hidledficienth. Forh < 1, the system is
negatively cooperative, fdr = 1 the system is non-cooperative (reproducinghlslédis-

Menten kinetics) and fdr > 1 the system is positively cooperative.

The discovery that Haemoglobin could be partiatkygenated ruled out Hill’s all-or-

none binding mechanism, leading Gilbert Adair tevedep the Adair equation in 1924,
Adair assumed sequential binding, and explainedibg cooperativity by assigning a
different dissociation constant to eachy-lidund state. This formulation could
successfully reproduce the Haemoglobin dissociatione. However, the model gave no
physical insight into why the microscopic dissoicatconstants should differ from each

other.
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2.1.2 Classical models

Physical models for cooperativity were developedhia 1960s following the advent of
allosteric regulation theory to explain the mystefyeedback-inhibited enzyme kinetics.
Classical mechanisms had simply considered thatlatwy ligand shared a common
binding site with the enzyme’s substrate, causimgpeession through steric hindrance at
the active site. However, the elucidation that tegulatory ligand was sometimes
structurally different from the active site subrgrecluded such mechanisms. The
problem was resolved by considering a so calldds#dric’ interaction (from the Greek
allos, "other," andstereos "solid (object)"). Regulatory ligand would binol & site that is
stereospecifically distinct from the protein’s aetisite, and the consequent coupling of

conformational changes between the sites wouldregpgactive site substrate binding.

In 1965, Monod, Wyman and Changeux consideredtatiosinteractions within a multi-
subunit protein to explain the cooperative bindiolgserved in Haemoglobin. The

assumptions of the MWC model, depicted in Figudef@ Haemoglobin, are:

1) The protein interconverts between two conformatioRs and T. Symmetry is
conserved during transitions: all the subunits niwgsin the T form, or all must be in
R form (the model is also referred to as the ‘comecemodel’ and the ‘symmetry
model’).

2) Ligand binds with a low affinity to the T form amdth a high affinity to the R form.

3) The binding of each ligand increases the probgbiliat the protein is in the R

conformation through an allosteric strain on abhuits.
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Figure 2.1. Schematic depicting the allowed statethe MWC model as applied to Haemoglobin and
binding of Q. Subunits are either in the T state (square) ost®e (circle). The protein undergoes

concerted quaternary conformational changes. T¢sodiation constants {kand k) differ between T and

R states but are independent gfd@cupancy.

L
1

Oz 02

Figure 2.2. Schematic depicting the allowed statethe KNF model as applied to Haemoglobin and
binding of Q. Subunits are either in the T state (square) ost®e (circle). The protein undergoes

sequential tertiary conformational changes led lmgnges in occupancy. The dissociation constanewari

with bound state.
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In 1966, Koshland, Nemethy and Filmer proposed lgerrative allosteric interaction.

The assumptions of the KNF model, depicted in FedliR for Haemoglobin, are:

1) Each subunit can existin a T or R state.

2) The binding of ligand to a subunit induces a chamgéhe conformation of that
subunit from a T to an R state.

3) The conformational change of the subunit induceBght conformational change in
neighbouring subunits, affecting their binding @ity (the model is also referred to as

the sequential model).

These concerted and sequential mechanisms of ellosegulation have been of great
use in understanding cooperative protein kinetie the past fifty years (Changeux and
Edelstein, 2005, Koshland and Hamadani, 2002). Beythe details of quaternary
transition, the models are distinguished primaljytheir differences in the coupling of
subunit and binding cooperativity. The fractionpobtein molecules in the R forri, as

a function of[S] is compared tor. For the KNF model, where there is a one-to-one
correspondence between binding and subunit actikitg equivalent tdr. This is not the
case for the MWC model. For a protein molecule witk [S] / Kg, an equilibrium
constant_ = [T] / [R] (evaluated in the absence of substrate), and@obR state to T

state dissociation constar@s= K / Ky, we have:

v a(l+a)"™ +LCa(l+Ca)™
(1+a)"+L@+Ca)"
@+a)
(1+a)" +L@+Ca)"

fr =
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For the MWC modelfr clearly varies differently t& as[S] increases; that is, the subunit
cooperativity (denoted by Hill coefficierttg) differs from the binding cooperativity

(denoted by the Hill coefficierty) (Stryer, 2002).

In those cases where the experimental data doamstrain these differences, and where
the protein exhibits positive cooperativity (onhetKNF model is capable of explaining
negative cooperativity), the MWC model is typicadiyplied for simplicity, being defined
by just three variables: the number of subumitshe equilibrium constarit, andC. The
former two parameters influence sensitivity (theerse of the substrate concentration
resulting in a half maximal response) and ampliioza(the fractional change in response
divided by the fractional change in ligand concatitn). If the difference in energy
between T and R states is small, then the bindiranly a few substrate molecules will
induce a transition. The sensitivity therefore gsowith N and decreases with. In
contrast, if there is a large energy differenceavieen the states, the transition does not
occur until most subunits are bound. Thereforeatinglification, or cooperativity, grows

with bothN andL (Sourjik and Berg, 2004).

2.1.3 General model

In 1967, Eigen recognized that the MWC and KNF niedeere extreme cases in a
general scheme of allosteric interactions withinltraubunit proteins. Figure 2.3
represents the scheme for Haemoglobin. Only recemls a mathematical model
formulated to describe the full parameter spacaditeg on from work on receptor

amplification inE. coli.
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Figure 2.3 The general allosteric scheme depidimegy 25 possible states of the Haemoglobin tetramer
(N=4), although there are in fact permutations available, since each subunit may laeT state (square)
or R state (circle) with ©bound or not. The states described by the MWC in@tiek grey) and KNF

model (light grey diagonal) are highlighted.
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Following the elucidation of receptor clusteringwias found that the performance of
theoretical clusters could be enhanced by consigesochastic conformational coupling
between receptors (Bragt al. 1998). The idea was later mapped to the two-diroeat
Ising model, a classic formulation from statisticaechanics originally developed to
explain the resultant ferromagnetic properties glystem by considering magnetic spin
coupling. In this framework, receptors underwenbbabilistic nearest neighbour
interactions on a two-dimensional extended lattaog] analytical mean field solutions
(Shi and Duke, 1998) or Monte Carlo based numeschitions could be obtained (Duke
and Bray, 1999). Application of these concepts ting of interacting protomers (Duke
et al, 2001) provided the grounds for investigating tieneral model for allosteric
cooperativity. The classical models define schefaegsoupling between ligand binding
and subunit conformation, and coupling of confoiored between different subunits.
Both models adopt deterministic elements. In theceded model, coupling between
subunits is absolute: all subunits switch conforamasimultaneously. In the sequential
model, coupling between ligand binding and confdromais absolute: when a ligand
binds a subunit, that subunit switches. To acdesgéneral parameter space between the
classical models both types of coupling must batéid as probabilistic, described as

follows.

A 1-D ring of N interacting protomers is considered. Each protocaer be in either an
active (A) or inactive (a) conformation, and it may be bound)(or not boundlf) to a
single molecule of substrate. This allows eachgmet to undergo transitions between
four possible state®\B«—Ab«—ab—aB«<AB. The model assumes that the rate constants
for a single protomer undergoing a change in agt{iAB«—aB or Ab«<ab) are affected

by the conformation of the two adjacent protom&wce each neighboring protomer
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may be either active or inactive, this leads ta foairs of rate constants for each of these
changes in activity. The model assumes that thee qamstants for CheY-P binding to a
protomer, AB—Ab or aB«ab) are affected only by the conformation of the prodom

itself, and that substrate binds the active stateenstrongly. This general model thus
consists of 10 possible reversible transitionsefach protomer, as indicated in the free

energy diagram shown in Figure 2.4.

A reduced version of the model is obtained by agsgrsymmetry in the ring. Firstly, the
energy difference between active and inactive ststeonsidered independent of ligand
occupancy and equal, so that in terms of the eneatnies specified in Figure 2.45{-
G1) = (G3— &) = Ea. Secondly, it is considered that there is no pretedirection in the
ring, so the free energy of interaction is indememdof activity and equal in either
direction. In terms of the energy values specifrefigure 2.4,E;; = Ej»= Ej3= Ej= E,.

A free energy diagram for this reduced model issshm Figure 2.5.

The values oEa andE; govern the mechanisms by which conformational ghacan
spread around the ring. &A% becomes large, binding of CheY-P correlates pegcisith
activity state — that is, state® andAb are rarely occupied. The limit of very largg
gives behaviour equivalent to the sequential maufelallosteric regulation, where
coupling between ligand binding and conformatiomabsolute. In the limit of very large
E; values, adjacent protomers are energetically dokm from holding different
conformations, leading to behaviour equivalent he toncerted model of allosteric
regulation where there is absolute coupling betwsebunit conformations and all

subunits switch simultaneously.
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Figure 2.4. Free energy diagram for a protomertfeeof each trio) in the general model for alloster
cooperativity, with energie§; (ab), G, (Ab), Gs (aB) andG, (AB), whereG; < G, andG, < Gz. The
diagram is drawn for the concentration of ligandvaiich the probability of active and inactive stats
equal. The free energy of interaction is lowerlgyfor a like-inactive protomer to the rigtg;, for a like-
inactive protomer to the lefE;; for a like-active protomer to the right akg, for a like-active protomer to
the left. Indicated are the four sets of transgiassociated with each type of change in actigitg the two

sets of transitions associated with change in caccy
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Figure 2.5. Free energy diagram for a protomertfeeof each trio) in the reduced model of allosteri
cooperativity, where symmetry has been assumedtbattG, - G;) = (Gs— &) = Ex andE;; = Ej= Ej3
= Ej; = E;. The diagram is drawn for the concentration oétig at which the probability of active and

inactive states is equal.
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At other values ofEs and E; the model introduces the novel mechanism of
conformational spread. At low valueskEf the ring exhibits a random pattern of states as
the protomers flip independently of each other. tAs interaction between adjacent

protomers is strengthened, domains of like conftional state dominate, until past a
critical value, E; =k,TInN (for N >> 1), the behaviour becomes switch-like: the ring

spends the majority of time in a coherent stateghatstically switching between fully
active and fully inactive configurations. Switchgpically occur via a single nucleation
of a new domain, followed by conformational spreddhe domain, which follows a
biased random walk until it either encompassesetiige ring, or collapses back to the

previous coherent state (Figure 2.6).

2.2 Application to E. cali

2.2.1 Receptors

The early application of two-dimensional conforroaal spread to receptor clusters was
extended in a number of studies to incorporateefifects of receptor modification in
adaptation and the presence of heterogeneous oegepiulations (Mello and Tu, 2003,
Mello et al, 2004, Shimizuet al, 2003). Later studies adopted the MWC model as a
convenient approximation (Mello and Tu, 2005): ttwaipling strength between lattice
receptors requires tuning (below the critical congpktrength) in order for the correlation
length of interactions to resemble receptor teamshe MWC model, the team size is

simply set a¥N, and the model is algebraically tractable.
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Figure 2.6. Above: Representation of a
45ms conformational spread simulation
(see Chapter 5) for a ring witN=34.
Increasing time is from left to right, top to
bottom. Each image is separated by 1.5
ms. Left: Activity and occupancy over
the course of the simulation.



