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Abstract

The Bacterial Flagellar Motor is a self-assembled, ion-driven rotary motor, capable
of rotating at >1000Hz, switching direction within ms, and continually rebuilding
itself to tune performance and sensitivity.

Motor self-assembly begins with a membrane-embedded ring of the protein
F1liF, which templates the sequential assembly of FliG and dynamic FliM;:F1iN;
subunits. FliG, FIliM and FliN comprise the C ring: site of torque generation
and motor switching. Averaged cryo-EM structures of purified motors feature
an unexplained symmetry mismatch between the FliF ring (~26-fold) and C-
ring (~34-fold), and stoichiometries of both FIiG and F1iM;:F1liN3 subunits are
contested. A recent domain-swap polymerization model for FliG may explain
the symmetry mismatch.

This thesis describes attempts to template short (1-mer to 5-mer) FLiG
oligomers in witro by substituting the FIliF ring with a variety of rationally-
designed DNA templates. Variation of FliG stoichiometry with template design
could be used to test the domain-swap polymerization model.

Template design and characterization are described, along with purification
of FliG-fluorophore conjugates and measurement of labelling fraction. Single-
molecule fluorescence assays are developed for clear counting of FliG stoichiometry
via bleaching steps, and counting with native PAGE is also demonstrated. Multiple
DNA-FIiG conjugation strategies are described. 5-NTA DNA oligos bind 10xHis-
FliG more stably than previously described 3-NTA oligos, but do not reliably
template proximal FliGs. Covalent DNA-FIiG conjugation rectifies this, allowing
controlled assembly of FliG on templates.

This opens the door to testing domain-swap-polymerization, and is the first
step to templating a fully-functional C-ring in wvitro, both as a platform for in
vitro study and a tool to study self assembly from the bottom-up. This represents
a new approach to the study of large protein complexes.
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Abstract

The Bacterial Flagellar Motor is a self-assembled, ion-driven rotary motor, capable
of rotating at >1000Hz, switching direction within ms, and continually rebuilding
itself to tune performance and sensitivity.

Motor self-assembly begins with a membrane-embedded ring of the protein FIiF,
which templates the sequential assembly of FliG and dynamic F1iM;:FIiN3 subunits.
FliG, FliM and FliN comprise the C ring: site of torque generation and motor
switching. Averaged cryo-EM structures of purified motors feature an unexplained
symmetry mismatch between the FIiF ring (~26-fold) and C-ring (~34-fold), and
stoichiometries of both FliG and FliM;:FIliN3 subunits are contested. A recent
domain-swap polymerization model for FliG may explain the symmetry mismatch.

This thesis describes attempts to template short (1-mer to 5-mer) F1iG oligomers
in vitro by substituting the FIiF ring with a variety of rationally-designed DNA
templates. Variation of FliG stoichiometry with template design could be used
to test the domain-swap polymerization model.

Template design and characterization are described, along with purification of
FliG-fluorophore conjugates and measurement of labelling fraction. Single-molecule
fluorescence assays are developed for clear counting of FliG stoichiometry via
bleaching steps, and counting with native PAGE is also demonstrated. Multiple
DNA-FIiG conjugation strategies are described. 5-NTA DNA oligos bind 10xHis-
FliG more stably than previously described 3-NTA oligos, but do not reliably
template proximal F1liGs. Covalent DNA-FIiG conjugation rectifies this, allowing
controlled assembly of FliG on templates.

This opens the door to testing domain-swap-polymerization, and is the first
step to templating a fully-functional C-ring in vitro, both as a platform for in vitro
study and a tool to study self assembly from the bottom-up. This represents a
new approach to the study of large protein complexes.
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In this chapter, I will briefly describe the biological context of the Bacterial
Flagellar Motor (BFM) (section [1.1.1)) and elaborate on its worth as a subject of
study (section |1.1.2)), before reviewing the BFM literature with a comprehensive



2 1.1. The Bacterial Flagellar Motor

focus on C-ring structure. (The most essential points will be summarized later, in
section ) I will go onto make an argument for templating C-ring construction in
vitro (section , before briefly reviewing relevant aspects of DNA nanotechnology
(section[L.3) and single-molecule fluorescence (section [1.4)), which are logical tools for
templating and measuring such constructs, respectively. Finally (section , I will

overview the work in this thesis, and its place in a larger C-ring-templating project.

1.1 The Bacterial Flagellar Motor
1.1.1 Bacterial Motility

Most species of bacteria, in their natural habitats, are capable of directed motion
in response to sensory input. Most commonly this is used to navigate gradients
in the environment, and relocate to areas optimal for growth. This may include
gradients in chemical concentrations, temperature and pH [1]. Internal measurement
of cellular energy generation (e.g. through the cellular redox state or proton motive
force (PMF)) also allows indirect navigation of gradients in light intensity, oxygen
availability, metabolite concentration, or anything else which might affect cellular
metabolism [2]. While much of the older bacterial motility literature focuses on
“chemotaxis” (i.e. navigation based on the sensing of chemical gradients), results also
apply to navigation based on the other inputs described above,which use essentially
the same signal transduction pathways [2]. Likewise, descriptions of “chemotaxis”
system later in this text also apply to other inputs.

Let us quickly survey the variety of mechanisms that underlie bacterial motion

in different contexts.

1.1.1.1 Bacteria in liquids

With a few known exceptions (e.g. the marine cyanobacterium Synechococcus which
swims by generating travelling waves on its cell body [3], and pathogenic bacteria
which move by controlling actin machinery in their eukaryotic host cells|4]), directed
bacterial motility in liquid environments is mediated by the bacterial flagellar motor

(BFM); a rotary electric motor driving a long(~10xm) thin (~20nm) semi-rigid
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helical filament (“flagellum”) [5]. A universal joint (“hook”) transmits torque from
motor to filament while allowing flexibility in the filament orientation[5].