In particular, the functional interactions idergdi between receptors (Sourjik and Berg,
2004) could be readily explained in MWC terms: @aged homogeneity by deletion of
other receptor types increases N and thereforats@ysand cooperativity; meanwhile,
increased expression of one receptor type incredseand therefore increases
cooperativity but decreases sensitivity. The resgf sensitivity during adaptation was
also attributed to a decreaselinachieved by modification of receptors to balaactve
and inactive states (Sourjik and Berg, 2004, Keyeateal, 2006). A recent study took
advantage of the relationship betwé&r. and sensitivity to extract the fact that receptor
teams are made up of approximately ten trimer B&itslreset al, 2009). The study also
found that the team size is dynamic, increasingdp waiceptor modification and ambient
concentration, presumably to ensure adequate sigmahoise ratios. The MWC
approximation appears to be fair in light of eviderpointing to receptors being tightly
coupled within teams; for most intents and purpdbese teams are two-state systems

(Skogeet al, 2006).

2.2.2 Flagellar switch

The elucidation of the high subunit cooperativibg € 10) of the bacterial flagellar
switch (Cluzelet al, 2000) motivated investigation into binding coaieity between
CheY-P and FliM. Anin vitro study purified intact complexes comprising FIliNiM;
FIiG and FIliF, and used double-labelling centrifiiga assays to assess binding (Satgi
al., 2003). A lack of binding cooperativityy( = 1) was determined. Meanwhile, an
vivo study investigated binding using FRET between llabeCheY under variable

expression and labelled FliM in single cells (Sibugnd Berg, 2002b). A weak binding
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cooperativity was determinetl(= 1-2), although it was noted that this may repnésin

underestimate considering the cytoplasmic poollid Enincorporated into motors.

In terms of classical allosteric regulation thedhgse results preclude the KNF model
and favour the MWC model, as described in sectidm?2 Further evidence against the
KNF model is the ability of motors to switch at Ideamperature in the absence of CheY
(Turneret al, 1999). Indeed, the traditionally observed, bidég kinetics of bacterial
flagellar switching are consistent with the twotst®WC model, which was previously
applied to the flagellar switch (Aloet al, 1998) even before the full extent of its

cooperativity was made clear (Clustlal, 2000).

The conformational spread model has since beeneapiol the switch (Duket al, 2001,
Bray and Duke, 2006). With estimates ExrandE;, the model was able to reproduce the
characteristic timescales of switching, and an etewalue fohg (greater thaimy). For a
complex as large as the flagellar switch, the astlaygue that conformational spread
would appear to be a necessary extension to tesicéh models. Here, the instantaneous
guaternary transitions of the MWC model seem urmseal and indeed, for larger and

larger complexes must ultimately breakdown.

Indirect support for conformational spread in thdtch over a two-state system has been
provided by considering load-dependent switchingit&ing as a function of load has
been investigated with BFP interferometry of beaits varying size and environment
viscosity (Fahrneet al, 2003). At high loads, the CW-CCW switching raecitased
with load, while the CCW-CW rate remained consthedding to an increase in CW bias
with load. Low load switching was investigated karldield gold nanoparticle imaging

as described in Chapter 1 except that scatterdd W@s split and focused on two
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orthogonal slits in front of photomultipliers, piding x and y signals that were
converted to motor speed (Yuahal, 2009). In contrast to the results at high loaathb

switching rates increased linearly and equally vatid, keeping the CW bias constant.
Thus switching appears to be sensitive to the wgimes of motor function outlined by

investigation of the torque versus speed curve.

In the context of the thermal isomerisation model,maintain a steady bias while
increasing both switching rates, the CW and CCWaiibn energies must be reduced.
A model for switching under load (Van Alba@# al, 2008) considered reductions of
orderz6 wherer is the motor torque and is the angular change in orientation of FliG
upon switching, leading to switching rates thatréase exponentially with torque, in
disagreement with experiment. Instead, the linemreiase in switching rates was
reproduced by scaling the fundamental flipping frexacy of flagellar switch protomers
in conformational spread simulations by a factoexg¢d/ksT). (An explanation remains

to be given for the high load regime).

A more direct route to discriminating between th&V® and conformational spread
models concerns the kinetic states of the switahcdntrast to the MWC model, the
observable consequence of conformational spredlgiatsswitch events should be non-
instantaneous with broadly distributed duration® da the biased random walk of
conformational spread. Additionally, incomplete ®hes due to rapid incomplete growth
and shrinkage of nucleated domains should be ohilslenas transient speed fluctuations
in otherwise stable rotation. At lower time resmat both models predict exponentially

distributed intervals between switch events.

41



Though classically viewed in binary terms, the kinstates of the switch, discussed in
Chapter 1, are currently unclear: the distributioh motor intervals is disputed,
intermediary states in the form of pausing are rawetrsial, and little is known about the
mysterious near-instantaneous switch event it€ghsequently, current understanding is
insufficient to discriminate between the modelseTiext chapter describes the steps
taken to resolve these issues, allowing an assessrhthe underlying mechanism of the

bacterial flagellar switch.
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Chapter 3

Materials and M ethods

3.1 Experimental Procedure and Data Acquisition

3.1.1 Back focal plane interferometry

The time resolution available in flagellar motopexments is limited by the relaxation
time of the hook-marker system following motor dég@ments. The relaxation time is
equal to the viscous drag coefficient of the mawkgrded by the spring constant of the
hook. The viscous drag coefficient for a bead dfusa is equal tBrya’+6mal®, where

n is the viscosity of the environmental medium, dng the distance between the
rotational axis and the center of the beadthe tethered cell assay, the cell body itself
serves as the marker. Due to its large size andgad orbit, the associated relaxation
time of the system is very large (tens of milliseds). The relaxation time of a Oun
diameter polystyrene bead attached to a sheamddiit rotating about an axis 150 nm
from its diameter is about 1.1 ms (Bloekal, 1989), the lower limit of time resolution
assuming no contribution from the flagellar stulyrt al, 2000). BFP interferometry

was the chosen experimental technique for thisystud

BFP interferometry relies on the concepts of opticagpping. With the ability to apply
pico-Newton forces to sub-micron sized particlesilevisimultaneously measuring

displacements with sub-millisecond and nanometsplugions, optical trapping has
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become a widely used technique in the field of bygics (Neuman and Block, 2004).
The following principles may be understood in terofisgeometric ray optics for large
particles, or far-field interference for partickesaller than the wavelength of the trapping

light.

Light passing through dielectric particles is refeml. This results in a reaction force
applied to the bead, equal in magnitude and irofiposite direction to the rate of change
of photon momentum. For particles with a higheraetive index than the surroundings,
and with a steeply focused beam achieved with b hignerical aperture objective lens,
a 3-D harmonic potential arises that confines tletigde in space (Figure 3.1).
Displacements of the particle result in restoriogcés and detectable shifts in the angle
of refracted light. For low laser power, the restgrforce is negligible and the system

provides position detection only.

A quadrant photodiode (QPD) in the back-focal plahéhe condensing lens can detect
shifts in refraction, producing a signal that iogortional to particle displacement.
Photocurrents, b, ¢ andd from the four quadrants (clockwise from top-lgftpvide x

andy displacement as:

__(b+c)-(a+d) _
X_a(a+b+c+d)' y=F

(a+b)-(c+d)
(a+b+c+d)’

whereo andf are calibration constants. For displacements namcéller than the laser
focus, the response of the QPD is proportiongdfan)®, whered is bead diameter and
W is laser beam waist size, which is a functionaslel wavelength and objective lens

numerical aperture (Gittes and Schmidt, 1998).0Fopm diameter beads, the use of 632
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X, Y force Z force

Figure 3.1 Principle of optical trapping, demontgdafor a dielectric bead with a refractive indexgler
than the surroundings. Red arrows are light pditeck arrows are the resultant forces. Left: X-Ycks
are readily generated by the refraction of lighgHR significant Z forces are generated for incidkght

with sufficient steepness.
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Figure 3.2. Inverted brightfield microscope and Idojtical trapping system (figure courtesy of Dr. T
Pilizota). The brightfield light path is indicatéy the dashed line. The Helium Neon laser trappiati,
used only for position detection at low power,ndicated by the red line. Details of use of thege paths
are described in the main text. The Ytterbium lasggping path is indicated by the orange line. dietails
of Ytterbium trapping, refer to Pilizott al, 2007. Planes conjugate to the specimen plan¢catig back

focal plane of the objective are marked with blaokl white circles respectively.
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nm laser light and a 100x oil-immersion objectivéhwNA 1.3 provides an angular

resolution of 1°.

3.1.2 Setup

An existing combined inverted microscope and optieg system, constructed by Dr. T.
Pilizota and Dr. R. M. Berry, was used for all detdlection (Figure 3.2). The system has
two lasers: a Helium-Neon (632 nm) laser for positdetection by BFP interferometry
and a near infra-red Ytterbium laser (1064 nm)ofatical trapping. The use of the former

laser for position detection is described here.

The Helium-Neon laser is first expanded by a telpscsystem, with the width of the
laser into the objective back aperture controllgdab iris. Overfilling the back-aperture
provides a diffraction limited spot and maximisks sensitivity of the detector according
to the relation of Gittes and Schmidt, 1998, wHikaiting detector range to bead
displacements approximately equal to the laser leagéh. The power level of the laser
was attenuated at the back aperture of the obgeetith two neutral density (ND 1)

filters to prevent optical trapping and to minimipaoto-damage of the motor. Laser

power was approximately 2 mW at focus.

The transmitted beam is collimated by a condenedrexpanded to fill the quadrant
photodiode to detect bead displacement. The amglghoto-current signals outputted by
the quadrants are sampled by a digital signal gsicg board installed in a host
computer. Arbitrary bead time resolution is avdgatepending on sampling rate, but
practically, motor time resolution is limited due the hook-bead system as described

above. A sampling rate of 10 KHz was chosen, whaduired the construction of a
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4KHz RC filter for anti-aliasing. lllumination fdbright-field imaging is provided by a
high power red LED. The images were projected ean@CD camera and displayed on a

video monitor.

The sample is mounted on a dovetail stage for eodraxis positioning with a 3-axis
piezo-electric stage for fine sample positioningeEntire setup is mounted on an optical

air table to damp noise.

3.1.3 Sample preparation

Experiments were conducted with coli cells wild-type for chemotaxis. Strain KAF84
(4fliC, zeb741:Tn10, pilA::Tn5, pFD313 {liC*, ApY)), derived from strain AW405 and
plasmid pBR322, was provided as a gift by Prof. &. Berg and Dr. K. Fahrner
(Department of Molecular and Cellular Biology, Harg University). The deletion of
cell pili (used for twitching motility) avoids intkerence with bead rotation. The
replacement of the filament protein FIiC with a anit allows for the spontaneous
attachment of polystyrene beads to the exposedpidbic core of the mutant ‘sticky’

filament.

Cells were grown aerobically from a 1QD aliquot of frozen stock for 5 h at 30 °C with
shaking at 180 rpm, in tryptone broth (1% trypto@e&5% sodium chloride) containing
ampicillin antibiotic at 100uM to preserve plasmids. Polystyrene beads of diamet
0.5um (Polysciences Inc., Eppelheim, Germany) werecl#td to truncated flagella of
immobilised cells in custom tunnel slides as fokowlagellar filaments were truncated
by viscous shear after passing culture throughreowagauge needle fifty times. Cells

were washed in motility buffer (6.2 mM,KHPGO,, 3.8 mM KHPQO,; 0.1 mM EDTA at
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pH 7.0), removing sheared flagella and tryptonettbto prevent filament re-growth.
Coverslips were cleaned in a saturated solutiopotdéssium-hydroxide in 95 % ethanol
to create a negatively charged surface. Tunnelge wenstructed by using double-sided
tape as spacer between slide and coverslip (Figwg Poly-L-lysine was wicked
through the tunnel with tissue and then flushed with motility buffer, forming a
positively-charged monolayer. The negatively chdr@p@dies of cells results in cell
immobilisation. Loose cells were flushed out witbtitity buffer before adding beads for
attachment to flagella. Loose beads were flushedwvith motility buffer and the tunnel
sealed with grease to prevent evaporation. Futleslprotocol details are given in

Appendix A.