In the model species, Fscherichia Coli (E. coli), multiple filaments attached
to counter clockwise (CCWI)) rotating motors on a cell body form a bundle which
propels the cell smoothly. However, if a motor switches stoichastically to clockwise
(CW) rotation, a conformational change is induced in the filament which expels it
from the bundle and causes a “tumble”: a random change in swimming direction
[5] (Figure [1.1h).

Bias for CW rotation over CCW is controlled by the phosphorylation of the
signalling protein CheY, regulated in turn by the cell’s chemotactic system. When
the environment is becoming more favourable (e.g. when toxin levels are lower
than they were some moments previously), phosphorylation of CheY is reduced,
favouring CW rotation and smooth propulsion. Alternatively, when the environment
is becoming less favourable, CheY phosphorylation is increased, favouring increased
switching rates and CW rotation bias, leading to more frequent direction changes.
Thus the cell can navigate up or down environmental gradients, as required.

Slow adaption processes in both the sensory systems|6] and the motor itself|7]
work to restore switching rates to some steady state value, thus adapting the
sensitivity of the system to match local conditions. This allows exquisite sensitivity
to ligand concentration to be maintained,in some cases, over at least five orders
of magnitude[6].

While many well studied bacteria such as Salmonella Typhimurium (S. ty-
phimurium) swim similarly to E. coli, others strategies exist. For example:

In Sinorhizobium meliloti (S. meliloti) (Figure [L.1p), the multiple motors of
a cell rotate only CW, and individual filaments are locked into one conformation.
Instead of modulating motor direction, the chemotaxis system modulates motor
speed. With all motors at full speed, a bundle is formed as in E. coli. When
the speeds of individual flagella decline at different rates, however, the bundle is

broken apart and the cell tumbles or turns|8, [9].

!Defined looking from the filament towards the motor.
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Rhodobacter Sphaeroides (R. Sphaeroides) (Figure[L.1) also has a unidirectional
motor, but only a single motor per cell. Though there is some small degree of
speed modulation, the main response to sensory signals is through a molecular
brake, which can stop motor rotation entirely. The absence of motor torque allows
the filament to relax to a compact coiled form, increasing the cell’s rotational
diffusion constant to permit reorientation|10-13].

Vibrio alginolyticus V. alginolyticus) in liquid (Figure [L.I{). has a single polar
motor which reverses direction like an F. coli motor. In the absence of a bundle, CW
rotation pulls the cell backwards rather than inducing tumbling. However, the switch
from CW back to CCW causes a "flick" of the filament which re-orients the cell [14].

Finally, long corckscrew-shaped “spirochaetes” such as Borrelia burgdorferi (B.
burgdorferi;Figure |1.1g) have multiple flagella filaments trapped between the inner
and outer membrane. When the motors rotate in the same direction, they propagate
waves of movement along the cell which drive smooth swimming. When a motor
switches direction however, and filaments counter-rotate, it flexes the cell in such
a way as to change its orientation [15].

Despite the diversity of these strategies, all rely on some kind of stochastic
switching or modulation in motor behaviour which induces reorientation of the
cell. These switching mechanisms, even those where switching is not obviously
binary (e.g. the speed-changing motor of S. meliloti[9]), are all mechanistically
related, and all controlled by the phosphorylation of CheY (or homologues). For
example, while V. alginolyticus in liquid expresses a direction-switching BFM, on a
surface (see next section) it expresses a genetically distinct speed-changing BFM,

yet a single genomic CheY controls both[16].

1.1.1.2 Bacteria on surfaces

Recently, there has been an increasing shift from the study of bacteria in liquid
to bacteria on surfaces. In particular, there has been a growing understanding
that biofilms (surface-bound communities of bacteria) are associated with a wide

spectrum of bacteria in a diverse range on environments, and are central to many



1. Background 5
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Figure 1.1: Examples of bacterial swimming strategies. a) E. coli, S. typhimurium, b)
S. meliloti, ¢) R. Sphaeroides, d) Vibrio alginolyticus, €) spirochaetes e.g. B. burgdorferi.

Figures adapted from ,

problems in industry and medicine (biofilms are involved in up to 80% of human
bacterial infections, for example)[18-20].

There is a rapidly growing body of evidence that the flagellar motor plays a
crucial role both in accelerating surface adhesion (by overcoming repulsive forces) and
in sensing the presence of a surface, priming the bacteria for biofilm formation.
Flagella can also form part of the meshwork holding biofilms together.

While cells in biofilms tend to be static, there are also a range of strategies that
different bacteria adopt for movement on surfaces. The first, defined as “swarming”,
is flagella-driven, and associated with the dynamic “rafts” of bacteria moving co-
operatively side-by-side, possibly with flagella bundling between cells. It is
also associated with multi-flagellate bacteria. Indeed, some bacteria such as V.
alginolyticus have a single polar flagella for swimming, but for swarming express a
genetically distinct set of lateral flagella . While there is strong evidence that
swarming ability is connected to the chemotaxis system and motor switching, is

not obvious that swarms actually chemotax (i.e. move up/down environmental
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gradients) [22]. It may be that swarming motility is primarily an undirected method
to expand bacterial colonies on a surface.

Other surface motility strategies are independent of flagella. “Twitching motility”
is driven by Type IV pili: proteinaceous extrusions which cyclically extend, bind
to surface, and then retract, pulling the cell with them as they do so. As with
swarming, it is typically associated with rafts of co-operating cells, and sometimes
important in biofilm formation.

Strategies involving neither flagella or type IV pili certainly exist, but are even less
well understood. For example, the individual gliding motility of Myzococcus xanthus
is prospectively mediated by membrane-spanning surface-binding protein complexes
which are driven along the cell’s cytoskeleton [23]. Similarly, the individual gliding
motility of Flavobacterium johnsoniae relies on filamentous surface-binding proteins,

which are apparently propelled by proton-powered rotary motors (distinct from

the BFM) along an extracellular track|[24].

1.1.2 Why study the Bacterial Flagellar Motor?

There are a number of good reasons to study the BEM. Firstly, as described above,
the BFM is central not just to liquid motility but also to surface motility and
biofilm formation. The latter in particular is crucial not just to understanding how
bacteria function in a range of habitats, but also to understanding and manipulating
bacteria (both pathogenic and beneficial) in the human body and in industrial
processes (e.g. food production). Indeed, the BFM is critical for virulence in a
wide range of pathogenic bacteria, serving a wide range of roles: navigating to
infection sites, sensing arrival, manipulation of immune responses (which are often
sensitive to flagellar proteins), and escape from host cells post-replication|21]. It
is not an inconceivable target for the development of new antibiotics. This is
not, however, the only reason to study it.

Secondly, the motor is a close genetic relative of the less well studied bacterial
Type 3 Secretion System (“T3SS”). As the BEM must export filament components

through the membrane in an ordered manner, the T3SS exports protein substrates
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to a eukaryotic host cell[25]. The genetic relationship is sufficiently close that in the
BFM-free chlamydia family, a few conserved BFM orthologue proteins apparently
interact with the T3SS[26], and in a number of species it is actually the BFM,
and not the T3SS, that excretes virulence factors|21]. As the T3SS is essential for
pathogenicity in many bacteria, and has a similar structure across a broad range
of species, it is an attractive drug target. There is an argument that, as opposed
to antibiotics which kill bacteria or inhibit their growth, drugs targeting the T3SS
should infer less selection pressure for drug-resistant strains, and additionally be
more selective for pathogenic bacteria over host-beneficial bacteria[27]. There is a
close interplay between the fields of BFM and T3SS study, and it is not uncommon
for discoveries in one to direct discoveries in the latter|28, 29].

Thirdly, the motor is arguably the best studied of all large protein complexes. By
thoroughly understanding this one model complex, we can hope to discover design
principles and conceptual tools that help us understand the plethora of other large
protein complexes in nature. (This carries the caveat, of course, that we have no
special reason to believe the motor is representative of protein complexes in general.)

Similarly, the entire chemotactic pathway, from the chemical receptors (input)
through to the motors (output) is the best studied signalling system in nature. As
an almost self-contained model system, we can aspire to a complete understanding
of the interaction between its constituent parts, learning general principles which
might apply to other signalling systems, and systems biology in general|6]. It
is increasingly clear that the motor is a highly reactive and adaptive|7] part of
this network, and thus understanding its detailed operation is crucial to a full
understanding of the entire chemotactic system.

If the motor and chemotactic pathway can serve as models for understanding
the principles of biological systems, the same principles may also inform biomimetic
nanotechnology and reaction networks. It goes without saying that the self assembly
of the BFM and its performance as a motor far eclipses any rationally designed
system to date; likewise the incredible sensitivity and adaptivity built into the

chemotaxis system. The BFM (and likewise the T3SS) may also serve as useful
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Figure 1.2: a) Schematic of E. coli or S. typhimurium Flagellar Motor (adapted from
15). b) EM micrograph of isolated S. typhimurium BFM basal bodies, averaged over

many motors .

components in genetically re-purposed bacteria; for example, both are capable
of exporting recombinant proteins, and could prospectively be re-purposed for
drug and vaccine delivery.

In the following sections, I will go into deeper detail regarding the motor’s
structure, assembly and operation. I hope the reader can be convinced in the
process that, in addition to the reasons given above, the BFM is a fascinating and

beautiful machine worthy of study in its own right.

1.1.3 Bacterial Flagellar Motor Overview

The Bacterial Flagellar Motor (Figure is a large (~11 MDal5]) self-assembled
protein complex spanning both membranes. In the motors characteristic of E. coli
and S. typhimurium, the rotor spans both membranes, reaching from the C-ring
in the cytoplasm to the hook and filament outside the cell, all of which rotate
as one unit. One or more stators, peptidoglycan-anchored complexes made

of proteins MotA and MotB, create H-selective ion channels through the inner
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membrane. Apparatus elsewhere in the cell creates a proton motive force across
the membrane, meaning that gradients in the electric field and H* concentration
favour HT movement from the periplasm into the cytoplasm, thus driving protons
through the ion channels. This in turn drives a conformational rearrangement in
the stator which interacts with the top of the C-ring, in such a way as to drive its
rotation[b]. (Thus, the C-ring is also referred to as the “torque ring”). Speeds in
some species can reach a phenomenal 1700Hz[32]. Rotation is propagated to the
filament via the hook, which acts as a universal joint. Stochastic motor switching
events (directional switching in the case of E. coli and S. typhimurium) are related
to a rapid (1-100ms [33]) conformational change in the C ring, which presumably
re-orients the top of the C-ring where interactions with the stators occur. Switching
dynamics are consistent with a conformational spread model, i.e. the individual
units of the C ring may be in CCW-favoring or CW-favoring configurations, but
prefer to be in the same configuration as their neighbours, such that the ring is
usually found with all units in the same switch state[33, [34]. In E. coli and S.
typhimurium, a switch from CCW to CW rotation also induces a conformational
transformation in the filament, reversing the handedness of its helical screw pattern.
This switching is regulated by the binding of phosphorylated CheY (CheY-P) to
the C ring, which increases the chance that a motor will be found in the CW
state. The variation of rotational bias with cytoplasmic CheY-P concentration
is phenomenally sensitive; the measured Hill coefficient of ~20 is the highest of
any known allosteric protein complex[35]. Although implied by the conformational
spread model and not conclusively disproven, cooperativity in CheY-P binding has
not been observed, leading to suggestions that cooperativity must be embedded
in the switching mechanism|36] [37].