The same procedure was used to load custom flalesslwhich allow for the exchange
of cellular environment during experiment. Flowndsls were constructed by drilling inlet
and outlet holes into a standard slide and attacpwmlyethylene injection tubes with
epoxy-resin. Y-shaped flow slides were construatettiis study to accommodate for two

inlets (Figure 3.4). Full slide protocol detailg @iven in Appendix A.

3.1.4 Data collection

Data collection was undertaken in collaborationhvidtr. F. Bai (former D. Phil student
and postdoctoral researcher in the Berry Group,aDepent of Physics, University of
Oxford). Isolated single cells with wobbling beausre located with brightfield imaging.

Groups of cells and beads on visibly large orbigseanot considered. Candidate spinners
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Double-sided tape
_— Coverslip

Figure 3.3. Schematic (scale 1:1) showing bottothsade views of a standard tunnel slide. The |ocatif
the sample (an immobilized cell with a sheareddllagn and bead attached) on the coverslip surfatied

tunnel is shown.

Exit tube Entry tubes

[ ] Slide
Double-sided tape with Y-channel
Coverslip

Figure 3.4. Schematic (scale 1:1) showing the tup side views of a flow slide with two inlets andeo
outlet. The location of the sample (an immobilioed with a sheared flagellum and bead attachedhen

coverslip surface in the Y-shaped tunnel is shown.
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were brought into laser focus. Existing QuView w@ite provided a real-time power
spectrum giving motor speed and direction of rotatiand a real-time bead spatial
trajectory. Beads with steady speed and steadptiedli or circular trajectories were
recorded. Each selected cell was recorded for@0ys to avoid cumulative laser damage
(visible over the timescale of minutes as a stedbjine in speed) and slow fluctuations
in bias that may confound motor intervals analy§irobkova et al, 2006).
Measurements were taken from a single slide forlorger than three hours. All

experiments were performed at 23 °C.

Cells were categorized by bias. The CW bias wasutted for each 30 s cell record as
the fraction of the record spent in the CW statedasermined through interval
measurement (see section 3.2.4). Bias was obséoveary across the cell population,
spanning the entire CW bias range, presumably dumatural variability (Korobkovat
al., 2004). To increase the yield of cells with higllV bias, the technique of attractant
removal was applied to a subset of slides to sateuthemotactic behaviour (Lapideis
al., 1988). Motility buffer (6.2 mM KHPQO,, 3.8 mM KHPQ, 0.1 mM EDTA, at pH
7.0) containing an attractant mixture (M L-aspartate, 1mM L-serine) was injected into
the flow chamber and left for up to 10 minutes. Tigture was then flushed out with
plain motility buffer and measurements were takemup to 10 minutes. Flow chambers
allowed a complete exchange of medium in aboutT™h& protocol was repeated for the
duration of the experiment. A very marginal incee@s the yield of CW bias cells was

observed.
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3.2 Analyzing Switching

3.2.1 First observations

Using existing LabView software, each sampled h@magition, recorded as ag, §) pair,
was converted into an angle and a radius by fitangellipse to the bead trajectory
(Yasudaet al, 2001), and assuming that trajectories represenptojection of circular
orbits onto the focal plane of the microscope (Sewal., 2005). Angles were converted
to instantaneous motor speed by dividing the difiee between successive angles by the
sampling time, 0.1 ms. To reduce noise, the reobgpeedvs. time was filtered with a
100 point running median filter, before further lgses. The median filter was chosen

over a mean filter, for its edge-preserving abhility

The data show multi-state switching behaviour. Madfiltered motor speed records
show complete switching between CW and CCW stateks iacomplete switching to
speed levels in between (Figure 3.5). A typicaltslwievent is displayed in detail in
Figure 3.6. Filtering, which is required to showe tBW and CCW speeds clearly, extends
the apparent duration of a switch (left panel), hsitfinite duration is evident in the

unfiltered data (centre and right panel).

In light of the apparent multi-state nature of shihg revealed in the data, a framework
was developed to quantify the behaviour, with awi® addressing the unresolved

kinetic states of the switch, and ultimately to game experiment with theory.

51



Speed (Hz)

Time

Figure 3.5.A full 30 s motor speed record, median filteredQJints) to reduce noise. The trace is split
into 5 s sections top to bottom. Complete and ingete switching is evident between CW (negative

speeds) and CCW (positive speeds) states.
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Figure 3.6. Detail of a switch event. Left paneledian filtered speed trace showing a typical coteple
switch from CCW to CW rotation. Center panel: tlzene switch shown as unfiltered bead angle versus
time. Scale bars show 0.5 revolutions and 10 me. Shkitch comprises a linear region corresponding to
smooth CCW rotation, followed by a central regioarresponding to deceleration, reversal, and
acceleration in the opposite direction, and finalyother linear region corresponding to smooth CW
rotation. The inset shows the unfiltered bead ttajg (x, y) for the same switch, for a range of 400 nmt in
andy bead position. Right panel: the same data asntbet in the center panel, shown as unfiltered bead
position versus timex(in blue,y in green). Sinusoidal sections of the trace cpoed to smooth rotation;

the sign of the phase shift betweeandy indicates the direction of rotation.
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3.2.2 Analysis framework

The problem of analysing multi-state longitudiniale¢ series has been explored in FRET
trajectory and ion channel record analysis. A nude of techniques exist to achieve this
goal (Qin and Li, 2004). For a two state series,rtiost widely used technique is that of
zero-crossing thresholding (Reissmral, 2002, Nekouzadeh and Rudy, 2007), which
has been applied in previous studies of motorwaisr Here, positive speeds contributed
to CCW intervals and negative speeds to CW intervEhis approach is acceptable for
use on binary series, but its application to oultirstate records is inappropriate. Such a
scheme cannot deal sensibly with finite switch tdara and is problematic when

attempting to identify complete and incomplete shiitg. A zero-speed crossing analysis
is also susceptible to high-frequency noise duemidtiple crossing of the single

threshold during a switch event.

Instead, switching was characterised in terms dhrae state model consisting of
equilibrium CW and CCW states, and a non-equilibbriintermediary state that is
accessed during complete and incomplete switchiigs understanding is consistent
with the kinetics of conformational spread and foes a natural framework for

measuring complete and incomplete switching.

Equilibrium states were defined by the mean speédsable CW and CCW rotation. A
histogram of filtered speeds in each filtered 3psed record was constructed, with bins
0.1 Hz wide. Speed histograms typically showed peaks, one each for the CW and
CCW rotation modes. Because the peak shape is aslyroatly affected by incomplete
switching, Gaussian curves were fitted to the detgortion of the histogram peaks to

obtain mean CCW and CW speeds,cw and tcw, and the corresponding standard
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deviations,occw andocw. This fitting was achieved in two steps: for th€EW peak, a
preliminary Gaussian fit was made to the data ramgater than 20 Hz to provide a mean
and standard deviation; a second Gaussian fit hvas made to the data range greater

than this mean minus a quarter of the standarchteni

Thresholds for the identification of complete swis were set atrccw= @ Lccw and
acw= a tcw While thresholds for identification of incompletavitches were set as
Pcew= B tcew and few = pf tew, With aand g set to arbitrary values (Figure 3.7).

Complete and incomplete switching events were #relysed as follows.

3.2.3 Measuring complete switch durations

The procedure for switch duration measurement weageldped by F. Bai and is

described in this section.

Criteriafor selection In order to ensure that data analyzed were ataiieatto the motor
itself rather than extraneous factors, we analyadg data that satisfied the following
criteria. Data from an individual cell were analgizéor switching only if the speed
histogram exhibited two modes that could be autmaidy and accurately fit as
described. Then, in order to ensure that each messswitch duration reflects the
activity on the ring, a histogram was constructethe measured radii of all points in the
bead trajectory. Only records exhibiting unimodastdgrams (judged by visual
inspection) were considered, excluding beads tlegie wot stably attached to motors. In

addition, after switch duration measurement, tlitusaof the bead trajectory through the
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Figure 3.7. Left: three seconds of a typical mefeed record, median filtered (100 points) to rechaise.
Right: the motor speed histogram for the full 3f@sord, used to set theandp thresholds. Indicated are
the passages of the thresholds that define swigdhéthaviour. 1 alone: not scored-»2: complete switch

(CCW—CW). 3—4: incomplete switch from the CW state. Switchfngm the opposite state is defined

similarly.
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measured switch was checked to ensure a tight iogupétween bead and motor activity.
A Gaussian fit was applied to the radius histogfamthe entire 30 s record containing
the switch. The radius during the switch was moedofrom 10 points before the

beginning of, to 10 points after the end of, thetcdwevent. The switch was accepted if
the radius during the switch was never beyond t&odard deviations from the mean of

the Gaussian fit to the radius histogram for thigr@mecord.

Duration measurement Complete switches were detected by a custom-wréalgorithm

encoded in MATLAB (The MathWorks, Inc.). CCW and GWesholds were defined as
Occw= O uccwandacw= a ucw with the parametesr set to 2/3. Complete switch events
were located by searching for successive crossaigboth thresholds in the same
direction in the median-filtered speed record (Feég8.7). The direction of crossing was
used to label the direction of the switch. The midpin time of the threshold crossings

was saved as the centre point of the complete lswitent.

Two 20-point (2 ms) running windows were set to autwards from the centre point in
the bead-angle record. The CCW (CW) window consnustil both (a) the slope of a
linear fit to the points in the window is above ) accw (acw), and (b) the root-mean-

square error (RMSE) of the linear fit is within theise profile of the CCW (CW) state.

The noise profile of the CCW (CW) state was defimadfollows. A 20-point running
window was passed through the entire 30 s beadzaegbrd (totaling 30 s x 10 kHz =
300,000 points) and a linear fit obtained for eadsition of the window. A “noise
histogram” was constructed containing the RMSEallathe linear fits. The shape of the

noise histograms deviated slightly from a Gaustigction, with relatively long tails in
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the direction of high noise that we attribute tatshing and incomplete switching events
in the record. We fitted the inner portion of th@se histogram with a Gaussian function
and defined this curve as the noise profile of @@V (CW) state, which is attributed to
Brownian motion, the fluctuations produced by tedamental stepping mechanism,
and instrumental noise. If the RMSE of the lineamfy of the window in (b) at a certain

position was further than three standard deviatfoms the mean of the noise profile, we
concluded this position was still within a switclieat. Since the noise profile varies

slightly from cell to cell, noise profile constrim was repeated for each record.

Finally, the switch duration was defined as thernval between the inner extremes of the
stopped windows. The choice of window size is inguo: too short and the window
lacks statistical accuracy; too long and it is sensitive to the local change of slope and
RMSE. A 20-point (2 ms) window was found to provida accurate measurement
compared to the switch time determined by visuan@ration of the angular position

record and is robust to variations of +5 point$ (0s).