Having given this rough overview, I will cover all aspects of the motor in more
detail, with a focus on the MS and C rings, which will be the main subject of
study later in this thesis. Along the way I will overview some techniques which

have been central to the study of the motor.
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Figure 1.3: a) Protein composition of E. coli or S. typhimurium Flagellar Motor (adapted
from [25]). b) Averaged EM structure of isolated MS and C rings from S.typhimurium [38].
EM structures of stator complexes from V.alginolytz'cus are shown approximating stator
placement observed in situ. Figure from . c)Structure of F1Fp ATP-Synthase.
Colour indicates homology with BEM components (a). Figure adapted from .

1.1.4 FIiF ring

The assembly of FIiF monomers into the MS-ring (Figure is one of the first steps
in motor assembly. Over-expression of S.typhimurium FIiF in F.coli lacking other
motor components is sufficient to produce membrane-bound MS rings. When purified
and imaged with EM microscopy (see next section), these FliF-only rings account for
most of the MS ring density seen in fully assembled motors[42-45] (Figure ,d).
However, at native expression levels, fluorescence assays suggest that complete
FIiF rings only form in the presence of FliG, the next assembly component. This
points to a model of co-operative assembly which we will see repeated in later
sections, for other motor components. In FE. cali, but not S.typhz'mum’um, the
membrane-bound export protein FIhA is also required for complete FIiF rings, and
the self-assembly of FIhA into a ring seems to precede FIF assembly[46].

The full behaviour of FIiF during later stages of assembly is poorly understood.
The MS ring must have a hole through which hook and filament proteins are exported.

Yet when FIiF is overexpressed, E. coli easily survives having 50% of its inner
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membrane surface occupied by MS rings, suggesting that any pore must be initially
tightly sealed[42], and undergo some conformational change later in assembly [44].

Biochemical evidence implies ~26 FliF units in purified basal bodies [4§],
consistent with the 26-fold, 25-fold and 24-fold MS symmetry classes observed
via EM[38] (see next section). As the FLiF ring seems stable[46] and FIiF' mutations
affect assembly but otherwise do not affect rotation [49], MS ring is typically
considered to be a rigid structural part of the rotor which serves as a platform for

FliG assembly, but not otherwise involved in motor function.

1.1.5 Aside: EM microscopy and the BFM

Electron microscopy (EM) exploits the relatively small de Broglie wavelength of
electrons to perform imaging analogous to a light microscope, but with a much
higher resolution. The low penetration depth of electrons necessitates thin samples
and careful use of staining to overcome low contrast of biological samples. Therefore,
the first EM images of the BEM (45 years ago!) were of purified motors[50]. In
the purification process, most of the motor was stripped away, leaving only the
MS ring through to the hook (the “hook-basal body”). In the 1990s, gentler
purification protocols allowed the retention of the C ring, and the identity of the
protein components was elucidated through antibody labelling and comparison of
different mutants[51-53]. More recently, isolated stators have also been imaged,
reconstituted in liposomes|39, 54].

Single particle imaging techniques have been used to align and average many
noisy single motor images into high resolution structures. Commonly, images
are rotationally averaged, guided by rotational power spectra which infer the
rotational symmetry of individual motors. This has produced structures of high
resolution (e.g. figures and ), sufficient for useful comparison with protein
crystal structures|38, [55-57].

However, there are caveats to this averaging process. Disordered components
(e.g. freely dangling protein domains) will be lost in the averaging, as will any

features in the ring which break perfect rotational symmetry (e.g. gaps). The EM
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symmetry mismatch between MS/C rings (Figure [1.3p)[30, 58-60] and dynamic
remodelling of FIiM/N in the C-ring|7, 61-64] make it almost impossible to envision
a motor without one or both of these features, as reflected by their appearance in
all leading models[41, |59} 63, [65-67]. The dynamic remodelling should also make
us question how similar a purified motor looks to a motor at work in the living cell.

Fortuitously, advances in Cryo Electron Tomography (Cryo-ET) now permit
us to image the BFM in situ, unstained, in flash frozen (but intact) bacteria[6§].
These motors include visible features usually lost in purification such as the export
apparatus and stators (although the later are not clear in all species|69].) As with
the purified motors, contrast is low, so high resolution structures require multi-
particle averaging with all its caveats. Even with averaging, only a few features
(e.g. stator rings in spirochaetes|15] 69-72] and export apparatus of Leptospira
interrogans [40]) show clear rotational symmetries. Nevertheless, the technology
has already greatly expanded our knowledge of motor strucutral diversity across

species|69, 72| and is developing rapidly; further advances should be expected.

1.1.6 MS-ring C-ring interface

Detailed biochemical studies show that only the 38 C-terminal amino acids of
FliF|[73-75], located on the cytoplasmic side of the MS ring|[76], are required for
FliG binding. Likewise, only the 46 N-terminal amino acids of F1liG are invovled
in FIiF binding[73, |77, [78]. These studies were preceded by the accidental 1992
discovery of two mutants where the genes encoding FliF and F1liG had been fused
together. The first (the fusion mutant) contains essentially full-length F1iF and
FliG, whereas the second (the deletion-fusion mutant) lost 56 and 94 amino acids
from the C-terminal of FliF and N-terminus of FliG, respectively. Remarkably,
both fusions resulted in functional (but somewhat impaired) motors[58|.

When the FliF-FliG fusions are over-expressed, they form rings which can be
purified and imaged with EM, for comparison with wild type FIiF rings (figure .
The FLiF-FIiG fusion rings (Figure [1.4h) lack anything resembling a partial C ring:

only a MS ring with some small additional density compared to the FliF-only case.
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This density is not nearly enough to account for the full mass of the FliG[44]. Tt
is also not enough to account for the full mass of the MS ring as seen in complete
purified basal bodies[44](Figure [L.4,e). When complete motors (both wild-type
and fusion mutants) are purified in harsh conditions which remove FIliM and F1iN
(but not FliG) from the motor, the MS ring has more mass and is comparable to MS
rings from basal bodies (Figure [1.44-f), but the additional mass is still not sufficient
to account for the full mass of FIiG[30, 44, 58|. In less harsh purification conditions
where F1iM and FLN are retained(figure [I.4h-c), the fusion mutant makes a motor
similar to the wild type, whereas the fusion-deletion mutant forms a motor with
a significantly smaller C-ring, and a missing lobe of density|30, [79].