3.2.4 Complete and incomplete switch interval messent

Criteria for 30 srecords used for interval measurement In order to ensure that data
analyzed were attributable to the motor itself eathan extraneous factors, we analyzed
only data that satisfied the following criteria.tBdrom an individual cell were analyzed
for switching only if the speed histogram exhibitéddo modes that could be
automatically and accurately fit as described. Them ensure accurate interval
measurement, all records in which beads may hawn lperturbed by their local

environment were excluded as follows. Pauses dustitking would be expected to
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occur at the same angle on successive revolutwhsyeas those due to incomplete
switching would be randomly distributed. We therefeexcluded all records where
pauses were found at angles which were inconsistigéimta random distribution of pause

angle.

The implementation of clustering algorithms to tegle data is inappropriate, since
these will always locate an arbitrary number ostdus in a dataset, regardless of whether
any clustering exists (Bezdek and Hathaway, 200@3tead, binomial testing was
applied, with the null hypothesis that the angles @niformly randomly distributed. In
each 30 s filtered speed record, pauses were defiseincomplete switches detected
using a thresholg?= 0.1 but not detected using a threshgk —0.1. The maximum
number of pauses, detected in a 4%in swept in 1increments around the orbit was
determinedk was subjected to a binomial test wghvalue= f(k: n, q),wheren is the
total number of incomplete switches located andhwhe hypothesis of uniformly
randomly distributed pausing angles= 45/360 A confidence level 00.01 was used.
Records where the hypothesis was rejected were etbéonbe undergoing mechanical

hindrances and were excluded from further analyses.

Complete switch interval measurement Complete switches were detected using the
dual-threshold scheme of Figure 3.7, allowing wdés to be defined without sensitivity
to incomplete switches that might otherwise skew thstributions toward a shorter
timescale. Downward passages across the threshkgldmarked the end of a CCW
interval and the beginning of a CW interval whileward passages acrasscw marked

the end of a CW interval and the beginning of a CCiférval. The arbitrary value
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of a = 2/3 provided a sensible compromise between thresttbltswere far from zero

speed while remaining below the majority of thent®in the fitted Gaussian curves.

Criteria for incomplete switch interval measurement Those records accepted for
analysis as described above were used here. Retexdftincomplete switches is sensitive
to both the magnitude of the noise in the speedrdeand variations in motor speed due
to short-term de-energisation and stator changesretfiuce false incomplete switch
detection, incomplete switches were searched fdhimia particular CCW or CW

interval only if that interval satisfied the follang criteria, which resulted in incomplete

switch detection that agreed with visual inspection

a) The interval was long enough to allow automaedssian fitting of the outside
portion of the speed histogram, as described, taimlihe meany and standard
deviationo of the speed during the interval.

b) The speed noise in the interval was small coetp&r the threshold for defining
incomplete switches; specifically- 2o > fccw Wherefccwwas the threshold for
detection of incomplete switches from the CCW sfde&dined similarly for the CW
case).

c) Speed variations (on a slower time-scale) waralls To measure motor speed
variation, a0.5 swindow was ran across the interval @l sincrements) with
Gaussian fitting undertaken at each step to proaidet of window mean speeds

The episode was deemed stable if the range whs less than@
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Incomplete switch interval measurement Incomplete switches were detected in a
similar way to complete switches, using the addaloCCW and CW thresholds
Leew= Luccw and fow= Lucw With S < a. Incomplete switch events within a CCW
interval were located by searching for a crossihgcew followed by a crossing afccw
corresponding to a transient reduction of speedtbigast the factor of (Figure 3.7).
For the analysis of intervals between incompletéchws 5= 1/3 was usedSimilarly,
incomplete switch events within a CW interval weyeated by searching for a crossing
of fBew followed by a crossing afcw. The later of the two threshold crossings was g¢ave

as the location of the incomplete switch event.

3.3 Summary

High resolution observation of bacterial flageltaotor switching was achieved by BFP
interferometry of polystyrene beads attached taodated flagellar ofE. coli cells.
Preliminary observations indicate the multi-stag¢une of the switch. Robust algorithms
were developed to provide a means of extracting détinterest from noisy, switching
records that experience multi-state activity. Thakmrithms represent an improvement
on published algorithms for analyzing data of sachature and should be generally
useful for analyzing the multi-state longitudinainé series produced by switching

motors.

Indeed, the algorithms were successfully adaptedus® on switching records from
Rhodobacter sphaeroidgR. sphaeroidels In contrast to the bi-directional motor Bf
coli, R. sphaeroideperates a unidirectional motor, where CCW and stafes equate

to theE. coliCCW and CW states. BFP interferometry experimentR. sphaeroidedy
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T. Pilizota and M. Brown yielded records equivalemtthose obtained fror&. coli (T.
Pilizotaet al, 2009), except at lower temporal and spatial te¢swl due to the relaxation
dynamics of theR. sphaeroidesflagella and bead assay used. The algorithms were

modified and tested for applicability to the recoehd provided for use.

In the next chapter, we examine the multi-stateakeur ofE. coli
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Chapter 4

Observations

4.1 M ulti-state behaviour

4.1.1 Complete switches

A total of 3570 complete switches were measuredrdatg to the criteria and algorithms
described in Chapter 3. Switches were observed avithoad range of durations across
the population. The fastest were completed in feas 2 ms (Figure 4.1) and appear as
abrupt changes in the unfiltered data, completetinve small fraction of the orbit. The
duration of these events are close to the lowet intemporal resolution; indeed, some
of the events may be completed faster than is malleudue to the relaxation time of the

hook.

The majority of switches have durations of ordermi® (Figure 4.2). In the unfiltered
data, the events typically proceed by a deceleraticspeed to the point of reversal, and
an acceleration in speed to stable rotation indpgosite direction. These events are

visible over a larger portion of the trajectory.

Slower switches take tens of milliseconds (Figur@).4in contrast to the majority of
switches, these appear more likely to undergo nonatonic speed variation during the

event, visible in both the filtered and unfilterdata. The speed is occasionally observed
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Figure 4.1 Fast switches. Left panels: 100 pointliane filtered speed trace. Centre panels: unfittdread
angle trace. The duration of the switch, markecdeih was calculated as the interval during whiah likad
angle trace was statistically different from the Gdwd CCW motor states. The inset shows the urditer
bead trajectory for the same time window. All issghow a range of 400 nm in x and y bead positRight
panels: The same data as the inset in the cented,@own as unfiltered bead position against tfrma

blue, y in green). Switch durations (from top): in&, 1.6 ms, 1.4 ms, 1.2 ms, 1.5 ms, 2.0 ms
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Figure 4.2 Typical switches. Left panels: 100 pomgdian filtered speed trace. Centre panels: erditt bead
angle trace. The duration of the switch, markecdeth was calculated as the interval during whiah libad
angle trace was statistically different from the G\Wd CCW motor states. The inset shows the urdilter
bead trajectory for the same time window. All issghow a range of 400 nm in x and y bead positRight
panels: The same data as the inset in the centd, hown as unfiltered bead position against tfr

blue, y in green). Switch durations (from top): &6, 16.9 ms, 19.4 ms, 18.8 ms, 19.2 ms, 16.2 ms.
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Figure 4.3 Slow switches. Left panels: 100 poindrae filtered speed trace. Centre panels: unfittdread
angle trace. The duration of the switch, markecdenh was calculated as the interval during whiah libad
angle trace was statistically different from the G\WWd CCW motor states. The inset shows the urdilter
bead trajectory for the same time window. All issghow a range of 400 nm in x and y bead positRight
panels: The same data as the inset in the cented, hown as unfiltered bead position against tfr

blue, y in green). Switch durations (from top): B&s, 42.5 ms, 42.9 ms, 78.4 ms, 76.6 ms, 75.3 ms
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to oscillate about zero speed, leading to multiigleersals before completion (clearly
evident in the second, fourth and fifth switchesweh in Figure 4.3). The unfiltered
trajectories show that slow switch events can megualmost one revolution for
completion, and sometimes more than one revolufidre slowest switches observed
take over 100 ms to complete (Figure 4.4). Sontbdede slow down close to zero speed,

but do not appear to actually pause, as evidetigimunfiltered (X, y) versus time data.

The distribution of switch durations across theyapon was constructed to quantify the
observed variability. The distribution is peakedthwan average of ~ 20 ms, standard
deviation of ~ 15 ms, and mode of ~ 8 ms (Figute thp). Subsets of the data sorted
according to motor bias and switch direction (Fegyr5) were similarly distributed,

showing no clear dependence on either. The peakeoflistribution occurs well above

the hook-bead relaxation time, so is most likegl.r&he data are well fitted by a gamma
distribution (not shown) and previous studies hattebuted physical significance to the
distribution fit parameters (Korobkowvet al, 2006). However, the observation of the
reversible nature of switching rules out the ideat the switch duration distribution can
be explained by an irreversible and hiddestep Poisson Process occurring at rate

Rather the peak is simply taken to indicate thatehs a characteristic switch duration.

Further to the measures described in Chapter 8dioce the possibilities of artefacts, the
observed variability in switch duration cannot b@lained as an artefact of the elasticity
of the hook or variability in the radius of rotati@mong the population (which would
lead to variation in the relaxation time), sincatstvduration is observed to vary within
single cells (Figure 4.6). The radius of rotatiercliearly constant between switch events,

as is presumably the hook elasticity. The varigagbiiithin single cells for the population
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Figure 4.4 Very slow switches. Left panels: 100npanedian filtered speed trace. Centre panelsiterdd
bead angle trace. The duration of the switch, nthikered, was calculated as the interval duringcitthe
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is illustrated in Figure 4.7. Additionally, simuilats conducted by F. Bai (using the
Langevin simulation described in Chapter 5 with dated instantaneous switches)
indicates that the distribution of hook relaxatibme is a tightly distributed gamma
distribution with mean ~ 1 ms and standard deumatio 0.5 ms. To reproduce the
observed population switch duration range, hodnss would need to vary between

hooks over the full range of 1/10-1/100 of the ph#d value.

Switch durations are not correlated with positidnttee event in the orbit, ruling out
artefacts due to mechanical hindrances. The averaggnitude of the correlation
coefficient between switch duration and the angletsch a switch begins, assessed for
each record with at least ten measured switch s\(emtotal of 80 records), was 0.20. To
assess the significance of this correlation, 1@ se10-20 pairs of uncorrelated switch
durations and angles were generated to repres8f@tsarecord. Switch durations were
drawn from a gamma distribution that fit the expeental switch duration distribution
and switch angles from a uniform distribution. Theagnitude of the correlation
coefficient was calculated for each set, and theyaye correlation coefficient over the
100 sets was calculated for comparison to the @xpatal correlations. This was
repeated fifty times, giving an estimate of 0.20.82 for the magnitude of the average
correlation coefficient due to sampling alone. ThEsequivalent to the experimental

value, indicating no true correlations.

These data are in contrast to the previous obsernvttat switches are completed within
1 ms (Kudoet al, 1990). In the two switch events presented in shady, both appear to

last about 10 ms by the definitions used for comepdsvitching in this study, in
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agreement with the characteristic duration obsehezd. It is unclear how the duration of

the switch events were determined by Kedal.

4.1.2 Incomplete switches

Incomplete switches were present in all recorde @Vents lead to transient decreases in
speed to a variety of levels, including levels hasg in brief reversal (Figure 4.8).
Incomplete switches also display non-monotonic dpegiation. Events last of order
10 ms, clearly within the experimental resolutisach that incomplete switches cannot
be the artefact of unresolved pairs of completetches separated by a short time
interval. The histogram of speeds for any giveroréaoes not clearly identify preferred
speed levels, such as pausing. Indeed, during ipleten switch events the point of
reversal appears to have no special significanseywas observed during complete
switching. Nonetheless, incomplete switches mayadéxghe observation of what were
deemed pauses in lower time resolution studiesiduaget al, 1988, Eisenbachkt al,

1990).