This all suggests a model whereby part of FIiG resides in the MS ring, another
part serves as a permanent linker between MS and C rings, FIliM and FIiN don’t
interact directly with the MS ring at all, and parts of F1iG usually present in the
C-ring are disordered (and thus not visible in the averaged EM structures) when
FliM and FliN are absent. The extra density in complete motors with F1iM/N
removed, as compared to over-expressed FIiF /FliF-FliG rings, could be parts of
FliG residing in the MS ring which are ordered or disordered depending on assembly
history, or may be other proteins ([44] suggests a mix of both).

In all EM images of purified motors, the EM density linking the MS and C
rings is very low, suggesting that the corresponding portion of FliG is flexible.
This is consistent with recent in-situ Cryo-ET images from B. Burgdorferi where
the link between MS and C rings is pliable enough to permit the C-ring to flex,
following the curvature of the cell membrane[70]. Tilt of the C ring relative to
the MS ring can also be seen in purified basal bodies [}

Given that the motor is thought to have ~26 FliFs, the fusion mutant also
points to a model where the motor has only 26 FliGs. In section [1.1.7, we will
see that this contradicts other evidence; making the stoichiometry of F1liG in the
motor controversial. Accessory proteins proposed to later the MS ring - C ring

interface will be covered in section [LL1.12]

2Personal communication, Keiichi Namba
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Figure 1.4: Comparative EM of wild type, FliF-FIliG fusion and FlLiF-F1liG deletion
fusion mutants. a,b,c) Motors produced in presence of all components, purified retaining
FliM/FliN d,e,f) Motors produced in presence of all components, purified under
conditions where FIliM/FIliN are lost g,h) In colour: density maps for MS rings
produced with over-expressed F1iF or FliF-FIliG fusion, respectively. These have been
overlaid onto the structures from figures d and e (grayscale) for comparison.

1.1.7 C-ring

1.1.8 Protein Composition

Mutation studies from the 1960s through to the 1980s firmly established that FliG,
FIiM and FliN were all involved in both torque generation and switching. This
was followed by intergenic suppression evidence that all 3 operate together in a
“switch complex” which interacts with CheY and CheZ; cytoplasmic components
of the chemosensory system[49] 80]. Later, it was found that retention of FlLG,
FliM and FIliN during motor purification was associated with the appearance of

a cytoplasmic “C-ring”[53] (synonymous with “switch complex”[65] and “torque
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Figure 1.5: Subtomogram averages of BFMs in various species, imaged in situ with
CryoET. Images on the left and right are from and respectively.

ring”). Putative stator complexes had already been (correctly) identified in-situ
by this time, and it was recognised that the C-ring was at an appropriate
radius to interact with them. Since then, in-situ CryoET structures have
consistently shown stators, when visible, near the top of the outer lobe of C-ring
density (Figure [15], 40, 69-72, 82].

Early models put FliG with FIiF in the MS ring, and FIliM with FIiN in the
C ring[53]. Later, more detailed information about the binding relations between
FliG/M/N;, the observed structural effects of the fusion-deletion mutant and evidence
that FIiG was the site of direct stator interaction led to the model of figure with
FliG occupying the top of the C ring (and some small density on the MS ring), with
FIiM then FliN beneath it. This broad arrangement is widely accepted, but the

details are contested. In sections|1.1.8.2{and [1.1.8.4| we will look more closely at the

biochemical data on these three proteins, to better understand the contested details.

1.1.8.1 Symmetry Mismatch

The structure of the C ring as seen in EM of purified motors has some interesting

features, particularly relating to symmetry. The top of the C ring is split into inner
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and outer lobes of density (Figure ) Consistently, the outer lobe of the C
ring (presumably containing FI1iM, F1iN and some of FliG) is seen with ~34-fold
symmetry, whereas the inner lobe (presumably containing part of FliG) is seen
with ~26-fold symmetry, identical to the MS ring. This “symmetry mismatch” has
been studied most closely in purified motors from a clockwise-locked mutant of S.
typhimurium|3§]. In that study, MS ring symmetry was found to vary from 23-fold to
26-fold, and always matched the symmetry of the inner lobe of the C ring. The outer
lobe C ring symmetry varied from 32-fold to 36-fold, and was matched by changes in
ring size, consistent with a fixed subunit spacing. There was no clear correspondence
between MS ring and C ring symmetries; i.e. all possible combinations were
observed. Similar results were found in wild type S. typhimurium motors, where
C ring symmetries of 31-fold to 38-fold were observed[83]. In the fusion-deletion
mutant, the reduced C-ring diameter implies ~31-fold symmetry[79]. Furthermore,
although in-situ CryoET structures can not yet resolve C ring symmetries, C ring
sizes are seen to vary widely between species (from 34nm to 57nm diameter) [69,
72]; we can easily imagine a corresponding variation in symmetries. Notably, the
size of the MS ring is conserved between species|69] (Figure . This all suggests
that the stoichiometry of C ring proteins is mismatched to the stoichiometry of
MS ring proteins, and free to vary both within and between species. Although
this mismatch was first observed 15 years ago[79], there is still no consensus as
to what function it serves, or how it is mediated.