Incomplete switches occur as a Poisson processviaenced by the exponential
distribution of intervals between events, measwaedlefined in Chapter 3 wigh= 1/3
(Figure 4.9, left). The mean interval between inptate switches from the CCW (CW)
state increased with CCW (CW) bias (Figure 4.%tjigthat is, an incomplete switch is
less likely to occur when the flagellar switch isthe favoured state. The number of
incomplete switches detected clearly depends uberparametef. The mean interval
length for the largest data bin (CW bias 0.2) desed linearly withs, becoming

identical to the mean interval length between catepswitches (see next section)ias
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tended to -2/3 (Figure 4.10, left). For these valaks, intervals remained exponentially

distributed (Figure 4.10, right).

Further to the measures described in Chapter dace the possibilities of artefacts,
data were collected from a CheY-deleted and thezefmn-switchingE. coli strain.
Strain KAF95 ficheY 4fliC, zeb741:Tn10, pilA::Tn5, pFD313 {liC® ApY), derived
from strain AW405 and plasmid pBR322, was provided gift from Prof. Howard Berg
and Dr. Karen Fahrner. Data were collected in thimes way as described for strain
KAF84 in Chapter 3, providing a control on whettibe observation of incomplete
switches arose from artefacts of the rotation askampmplete switches were absent in

this strain (Figure 4.11), excluding such a posisjbi

4.1.3 Angle clamp experiments

Independent evidence for the multi-state behavamsacribed in the above sections was
obtained by using an optical trap to stall pair® & micron beads attached to switching
motors. Experimental data were collected by DrPilizota and provided for analysis.
Bead pairs rotated through ~ 90 degrees in thedfi@ptical trap provided by the
Ytterbium laser (Figure 3.2) when the direction mbtor torque reversed, while the
Helium Neon laser provided position detection. Het up has a resolution of 1 ms
(Pilizota et al, 2007). Complete switches of finite duration andomplete switching
were observed as with rotating beads (Figure 4D@¢. to the low yield of appropriately
positioned bead pairs in this technique, an insigffit quantity of data was collected for
analysis of complete switch durations. In any case, to the load dependent nature of

complete switch frequency (Fahrredral, 2003, Yuaret al, 2009) the distribution for
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Figure 4.11. 20 s speed records from six diffecatis of anE. coli non-switching strain (KAF924cheY,
fliC726), pFD313 (pFD313f(C*, ApF)). Incomplete switches are absent indicating thatbead assay is

not susceptible to mechanical hindrances and ticatmplete switching is dependent on motor switching
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these motors at stall torque might not be compartblthe earlier data collected from

motors at middle load.

4.2 Motor intervals

Intervals between complete switches were measupetrding to the criteria and
algorithms described in Chapter 3. Importantly, ahalysis is not affected by incomplete
switching. Figure 4.13, left, shows interval distriions across the full bias range.
Intervals are exponentially distributed in the mead range (~ 10 s) with bias dependent
mean interval lengths. The superior resolution e by BFP interferometry over
tethered cell assays allows an assessment of adedown to 10 ms after median
filtering. Intervals were analysed for the biassomth the largest amount of data and are
exponentially distributed (Figure 4.13, right), iho sign of a double exponential as
reported previously (Kuo and Koshland, 1989). ppassible the double exponential arose
due to multiple crossing of the zero-speed threshpplied in that study, an artefact that
is observed when the single-threshold scheme idiegppo the current dataset (not

shown).

Mean CW and CCW interval lengths vary in a reciptonanner with bias (Figure 4.14,
top), with the mean interval lengths robust toestst + 20% changes in threshold and
median filter level (Figure 4.14, centre). The femgergy difference between the states
varies approximately linearly between gTkand -2 kT over the range of bias that is
approximately linear with CheY-P concentration (Fig4.14, bottom), consistent with
the previous relationship observed between freerggnalifference and CheY-P

concentration (Shadt al, 1998).
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These observations are in conflict with experimee®rting gamma distributed motor
intervals (Korobkoveet al, 2006). Those experiments were conducted usingeamsd
flagella, as described in a previous study by #maesgroup (Cluzett al, 2001) where
bead attachment is evidently far from the motod #me intact flagellum on its own
contributes a viscous drag equivalent to a @b bead attached to a flagellar stub.
Consequently, the relaxation time of this systenl Wwe much larger than in the
experiments conducted here. It is possible thathgamistributions arise through the loss
of short intervals caused by the relatively lomei resolution, or that the relaxation
dynamics of the filament undergoing polymorphicngidions during the switch (Van
Albadaet al, 2009) result in a characteristic interval lengtiernatively, the switching

kinetics may have been different because of themaeently active CheY mutant used.

4.3 Conclusion

Bacterial flagellar switching has classically beererstood in binary terms. This study
has identified the multi-state nature of the switBlvitch events are not instantaneous,
but show a broadly distributed duration, and inckatg switches are prevalent.

Exponentially distributed intervals between conmpleswitches demonstrate that
switching approximates a two-state Poisson Proaeksver time resolution, despite the
underlying multi-state nature of the switch, in egnent with early phenomenological
models. These data rule out the MWC model and geoygualitative support for the

conformational spread model of allosteric coopeitgti The next chapter undertakes a

guantitative comparison between the experimential alad theory.
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Chapter 5

Model Agreement

5.1 Mod€

5.1.1 Conformational spread

Following previous application of the conformatibrspread model to the bacterial
flagellar switch (Dukeet al, 2001), we consider the switch complex to be g oh34
identical protomers, each consisting of ~1 FliGFliM and a tetramer of FIiN subunits.
Each protomer possesses a single binding sitehichva CheY-P molecule can be bound
(B) or not bound lf). Each protomer can independently exist in each tved
conformations, activeA, corresponding to CW rotation) or inactifge corresponding to

CCW). It is assumed that CheY-P binds the actiag=ghore strongly.

The reduced model of conformational spread destribeChapter 2 was applied. The
magnitude of the free energy difference betweeivifctstates isEa independent of
CheY-P binding. A free energy diagram of the folatess of a single protomer and the
transitions between them is shown in Figure 5., fer the case of CW bias = 0.5.
Without CheY-P bound the inactive (CCW) state igrgpntically favoured, and with
CheY-P bound the active (CW) state is favouredsistent with the known relationship

between bias and CheY-P concentration (Clezell, 2000).
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Figure 5.1. Conformational spread model of the drgat flagellar switch. Left: the free energy diagr of
the four states of a protomer and the transiti@ta/ben them for the case of CW bias = 0.5, exctufliee
energy due to the conformation of neighboring pracs. CheY-P is shown as a black circle. Right:

Interactions add 0, € or —Z; to the free energy of a conformational changeeddmg on the state of

adjacent protomers.
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Figure 5.2. A generalized version of the free epexcheme shown in Figure 1, left. The free enerfgy o
conformational change igE,. The free energy of CheY-P binding is dependenttiom CheY-P
concentration as shown, wits: = - loge(c/Gs). If Ec > 0O, the inactive state becomes more highly
populated and hence CW bias < 0.5, whije< 0 similarly implies CW bias > 0.5.
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In the ring, interactions between adjacent protemfvour pairs with the same
conformation, such that the free energy of intéoacts lower byE; for any like pair

compared to any unlike pair, independent of Chebiffeling. These interactions add 0,
+2E; or —Z&; to the free energy of a conformational changegddimg on the state of

adjacent protomers (Figure 5.1, right).

Rate constants for conformational change thatfgatetailed balance are expressed as:

AG(a - A) is the sum of the free energy changes associatedkhanges in activity and

interaction, holding one of six valuesE,, HEa+2E;) or H{Ea-2E;). The fundamental
flipping frequencyw,, was set as £G&*, a typical rate of protein conformational change
and consistent with previous modelling of the stwvitomplex (Dukeet al, 2001, Hille,
1992). Lacking information about, the parameter that specifies the degree to which
changes in the free energy affect forwards as @gpds backward rate constants, an

intermediate value of; = 0.5 was selected.

As specified in the general model (Chapter 2),ftee energy associated with CheY-P
binding depends only on the conformation of thetgreer bound, and not on adjacent

protomers. Binding rates are expressed as:
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wherec is the concentration of CheY-B, s is the concentration of CheY-P required for
neutral bias,w is the characteristic binding rate alszD(b - B) is the free energy

associated with binding when CheY-P is at the coittadon ¢s (= *Es). By

consideration of detailed balance, the free enef@gyheY-P binding is then:

AG(b - B)=AG b - B)- |og{ij = —|oge(iJ +E,

05 05

The protomer free energy diagram is redrawn forctmec # ¢y 5in Figure 5.2. A value
of wp, = 10 §" was selected based on the experimentally detech@heY-P binding rate
(Sourjik and Berg, 2002b), and consistent with pmes modeling of the switch complex
(Duke et al, 2000), andi, = 0 such that the binding rate is independentrofgmer

conformation.

5.1.2 Simulation

Monte Carlo simulations of the conformational spreaodel described above were
coded in C++ by Dr. B. Steel (postdoctoral researam the Berry Group, Department of
Physics, University of Oxford) and provided for ugée simulation is described in this
section. Each protomer is initially set to inactiaed without CheY-P bound (interval
analysis as described in Chapter 3 begins only fthen first switch, so any initial

perturbation of behaviour due to initial conditiondll not affect the final analysis).
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Following on from initial conditions, each protomarof the ring is assigned two
transition timesA, and By, at which it will undergo a state change assodiatéh (A)
activation or inactivation and (B) binding or redeaof CheY-P. For a rate constérthe
time for each forthcoming transition was calculaasttt, = -loge(rand)/k wherety is the
simulation time at which the calculation is made& eand is a random number (8 byte
double) generated in the interval 0 to 1 accordmghe Mersenne-twister algorithm
(Matsumoto and Nishimura, 1998). The simulatiomaitigely progresses to the earliest
time present in the arraysandB, and modifies the state of the corresponding jpneto
accordingly. New transition time%, andB, are then calculated for that protomer, and, if
the transition was associated with a change irviactof that protomer, then transition
times An+1 and A, for the two neighbouring protomers are also redated. The
number of active protomers and bound CheY-P wererded at timesut, for integem

up to 300,000 andt = 0.1ms, and passed to a Langevin simulation

5.1.3 Langevin dynamics

To allow direct comparison between the output ef ¢bnformational spread model and
experimental data, a linear dependence of motadspa the number of active protomers
in the ring was assumed. This assumption is baseth® motor containing a large
number of independent units (Reatlal, 2006) each of which generates constant torque
in a direction specified by the state of the ndaretor protomer (the assumption is
expected to breakdown at low numbers of statorsuris discussed in Chapter 6). A
Langevin simulation, which considers Brownian motio a potential, was adapted from

Xing et al, 2006, and modelled the viscous load of the beahected to the motor by a
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flexible tether, thereby converting simulated atyiwn the ring into rotation angle of the

bead. Rotor position is updated at each simulatiep of lengthit following:

HI’OIOI’ (t + At) = HI'OtOI’ (t) +V

rotor

(OAt;

motor speed is proportional to ring activity andjigen byVioior = Vo (Ncew(t) — 17) / 17
whereVy is the maximum speed abdcw(t) is the number of inactive subunits outputted
by the Monte-Carlo simulation. Bead position is afedl by introducing a Wiener

process:

r 1 —pKkeT
gbead (t + At) = Hbead (t) + Z At + Z — 1— e (bead ’
K

bead

hereZ is a normal random variable with zero mean andl variance, ¢,.., is the drag

coefficient of the beadl is the torque delivered through the flexible ligkain the

hook/flagellum that can be modeled by assuminglaalielastic spring:
r = K(erotor - Hbead ) ;

k is the experimentally determined stiffness of hloek/flagellum (Blocket al, 1991).
The Langevin simulation described above was coded++ by Dr. B. Steel and

provided for use.