Some early hypothesis as to function were that non-commensurate symmetries
were part of a mechanism in which C ring (FIiM and FliN) and MS rings (FIliF
and FliG) rotate relative to each other [79], but this was never very well supported
biochemically, and has been recently disproven by the fluorescence observation of
FliN rotating at similar frequences to the hook[31]. That leaves more structural
explanations, one of which might be that it allows the C ring size to vary without
a change in MS ring stoichiometry. For example, perhaps the C ring can expand
indefinitely through the incorporation of additional subunits, until the linker portion

of FliG connecting the MS and C rings is fully extended. This might explain how
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variation in C ring size between species is mediated|[69, 72|, or even be part of a
dynamic remodelling process, in accordance with growing evidence that FIiM and
FliN numbers in the motor are dynamic (see section [1.1.8.4).

Whatever the function, a mechanical explanation is difficult. In particular, it is
difficult to explain how FliG fits into this story, given that most leading models
include FliG, (the site of torque generation) in the ~34-fold outer lobe of the C ring
(section . One possibility is that 26 FliG’s bind to the MS ring, and that
26 FliG’s are present in the outer C ring, with 8 gaps. 26-fold symmetric stepping
during rotation is often taken to imply 26 FliGs[84, 85]; a flawed interpretation,
given that the outer lobe of the C ring has 34-symmetry regardless of the FliG
stoichiometry. Equally, given that the motor can run with a single stator (section
, it is hard to explain how gaps in the FliG. ring would not halt rotation.
A second possibility is that 34 FliG’s are present in the outer C ring, 26 of which
bind to FliF and the rest are unbound, leaving FliG,, unstructured and dangling
inside the C ring; averaged away in EM structures. For the fusion mutant, these
dangling regions would include entire copies of FliF. A 1:1 FliG:FIliM stoichiometry
is loosely supported by one biochemical study[86], but not at all conclusively. A final
possibility is that FLiG (or at least FIiG,) does not extend to the outer C ring at all,
and is present only in the inner C ring. However, this is inconsistent both with stator
localization in CryoET, and the structure of the fusion-deletion mutant (Figure

ﬂc), which lacks an inner lobe yet includes most of FliG, and remains functional.

1.1.8.2 FIliG

Crystal structures of partial and full-length FliG from Aquifex aeolicus, Thermotoga
maritima and Helicobacter pylori show 3 domains; FliG,,, FliG,, and FliG,. (Figure
[56, 57, 65, 87-89]. These are separated by flexible linkers, mutations in
which are linked to motor switching bias, and which vary in conformation between

different crystal structures[57, 65, 88, 90].
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Figure 1.6: Crystal structure of full length FIiG from Aquifex aeolicus |\

FliG, As mentioned in section [[.1.4] the N-terminal domain of FliG, FliG,, is
exclusively responsible for FliF binding, and requires only the last 46 amino acids,
, , , . There is limited evidence that, in some species, this same FIiF-
binding sequence might promote FliG homodimerization in the cytoplasm prior to
binding FliF. Some cross-linking evidence suggests FliG,, is proximal to FliG,,
in the motor [59], but this is highly controversial [41]. In the deletion-fusion mutant,
most of FliG,, is lost (along with the inner lobe of C-ring density), and yet motors
are still functional. This implies FliG,, corresponds to the inner lobe of the C ring
(separate from FliG,,), and has no important role in switching or torque generation,

consistent with a lack of motility or switching mutants[58|.

FliG. The C-terminal domain, FliG., can be conceptualized as two subdomains:
ARM. and FliG.,_¢ (Figure .

FliG..1_¢ contains the “torque helix”; the site of direct C-ring interaction
with the stator, and thus torque generation. Charged residues along this
helix interact electrostatically with charged residues on MotA, as demonstrated

by targeted intergenic suppression mutants [94]. This interaction is sufficiently
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general that FliG, and MotA from different species make functional motors[95,
96|, as do charge-reversing pair mutations[94]. There is some biochemical evidence
that separate groups of charges are responsible for steering stators into position
above FliG and transmitting the subsequent stator power-stroke[97]. One model,
supported by simulation in silico suggests the charged residues are responsible
only for steering, and the power-stroke is transmitted sterically[98]. This steering
hypothesis is consistent with in-situ CryoTM observations that stators held at a
slightly larger or smaller radius than the C ring can still drive rotation efficiently[72].
Motor switching is widely thought to involve rotation of the torque helix relative
to the stator [56, (57, |85, 88, [89, 98, 99], and may involve rotation of FliG.41_¢
relative to ARM, via a highly conserved|100] linker, as implied by crosslinking
and mutational studies|56, 93, [101H103] and consistent with variation between
crystal structures(Figure [1.7)).

The role of ARM, is disputed. Unlike FliG.,i_g, it is required for motor
assembly[92], and mutational studies in vivo and in vitro (using full-length FliG)
implicate a hydrophobic patch on ARM, in binding to FliM,, [59, 67, 87, 91].
There are also reports of in-vivo crosslinking (albeit low-yield) to support this
interaction[59]. However, studies of FliGe-F1iM binding in vitro have been mixed;
one report of clear binding via ARM.[59] contradicts reports of no binding[104, 105,
very weak binding|65] or weak binding via a region near the FliG.,;_¢ torque helix
rather than the ARM. hydrophobic patch (inferred by NMR)[106]. One possible
explanation is that an ARM.-FliM interaction may occur only in an assembled
motor and not in isolated proteins [104]. Alternatively, perhaps the limited reports
of crosslinking and in-vitro binding|59| are erroneous, while the mutational studies
might be explained by the binding of FIiM via an interface elsewhere on FliG that is
somehow remotely disrupted by the mutation of the ARM, hydrophobic patch[57].
While this seems far-fetched, it is supported by the observation that the deletion of
FliG, from E. coli FliG weakens in-vitro binding to FliM and significantly reduces
the entropic (i.e. potentially hydrophobicity-related) component of the interaction,
yet FliG. alone shows no detectable binding[105]. (Interestingly, the deletion of
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Figure 1.7: Various crystal structures of FliG, demonstrating rotation of FliG.,1—¢
relative to ARM, and intramolecular and intermolecular ARM interaction. a) FLiG,,.
bound to FliM,,, from T. maritima, b) FliG,,. from T.maritima (88|, ¢) FliG,. from
T.maritima \| d)FliG full length from A. aeolicus. Figure adapted from .