5.1.4 Choice of energy parameters

Simulation Gpeaq records were split into 30s records and analyzeehtically to

experimental records as described in Chapter 3.rébglting simulation speed records

90



were binned by CW bias rather than the underlyimger ofc/cy 5. The simulated CheY-P

concentration was varied to obtain the desired Ga8.b

Energy parameter maps were constructed in an attienfind suitable values dia and

E, for comparison to experiment. The mean completécbwduration, mean complete
switch interval and mean incomplete switch intemnwale measured from simulated data
(binned at 0.5 CW bias) as a functionEaf andE; across the ranges 0.2kx< 1.0 and

3.7 <E;< 4.5 (Figure 5.3).

The relationships observed between the energy sadunel switching behaviour are
consistent with our understanding of the confororadl spread model. Events proceed
via the nucleation of a new domain, at an energy of2E; + E, and the domain spreads
around the ring, with the free energy change foche@rotomer undergoing a
conformational change equal #& 5. Upon completion of the spread to encompass the
entire ring, the energy of the system reduce2By+ En. Complete and incomplete
switching depend on nucleation and spread, andhaie a function of botlE, andE,,
while the duration of a complete switch dependsy am spread, and thus is only a

function ofEa

The maps do not appear to identify a single paerargy values foE, andE; that are
able to accurately reproduce all three of the arpartal means. This was confirmed by
conducting a parameter space search for solutitvesyesults of which are shown in
Figure 5.4. The curves identififa and E; values that provide separate agreement for
switch duration, complete switch interval, or inquete switch interval means. The three

curves do not have a common intersection, and dstrata that the conformational
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Figure 5.4. Solutions for agreement between exparirand simulation. For each #alue considered, an
E, value was determined by using MATLAB’s fminseafahction to locate a stable minimum of the cost
function (S-Ef/E?, whereS andE denote simulation and experimental mean valugsentisely for either
mean switch duration (18.72 ms, obtained from Bfi®Bswitches analyzed), mean complete switch iaterv
or mean incomplete switch interval (0.75 s or Gs2&spectively, obtained from the 448 intervalsrfithe
records where the CW bias was between 0.45 and.®pvere obtained from identical analysis of 50

separate 30 s simulations with the paramei®gr; set to 1 to give an average bias of Garting values for

Ex were either 1 KT or 0.6 kT, chosen to provide stable solutions.
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spread model (with the fixed selected valuesdgrwp, a, Av) iS Only able to provide

close agreement for any two of the experimentatgdnined means.

We choose to optimise agreement for complete simigckimean duration and mean
interval at 0.5 CW bias). A 2-D parameter spacecbewas conducted for suitabig
andE,; values in the vicinity of the unique solution itiéed in Figure 5.4. MATLAB'’s
fminsearch function was used to locate the stabieinmm of the cost function
Z4(SrE)’/Es5, where S and E denote simulation and experimental mean values
respectively for the mean switch duratiogq={) and mean complete switch interval
(0=2). E; =18.72 ms, obtained from all 3579 switches analyzeldile E, = 0.75 s,
obtained from the 448 intervals from the recorderehthe CW bias was between 0.45
and 0.55.5, were obtained from identical analysis of 50 sefgaB® s simulations with
the parametet/cy 5 set to 1 to give an average bias of 0.5. Startedges ofE; = 4 kgT

andEx = 1 kgT were used. Final values wefg= 4.13 T andE,= 0.66 kT.

These fitted energy values are sensitive to thedfibparametersva, wp, Aa, o
Consequently, they are unlikely to represent pebgighe true free energy values
associated with conformational changes and couphnthe bacterial flagellar switch.
However, it is worth noting that the fitted valué B, appears to be consistent with
previous experimental findings. The rates of swiighin the absence of CheY at low
temperature provided the free energy differencewben CW and CCW ring
conformations as a function of temperature up toualiO °C. An extrapolation of the
data provided an estimate of the free energy diffee between ring conformations at

room temperature (about 1%T. Meanwhile, the theoretical free energy differen
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between ring conformations in the absence of Cha¥-B4Es, approximately 20 &

with the fittedEx here.

5.2 Agreement

5.2.1 Multi-state behaviour

The constrained simulated speed records (Figureabdb Figure 5.6) are qualitatively
indistinguishable from the experimental recordshileiting complete and incomplete
switching between CW and CCW states. The simulagedrds were analysed using
algorithms identical to those applied to experimén¢cords, as described in Chapter 3

(Figure 5.7).

The similarity between the simulated and experimentulti-state behaviour is clearly
evident (Figure 5.8). The fastest switches are mvkseto be completed in less than 2 ms,
undergoing an abrupt change in rotation directibypically, switches last of order 10
ms, with a smooth deceleration, reversal and actede phase. Slower switches are
observed lasting tens of millseconds, and are tileely to exhibit non-monotonic speed
variation, a signature observed in slower expertaleswitches. The slowest switches
last over 100 ms. Interestingly, these often dispee behaviour observed in very slow
experimental switches, where motor rotation pladefar a sustained period at an

intermediate speed (typically close to zero) betmpletion.

Complete switch durations are distributed equallyhe experimental data (Figure 5.9).
The agreement is notable for the fact that only rttemn switch duration was used to

constrain the simulations. Simulations reprodueeptbaked distribution, and subsets of
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the data sorted according to bias and switch dmeatio not display clear trends, as
observed in experiment. A consideration of confdiomal spread kinetics might have
suggested that switches from the favourable tautifavourable state would take longer
to complete. It may be that in this scenario, othlg fastest switches can survive to

encompass the ring for completion, opposing theetaal trend.

Incomplete switches were not fitted in the constdi model but nonetheless display
qualitatively similar behaviour to experiment (Figub.8), with events undergoing non-
monotonic speed variation and occasionally beirsgpaasible for reversals. The events
occur as a Poisson process with bias-dependent catstants, showing broad
guantitative agreement with experiment (Figure p.B3 in the experimental data, the
exponential distributions are conserved acyysand mean intervals exhibit the same
linear relationship withg (Figure 5.11). In the context of conformationatesu, S is

related to the extent of the spread during thermete switch, further indicating that the

dynamics of the switch out of equilibrium are semiin experiment and simulation.

The frequency of incomplete switching is higher @rperiment than in simulation.
Agreement may improve upon a more thorough sedrtheomodel parameter space, to
include an examination of the parameit®gs wy, 42 andi,. Closer agreement might also
be achieved by introducing torque-generating umte the simulation: the current
simulation treats the switch as a 34-state systeghjcing this to a ~ 10 state system
(Reidet al, 2006) will lead to further discretisation of sgedctivating ~ 1 in ~ 10 units
will lead to a larger fluctuation in speed thaniating ~ 1 in 34 protomers, increasing

the number of incomplete switches detected. Itss possible that the higher frequency
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of incomplete switching in experiments is an axtefaf noise, despite the measures

described in Chapter 3 to reduce such effects.

5.2.2 Motor intervals

The intervals between complete switches are digetb exponentially with bias-
dependent mean interval lengths in very close ageeé with the experimental data
(Figure 5.12), despite only having constrained shrulations with the mean interval
length at 0.5 CW bias. Evidently, the simulatedydiéar switch can also be regarded as a
two state Markov system at lower time resolutidfigure 5.13 displays the full datasets.
The insets show the data plotted on a log-log schle absence of linearity here
demonstrates that unlike at long timescales (Kavghlet al, 2004) the experimental

data do not follow a power law distribution on dhtonescales.

The agreement between experimental and simulatedvails provides the basis for an
assessment of missed events. It is possible thgtshert intervals were missed due to
experimental noise and filtering, which would affetbhe complete switch interval

distributions. Missed events would also have conseges for incomplete switching,

whereby filtered pairs of complete switches separaby a short time interval are
misclassified as an incomplete switch. The concgas addressed by analyzing the
simulation protomer records, which are free fronseand filtering, with an analogous
interval measurement algorithm to that describe@hapter 3, but with thresholds set to
detect transitions between 0 and 34 active subufiiteese data are found to be
exponentially distributed with rate constants imyvgood agreement with the simulation

distributions (Figure 5.14). This approach is egient to simulation techniques used for
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determining the significance of missed events mdbannel record analysis (Qin and Li,
2004), and suggests that missed events are unligelbe an issue in the experimental

data.

5.2.3 Cooperativity

A final and important test of the constrained modeWwhether it reproduces the high
cooperativity observed in previous experiments Z€let al, 2001), while maintaining a
minimal binding cooperativity (Sourjik and Berg,G2b). The construction of a Hill plot

confirms this to be the case (Figure 5.15), Witk 3.5 andhgr = 9.4.

The value of the binding cooperativity is slightligher than experimentally observed,
although that number is expected to be an underatidue to confounding cytoplasmic
contributions (Sourjik and Berg, 2002b). EquivalERET experiments on single motors
may provide closer agreement. Such experimentsbheaable to resolve the difference in
the number of bound CheY-P molecules between CWCGRW states. Figure 5.7, top,
shows a subtle shift in the bound fraction arounsWwéch event, associated with the
difference in dissociation constants between CW @GdV states in the model. (A lag-
correlation analysis of the protomer and bindingesedid not identify a clear correlation
between changes in binding and protomer activilggesting that binding sometimes
leads and sometimes lags subunit activity). Howetlez two populations are clearly

evident over the course of 30 s (as seen in thiedram of Figure 5.7, top, right).
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single-site Michaelis Menten dissociation curves iftactive (lower grey curve) and active protomers
(upper grey curve), as expected from the modebrirars showing standard errors of the mean ardesma

than the symbols.
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5.3 Conclusion

Having constrained the conformational spread modehe basis of a small subset of the
experimental data, remarkable agreement was foaetwlelen experiment and simulation
across the entire dataset. We conclude that coatanal spread provides an accurate
representation of the flagellar switch, and the msday which signals are amplified at the

end of theE. colichemosensory pathway.

Modern theoretical treatments of allosteric regatatindicate that the conformational
heterogeneity that results from stochastic couplbath between different subunits and
between binding and conformation, may be a selectahit (Hilser, 2010). Presumably
the protomers of the complex could have evolvedeanore tightly coupled, suggesting
that the multi-state activity observed here may® functional advantages in flagellar
switching. During chemotactic tumbling, the CW totg filament undergoes a partial
transition from a stable left-handed state to astabie right-handed state. It has been
argued that sufficiently long CW rotation would uktsn the formation of a stable right-
handed state, ceasing tumbling (Macnab and Ornsi®@7). The possibility that
intermittent pausing prevents this transformati@s been discussed (Eisenbathal,
1990) and would appear to offer an advantage tdti4stalte switching over binary

behaviour.