FliG. in H. pylori did not have the same effect, pointing to differences between
species which might confuse this issue.) We will discuss an alternate plausible role

for ARM,, before returning to this FliM-binding hypothesis.

FliG Armadillo motifs ARM, and ARM,, in FliG,, are so-called because they
resemble armadillo (ARM) motifs. These 3-helix motifs are found in a broad range
of eukaryotic proteins, where ARMs stack together via hydrophobic interfaces to
form a superhelix[107-109]. Genomic evidence that ARM motifs may be common
in prokaryotes and archaea is just beginning to emerge, but has not been
verified: ARM domains remain poorly characterized outside of eukaryotes. The
role of ARM, and ARM,, in FliG are controversial.

Unlike the well-characterized eukaryotic ARMs, ARM,. and ARM,,, have a linker
between them. However, they both have hydrophobic patches as expected,
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and every FliG,,. crystal structure so far shows ARM-ARM stacking via the
hydrophobic patches, consistent with the eukaryotic model[56}, |57, 65, |87} 88, 104,
105] (Figure [1.7). Intriguingly, in one of these structures[65] (and in another
with some ambiguity[88]) the linker between the two ARMs, HelixMC, is partially
unfolded which allows intramolecular ARM stacking (i.e. ARM. and ARM,,, from

within the same protein are bound to each other)(Figure [1.7p-b). However, in

other crystal structures, HelixMC is longer, making an intramolecular ARM stack
impossible, and instead an intermolecular ARM stack is seen (i.e. ARM, is bound
to the ARM,, of a neighbouring FLiG)[56] 57, B7](Figure [L.7c-d). The nature of
the ARM stack in the working motor is a key point of contention, and will be
a central component of this thesis.

One argument proposes that ARM stacking is a crystallographic artefact,
consistent with a failure to detect inter-F1iG cross-linking in vivo[59]. However, a
more recent study has shown intermolecular ARM crosslinking in membrane-bound
(i.e. motor-bound) fractions of FliG, explaining the previous null result as an
over-expression artefact[111]. The growing body of evidence for physiologically
relevant ARM stacking also includes evolutionary covariance[l11], solution SAXS
structures[111], MALLS|104] and pulsed dipolar ESR spectroscopy (which measures
distances between labelled sites in vitro)[104].

This leaves us with two models for the role of ARM.. In one, the hydrophobic
patch of ARM, directly binds to FliM and the two ARM domains do not interact in
vivo. In another, ARM, is bound to ARM,,,, and ARM, only binds FliM indirectly
through ARM,, (see below). The balance of evidence is shifting towards the latter

model, or perhaps a mix of the two.

FliG,, FIliG,, consists of ARM,, (see above) sandwiched by two linker helices;
HelixMC and HelixMN. Crosslinking evidence suggests that neighbouring FliG,,
are in close contact in the motor [101]. Uncontested biochemical|87] (89 91} 100,
102, (105, [112] and crystallographic [59, 65, 87, 104}, 105] evidence shows that FliM,,,

binds to FliG,, via a conserved EHPQ motif and a hydrophobic pocket formed by
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HelixMC and the bottom of ARM,, (e.g. Figure[l.7h) (not to be confused with
the hydrophobic patch on the top of ARM,, which mediates the interaction with
ARM,, or the proposed FliM binding site on FliG,).

The physiological arrangement of HelixMC is not entirely clear. A conserved Gly-
Gly motif joining HelixMC with ARM,. is important for switching [90] and expected
biochemically to be a flexible linker[87] consistent with crystal structures[57} (65|
87] and limited proteolysis experiments[88|. Variation between crystal structures
also shows that the linker between HelixMC and ARM,, is flexible[88]. Limited
proteolysis and switching mutations suggest HelixMC itself is flexible and heavily
involved in switching[88|, 90].

In some crystal structures[57, [87, [88] (e.g. Figurdl.7c,d), HelixMC is in
an extended form which prevents intramolecular ARM stacking and promotes
intermolecular ARM stacking. In this extended form, part of HelixMC may stack
against ARM,,(e.g. Figurdl.7d) or point away from it(e.g. Figurdl.7c), maybe
stacking against a neighbouring ARM,,, in the process[88]. Mutations expected to
disfavour the former configuration are associated with CW switching mutants[57} 8.
In other structures (Figurdl.7h,b), including all FLiM,, co-crystals (e.g. Figure[l.7h),
the ARM,,,-proximal half of HelixMC structured and stacked against ARM,,, while
the rest is unstructured and often not resolved at all, allowing an intramolecular
ARM interaction. In the FliM,, co-crystals, the structured part of HelixMC forms
part of the FIiM binding interface, consistent with all the biochemical evidence
mentioned above[59, 65 104, [105].