At lower time resolution the switch can be approaied as a two state system, which
affords the convenience of applying the MWC modée parameters of the MWC
model are related to the conformational spreadnpai@ E. The equilibrium constant,
L, is given byexpG/ksT) where AG is the free energy difference between CW and

CCW states in the absence of ligand, equalBEg wheren is the number of protomers.
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Meanwhile, the ratio of active to inactive dissdicia constants iexp(2E/ksT). The
understanding of receptor cooperativity in MWC terhelped to explain the variability
in cluster sensitivity and amplification (Sourjikd Berg, 2004, Endrest al, 2009), as
discussed in Chapter 2. The switch does not agpedisplay any adaptation, such that
the sensitivity of the switch to CheY-P concentmatremains fixed at 4 / 3 uM, and
amplification is currently understood to be const&lowever, the MWC framework may
explain the apparent lowering of sensitivity witmiperature (Turneet al, 1999): the
equilibrium constant increases with temperaturerrf@uet al, 1996), leading to a
decrease in sensitivity (see Chapter 2). Eventudllyrner et al. found that the
physiological range of CheY-P concentration washls@o achieve high CW bias. At
this point, it is possible that the switch sendiwas beyond the operational value of
3 uM. This may have some bearing on thermotaxis, tlageld random walk towards
areas of preferable temperature (Sourjik and Wergre2007), and also the pathway
details of bacteria found naturally at differentmpeeratures. For comparison,
Haemoglobin is tuned between species living ineddht oxygen environments, with

studies demonstrating that mutations at the intertsf tetramer subunits are responsible

for shifts inK;, (Koshland and Hamadani, 2002).

More widely, this work represents the first instanehere the data appear to require the
abandonment of classical allostery in favour of glemeral allosteric scheme to explain
the conformational dynamics of a protein. Recenaades in resolving the functional
states of a number of proteins have necessitatésh&rns of the classical models
(Viappiani et al, 2004, Karpen and Ruiz, 2002), suggesting othstesys in which

conformational spread may be observed. With thesatal models encompassed at its
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parameter space limits, we expect the model to dreerglly useful in understanding

allosteric cooperativity in proteins.
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Chapter 6

Further work

6.1 Towards higher resolution

Important unknowns still surround the flagellar ®hij with players in the network still
being investigated. The dicarboxylate molecule ftateg an intermediate in the citric
acid cycle, has been shown to effect switchingdweling the free energy of the CW
state relative to the CCW state in the presenceahsdnce of CheY (Prasatial, 1998).
Fumarate is unable to bind any element of the swdomplex; instead, interaction
proceeds via the membrane bound enzyme fumaratectessd, which is ordinarily
responsible for converting fumarate to succinatéte purposes of anaerobic respiration
(Cohen-Ben-Luluet al, 2008). The fumarate-bound enzyme binds FIliG,oaigh the
details of docking between the membrane bound ipr@ed rotating FliG are unclear.
Fumarate reductase deletions result in poor motilite to reduced flagella number and

non-switching motors, demonstrating an importate no both assembly and switching.

Another intriguing area is the role of acetylatiarsecond form of covalent modification
to CheY, achieved by autoacetylation with acetyeramyme A (AcCoA) as an acetyl
donor (Baraket al, 2006), or catalysed by AcCoA synthetase withaeebr ACCoA as
an acetyl donor (Baradt al, 2004). Disruption of these mechanisms resultefiective

chemotaxis. Early investigation indicated that Clexétylation increases the probability
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of CW rotation (Baralet al, 1992, Ramakrishnaet al, 1998). However, a recent study
determined that acetylation interferes with theding of CheY to CheA, CheZ and FIiM
(Liarzi et al, 2010). Since the concentrations of acetate, Ac@oé AcCoA synthetase
depend on the metabolic state of the cell, acétylahay provide a means of connecting

the chemotaxis pathway to metabolism.

Meanwhile, phosphorylation crosstalk between theeds of two-component signalling
pathways in the cell may present further sourcaggiflation. Further biochemical work
is required to understand these mechanisms, butoirement in the biophysical
techniques used to study flagellar rotation with\ypde further insight into the switching

mechanism, and more generally, the kinetics of @onétional spread.

At higher resolution, one may expect to deteel discrete speed levels during motor
switching, associated with the periodicity of thvdtsh complex (n ~ 34) or more likely,
the number of stator units applying torque (n ~. Frthermore, interesting switching
signatures should arise as the number of statés présent in the motor decreases. The
linear relationship assumed between ring statespe@éd is reasonable for a complete
complement of stator units, but is expected tokatean at lower numbers. At this point
the number, arrangement and turnover dynamics itd aray have a significant effect on
switching behaviour. With sufficient resolution etlstepping motion of the motor will
become visible, providing the ultimate view of tedsnds of activity, as well as insight

into the difference between CW and CCW rotatiothatmechano-chemical cycle level.

For motivation, we briefly consider the steppindgpééour of a switching motor with one

stator unit. A modified version of the simulatioode described in section 5.1.2 was used
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here, written in MATLAB. In addition to transitionmes for changes in activity and
binding on the ring, a transition time is assigf@dthe next conformational change of a
single stator unit. The unit is assumed to be adwi stepper. The rate of stepping is set
by considering a motor rotating at 100 Hz (a reabtsvalue at low load, where one
stator drives the motor as fast as a full complar®unan and Berg, 2008)), with 26 steps
per revolution (Sowat al, 2005). The rotor, upon which the stator actgssumed to
consist of 26 FliG subunits and 34 FliM subunitsaaged according to the model of
Brown et al, 2007, where eight approximately uniformly spaé&é®l subunits do not
communicate with FliG. A one-to-one correspondencactivity is assumed between the
remaining 26 FliM-FIiG pairs, where the activity BliM is according to the constrained
conformational spread model of Chapter 5. The aofgtke rotor in units of steps relative
to an arbitrary start angle is noted at every itenaof the Monte Carlo simulation and
saved at the sampling frequency. The stator umanes fixed relative to this start angle.
Upon conformational change of the stator unit, state of the local FliG subunit
determines the direction of the step. Followingfm the crossbridge-type stepping
mechanism (Kojima and Blair, 2002) that considelnggh duty ratio (Rywet al, 2000), it

is assumed that the step is only taken if the daistin subunit shares the same state as
the local subunit. Switch events in the simulatoa shown in Figure 6.1. Evidently, the
motor is brought to a near stand-still during castgland incomplete switches, taking
only a few steps backwards and forwards aboutedfengle for most of the duration of

the event, as it catches up with the boundari€Vdfand CCW activities on the ring.

Recent work on the low load regime of motor funet{®uan and Berg, 2008, Yuaat

al., 2009) identifies the next generation of bactdtéagdellar motor experiments that will
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Figure 6.1. Examples of switching events at th@mtey resolution, with one stator. The activitytbg
switch is shown in blue, while the stepping of thetor is shown in green. 26 steps correspond to one
revolution. The motor pauses as the switch undergoaformational spread. The figure is continued on

the next page.
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Figure 6.1 continued. Examples of switching evestdhe stepping resolution, with one stator. Thevig
of the switch is shown in blue, while the steppafghe motor is shown in green. 26 steps corresgond

one revolution. The motor pauses as the switchngogs conformational spread.
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allow investigation of this kind of behaviour. Theonitoring of gold nanoparticles
attached directly to hooks as described in Chaptprovides a two fold advantage for
switch experiments. Firstly, the size of the p&tiand absence of flagellar stub reduces
the relaxation time, and lower limit of time residm, to ~ 8us for a gold nanoparticle of
diameter 80 nm (Baker and Berry, 2009), over 10@s$ shorter than the relaxation time
of a 0.5um diameter plastic bead. This is sufficient to obsestepping at rotation rates
of order 100 Hz. Secondly, it appears that switghimetics will be slower at low load.
Yuan and Berg, 2009, demonstrated that the contosna spread model reproduces the
relationship between switching rates and loadhélow load regime, if the fundamental
flipping frequency decreases with decreasing ldéaadonformational spread simulations
(Chapter 5), the switch duration, and complete iandmplete switch intervals increase
for reduced flipping frequency (Figure 6.2). Consemgly, it is expected that all elements
of switching will slow down with decreasing loadiopiding an improved ability to
resolve multi-state behaviour. The first steps t@saealising this level of resolution are

described in the next section.

6.2 Experimental preliminaries

Strain An existing strain from Dr. Y. Sowa (a former pasttbral researcher in the
Berry group) was selected for low-load switchingesiments on the basis of being wild-
type for chemotaxis, and lacking filaments and ostat(YS33 ApilA, fliC::Tnl0,
AmotAmotB)). An existing plasmid (pDB27 (motAmotB @binose inducible,

Ampicillin resistant)) was selected for stator piatinduction.
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Competent cells were prepared using the calciuroricld method of Sambrook and
Russell, 2001. 3ul of plasmid was transformed by incubation with 200of the

competent cells on ice for 1 hour, followed by 2rat 42 °C and 2 min on ice. 1 ml of
LB was added and incubated at 37 °C for 1 hour. Mhaure was spread on LB-agar

plates containing ampicillin and stocks produced.

Sample preparation Cells were grown aerobically from a 1Q@Daliquot of frozen stock
for 5 h at 30 °C with shaking at 180 rpm, in trypabroth (1% tryptone; 0.5% sodium
chloride) containing ampicillin antibiotic at 1QOM to preserve plasmids. 100 nm gold
nanoparticles (Corpuscular Inc., USA) were attachedcell hooks by antibody
interaction as follows, based on the protocol oa¥@and Berg, 2008. Primary antibody
(rabbit anti-hook antibody, provided as a gift frain C. Berg) was purified using a
purchased kit (Dojin-Do, Japan). Secondary antib@phat anti-rabbit antibody, Sigma-
Aldrich, UK) was conjugated to LC-SPDP (Sigma-Addrj UK) for attachment to gold.
500 pl of 2.5 mg/ml secondary antibody (diluted by PBSIRA) was combined with
12.5 yl of 20 mM LC-SPDP in DMSO and incubated for 30 mirhe product was
filtered with a Zeba spin column (Perbio Science) Uollowing Kit instructions.

Antibody aliquots were stored at -80 °C.

500l of gold stock solution was combined withuBof secondary antibody — LC-SPDP
and incubated for 3 hrs. 5@0 of the solution was combined with 10of 1mM MPEG-

SH (Sigma-Aldrich, UK) in DMSO. MPEG serves as liecto prevent gold interaction
with cell bodies. The product was incubated oveérhand stored at 4 °C for use within

two weeks.
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1 ml of cell culture was washed three times wittafisuspension in 408 of motility
buffer (6.2 mM KHPQ,, 3.8 mM KHPO;; 0.1mM EDTA at pH 7.0). 1l of primary
antibody stock was diluted 100 times, andul @f the product combined with 100 of
cell solution. Product was incubated for 25 mimaihg conjugation of primary antibody
to hooks. Coverage was assessed by tethered effisan(hook-only cells do not tether

unless treated).

Product was washed three times with final suspensicdO pl of motility buffer. This
was added to the pellet produced by spinning do®dhl of gold solution. The product
was incubated for 25 minutes, allowing conjugatidrgold to hooks. The product was
washed and resuspended in 20®f motility buffer, for use in a standard tunrstide

(see Chapter 3 for description). Full protocol detare given in Appendix A.

Observations An existing laser darkfield microscopy setup camstied by Dr. Y. Sowa
and Dr. B. Steel was used for sample assessmesgr light is focused by an objective
lens onto the sample. The back-scattered light fgoid nanoparticles is collected by the
objective lens and focused onto the CCD of a hgged camera, for position detection of
the nanoparticle by Gaussian fitting. A brightfiglidimination path allows candidate
spinners to be located. Of the number of cells witkd attached (of order 10 %), less
than 10 % are found to be spinning and typicallly @me spinner of sufficient quality is
found per slide. The low yield of the assay presehe high volume of data collection
that will be necessary to elucidate the workingghaf motor and switch. Investigation

continues into improving the yield of the assay.
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Microscope stage system The improved resolution provided by the gold nartple
assay increases the need to reduce external noigees. The commercial coarse
dovetail stage and fine-positioning piezo stagthencurrent setup are chief contributors,
coupling mechanical and electrical noise to themar{personal communication, Dr. B.
Steel). The high-end piezo system used to locatensian previous investigations (Sowa
et al, 2005) provided a resolution of ~ 0.1 nm in pasitng. High-end differential
micrometers are only able to achieve resolutionsoup 20 nm, but may be sufficient for
locating the size of markers (~ 100 nm) intendeduse. Meanwhile, the micrometer
setup is without electrical noise and is expectegrovide greater system stiffness than
the piezo setup. The design of a stable piezodtsse is detailed here, inspired by an

existing piezo-carrying coarse stage system dediggpér. R. Berry.

The basic design comprises a three-axis stage @rnbenobjective lens (Figure 6.3). Full
technical drawings of the system are provided ipé&mlix B. Translation in the x axis is
allowed through three double-row ball bearing Imstages (part no. M-UMR5.16,
Newport, UK). Translation is controlled by a di#atial micrometer (part no. DM11-16,
Newport, UK) screwed into the central linear staBach linear stage contains two
springs; all springs except for the outer pair e farther two linear stages from the
micrometer are removed to reduce the load on tleromieter to an acceptable level.
These farther linear stages are spaced as widelpoasible to increase stability.

Translation in the y axis is performed similarly.

The z-plate is mounted kinematically. Here, x artichpslation of the z-plate is restrained
by a kinematic screw (part no. 9377-K, Newport, Wkipugh the z-plate, mounted into a

conical section of the base plate. Pitch and yathefz-plate is restrained by another
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Kinematic screw [

X-control

Y-control

—

Figure 6.3. Basic design of piezo-less stage. The top diagram shows selective side sections, while the bottom
diagram shows selective plan views. Linear stages for x-axis control are shown in red, those for y-axis control
in blue (light elements are secured to the plate below, while dark elements are secured to the plate above,
allowing relative movement). Only one of the two kinematic screws is visible. The objective, shown with
‘custom temperature controller attached (together with the limits of other objectives available for use, depicted
by dotted lines), is screwed into the base-plate with the tunnel for the scattered light path visible in the side
section. Objective dimensions are in mm. The z-plate tongue for locking is visible near to the objective screw
hole in the plan view. Red dotted lines represent the the limits of the temperature controller, while black dotted
lines represent the limits of plate movement
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kinematic screw through the base-plate mountedanteshaped groove section of the z-
plate. Translation in the z-axis is then possibierell of z-plate in the v-shaped groove
section. Roll is controlled by a high-load bearmgrometer (part no. MDE216, Elliot
Scientific, UK) screwed into the base plate and nmted onto a flat section of the z-plate.
Kinematic mounts are constructed from steel andrted into the aluminium plates, for
extra hardness. During measurement, noise maydoeed by locking the z-plate to the
base-plate. This is achieved with a screw passirmugh both plates; the screw passes
through the z-plate at a tongue-section protruditig the central aperture close the
objective lens. This section is reduced in thickngs allow flexing of the z-plate and

fine-adjustment of the z-axis position.

It is reasoned that a larger mass will be less epidde to mechanical noise: the
dimensions of the plates are made as large ashp@sggven restrictions on optical air
table space, and as thick as possible given thactes of objective lens height. (The
objective is mounted directly into the base platewing the back aperture to be as close
as possible to a mirror collecting back-scatteragel light. This ensures that the
maximum amount of light is collected. The lightdsected through a tunnel within the
base plate before exiting for imaging). The cerdarture in the plates is made as large
as necessary to allow for the fitting of a cust@mperature controller (provided by M.
Baker) to the objective lens. The base plate isntemlion a custom optical box housing
opto-mechanics for the darkfield and brightfielghli paths. The box contains pillars to

support the stage, with spacing calculated to astadding wave modes in the setup.
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Using these designs, the stage is currently undestaction by the workshop in the
Department of Physics, University of Oxford. Itheped that the setup will provide the

basis for low noise, high resolution experimentdbaaterial flagellar motor dynamics.
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Appendix A

Al. Tunnd dide

To construct the tunnel slide:

1. Wash 22 x 22mm clean coverslip with clean water@lade in laminar flow to dry.

2. Clean slide with ethanol and lay down two piecesapie (avoiding air bubbles) to
make tunnel.

3. Lay dry coverslip (hair-dry if necessary) over tehand ‘colour-in’ with pipette tip
to achieve good contact.

4. With razor, cut away excess tape.

5. Shear 0.7 ml of culture 50 times with shearing dew maintain high pressure
through shearing.

6. Spin cells 7000 rpm for 2 mins
Empty supernatant, add 1ml of motility buffer (MBd pipette up-and-down to stir.
Repeat step 6/7 twice, but after last spin add,25® MB.

To load the tunnel slide:

9. Flow 10 ul of polylysine into the tunnel, and usstie to wick exiting flow. Leave
for 1 minute.

10. Wick through 5Qul of MB to wash.

11. Wick though 1Qul of cell solution.

12. Leave slide inverted in humidity chamber for 10 utés.

13. Wick though 5Qul of MB to wash.

14. Wick though 1Qul of bead solution

15. Leave slide inverted in humidity chamber for 10 utés.

16. Wick though 5Qul MB to wash and exchange buffers

17.Seal tunnel ends with grease to avoid evaporation.



A2. Flow dlide

To construct the flow slide:

Wash 22 x 40mm clean coverslip with clean waterlade in laminar flow to dry.
Clean slide with ethanol and lay down tape acrtsbr@e holes evenly.

With razor, cut out Y-channel and remove with twerez

P w0 DR

Place coverslip over Y-channel and fully ‘coloutt@mpe with pipette tip

To prepare the cells:

5. Shear 14 ml of cell culture 50 times with sheadegice (do two lots of 7ml).

6. Spin cells 7000 rpm for 2 mins, empty suspensiald &dml of motility buffer
(MB), pipette and vibrate to stir.

7. Repeat step 6 twice — after last spin add 250 MB

To load the flow slide:

8. Inject MB into entry tube 1 with syringe to fillide system and seal entry tube 2

9. Inject polylysine into entry tube 1 with syringeddieave for 1 min.

10. Inject MB to wash

11. Inject cells and leave for 15 min

12. Inject MB to wash

13. Inject beads and leave for 10 min

14.Inject MB to wash

15. Attach MB container and attractant container tayetibes and close ends with
clips



A3. Gold nanoparticle assay

Preparing primary antibody

1. Purify 50 uL of rabbit anti-hook antibody from Howard Bergabbratory using IgG
purification kit-A (Dojin-Do) following kit instrutions.

2. Measure purified antibody using the Bradford MethB&A or purchased IgG (R5506
from Sigma, UK) can be used for standard calibratiorve.
The purified antibody may be around 0.25 mg/mL

Fast freeze aliquots in liquid nitrogen and storeB0 C freezer.

Preparing secondary antibody

1. Wash Zeba spin column using PBS-EDTA followingik#tructions.

2. Mix 500 pL of 2.5 mg/mL IgG (diluted by PBS-EDTA) and 12:b6 of 20 mM LC-SPDP
in DMSO and incubate for 30 min.
Filter with washed column.

4. Fast freeze aliquots (5-1Q) in liquid nitrogen and store at -80 C freezer.

Preparing gold nanopatrticle solution

1. Vortex gold stock (stored in 4 C fridge).
Combine 50QuL of gold stock and 3L of IgG LC-SPDP (stored in -80 C freezer), then
straight away vortex for 1 s, avoiding bubbles tigiwout.
Incubate for 3 hrs.
Combine the 50QL of gold solution with 1QuiL of 1mM MPEG-SH in DMSO (stored in
-20 C freezer), and vortex for 5 s, avoiding bublifeoughout.
Incubate overnight (12-14 hours).

Store in 4 C fridge and use within two weeks

Preparing the tunnel slide

1. Wash 1mL of cell culture (spin down in centrifugdways at 7000 rpm for 2 min),
remove supernatant and resuspend in 1 mL motilifjeb (MB). Repeat another two
times with final suspension in 4QQ. of MB.



Dilute 250 ug/mL of purified rabbit anti-hook antibodwKIgE) down to 2.5ug/mL,
placing on ice during preparation.

Combine 10QuL of the cell culture and 10L of antibody. Flick to mix and incubate for
25 minutes. Store remaining antibody in -20 C fezeand diluted antibody in fridge, for
use within a couple of weeks.

Spin down and remove all supernatant carefully &ithipette, and resuspend in 300
of MB. Repeat another two times with final suspensh 40uL of MB.

Spin down 100uL of gold nanoparticle solution and remove as meapernatant as
possible, carefully with pipette.

Combine 40uL of the cell culture to the remaining gold pelbtd mix with pipette,
being careful to avoid bubbles.

Incubate for 25 min

Spin down, remove all supernatant carefully withepie and resuspend in 200 of MB.

Proceed with tunnel slide.



Appendix B

B.1 Stage plans

Overleaf are technical drawings for the x,y,z aradeb plates of the piezoless stage

discussed in Chapter 6, as well as the optics boxtoch the stage is mounted.



X plate (top)

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.

o M3 counterbored clearance

] 284 ‘

(142, 142)




X plate (bottom)

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.
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Y plate (top)

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.

o M3 counterbored clearance

® ] 284

(142, 142)
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These four holes:
M3 clearance only,
no counterbore

Y plate (bottom)

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at

bottom-left corner of plate.
M6 counterbored clearance

o M3 counterbored clearance

|
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Z plate (top)

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.

/1300
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Z plate (bottom)

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.

o M6 counterbored clearance

o M3 counterbored clearance

o M3 counterbored clearance

These two holes:
M3 tap, 3mm deep

N 25

(5.25, 19.75)

(19.75,

Drill out triangular.

cross-section groove,
4mm in width
] 3mm deep
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Top Top
(19.75, 5.25)

] Side Side
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Base plate (top)

Drawing scale 2:1. Real world dimensions in mm

(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.
M6 counterbored clearance

o M3 counterbored clearance

v
N
A
e drill out cone,
(5.25, 19.75 4mm in diameter
3mm deep
(12. o)

Top

(19.

[ O

Side

To hold stee!
counterbore: 5 10.4, depth 0.8 gglaoztlor depicted
71300
7f 16.98
O TO p
M9.5.
0.5-6g
thread
3.5 4L
Cross-section

14.5

11.98 H



Base plate (bottom)

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.

o M3 counterbored clearance



Optics box

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
bottom-left corner of plate.

Top and bottom view

Part B
Rectangular cut-out (7mm deep) only on top side
Part E
85, 117.5)
Outer
face 85, 75)

85, 32.5)

oM
bottom



Optics box

Drawing scale 2:1. Real world dimensions in mm.
(x, y) drill coordinates in mm, with origin (0, 0) at
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