Some argue that the extended form is unphysiological, and in some structures
may be stabilized artificially by crystal contacts[65, [87]. Others argue that these
crystal contacts are physiological, and that the extended form of HelixMC is
not only physiological but (consistent with HelixMC switching mutants) may
mediate interaction with neighbouring FliG units, either directly [88] or by allowing
intermolecular ARM stacking [57, [111]. As FliM binding to the motor is dynamic
(see below), it is also conceivable that transitions between a FliM-stabilized compact

form and an extended unstacked form might be related to the switching mechanism.
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1.1.8.3 FIliG domain-swap polymerization model

A recent study by our collaborators[111] uses small angle X-ray scattering (a
very low-resolution measure of protein conformation in solution) to argue that
monomeric FliG switches between compact and extended forms (Figure [1.8h).
Their in vivo crosslinking additionally implies intermolecular ARM stacking (and
therefore an extended form) in the motor, consistent their earlier model of motor
structure [57]. Thus, they propose a novel assembly model where FIiG is largely
in compact form in the cytoplasm, preventing aggregation (consistent with an
observed lack of cytoplasmic FliG-FUiG interaction[78]). Then templated at high
effective concentrations by the MS ring however, rare transitions to the extended
form would be locked in place by intermolecular ARM stacking (Figure )
This assembly model is not obviously consistent with the observation that crystal
structures favour the compact form in the presence of FIliM and that the extended
HelixMC is usually seen stabilized by crystal contacts. Momentary unstacking of
the ARM motifs should also carry quite an energetic penalty. Therefore evidence for
the model is not overwhelming. However, its appeal is that it explains how FliGs
could be tightly bound in the motor (facilitating switching co-operativity), while
avoiding self-interactions in the cytoplasm. It also provides a possible explanation
for the symmetry mismatch, as templated polymers of extended FliG display ARM
binding sites that could recruit cytoplasmic FliG even in the absence of a spare
template site (Figure ). In addition, although they are evolutionarily distinct,
recent studies on FliM and F1iN (section hint that they might assemble
by a similar mechanism, implying this could be a common feature in the assembly
of large protein complexes. Testing the FliG domain-swap polymerization

model will be a primary aim of this thesis.

1.1.8.4 FliM and FIliN

Early EM studies on isolated motors established that FIiM and FIiN make up most
of the mass of the C ring[53]. Biochemical studies consistently show that FliM
interacts with itself, FliN and FliG [58|, 89, |102, [112116] whereas F1iN interacts
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Figure 1.8: a) Compact and open forms of FliG. Red = ARM-ARM stack. Yellow =
HelixMC. b) Templated domain-swap polymerization. ¢) Domain-swap polymerization
as an explanation for gap filling. C,M,F represent FliG,, FliG,, and FliG, respectively.
Figures adapted from [111]

with FIiM but no other C ring proteins [46| 58, |61} 114, |116]. Combined with
crystallographic evidence that the FliG-binding domain of FliM is opposite the
FliN binding domain[89], this indicates F1iM is in the middle of the C ring and
FliN is at the bottom (Figure [1.3)). We will also see strong evidence that F1iM and
FliN pre-associate before assembly into the motor, and act as as one unit: thus,
we will discuss them together. As with FliG, we will look at the subunits on FIliM

and FIliN in turn, before focusing on the details of CheY binding.
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FliM,, FliM,, can be considered in two parts. At the N-terminus, a highly
conserved 16 residue sequence has long been established as the primary site for CheY-
FliM binding[116-118]. This CheY-binding peptide has been co-crystalized with
CheY|119-121], and remains at least partially structured in CheY’s absence[106].

The remaining ~35 residues of F1iM,, have never been crystallized, consistent
with size exclusion chromatography|115] and NMR]|106] which both point to a
disordered, flexible linker. The sequence of this linker is poorly conserved, except for
a highly conserved but poorly understood Asp/Tyr pair which may have some role
in switching[106, (112, 115]. A five-residue extension of the linker has minimal effect
on motor function|112], whereas 10 residue deletions disrupt CheY binding[116]
and therefore switching[118], but nevertheless do not inhibit rotation or motor
assembly[118]. Indeed, some species have motors without F1iM,,[16]. Thus, F1iM,,

serves only as a CheY-binding domain on a flexible tether.

FliM,, FliM,,, a structured globular domain, has been structurally well-characterized,
both alone [115] and in association with FIiG,,[89, 104} |105].

The region surrounding a very well-conserved|100] GGXG motif is the site
of binding to FliG,,, consistent with a range of biochemical, mutational and
crystalographic evidence[59, |87, [89), (1045106, 112, [116]. This is also the same
site implicated in the contested binding to FIiG,. (section , and is opposite
FliM,,,’s N and C termini, where we expect CheY and FIliN to bind via FliM,,
and FliM. respectively (e.g. Figure [1.9h).

While strong FliM,,,-FliM,,, association outside the motor requires at least one
FliM,, to have FliM, attached[78, 118], in vivo crosslinking in the motor has
mapped out extensive surfaces of FliM,,-FliM,,, interaction, consistent with a ring
of parallel F1iM,,[89, (101}, 102} 104} 115]. Variation of crosslinking yields with
motor switch state and differential clustering of switch-biasing mutations along
the interaction surfaces suggest that relative movement of adjacent FliMs is part

of the switching mechanism[89, 104, 115].
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Although FliM,, is the main site of CheY binding, there is increasing evidence
that FliM,, also has a CheY-binding role. FliM itself has distant sequence and
structure homology to a class of CheY phosphotases which includes CheC, CheX
and FLiY[106, 115] (the last of which is an additional C ring protein in some species
(see below). While F1iM,,, lacks the conserved features associated with phosphotase
activity, there is mounting evidence that it weakly binds to the phosphorylation
site of CheY|[106]. Some evidence suggests this disrupts FliG.-F1iM,, binding,
but not FliG,,-FliM,, binding[106].

FliM. and FliN interaction FIliM, is established as the sole site of binding to
FIiN|[78, 116], consistent with a F1iM-FIliN fusion protein that produces functional
motors (albeit enhanced by the addition of extra free F1iN)|122| |123]. A truncated
FliN has been crystalized as a homodimer, and in solution (without F1iM) forms
dimers (7. maritima) or tetramers (E. coli)[114]. Contacts elucidated by crosslinking
are consistent with donut-shaped tetramers (dimers of dimers) which fit the EM
density at the bottom of the C ring[55] (figure [[.9h). FLM and FILN exist as
complexes in solution, and indeed FliM cannot be stably purified without F1iN[113|
114}, 124, |125]. Early reports estimated the stoichiometry of these complexes
at 1:4 FIIM:FliN|[63] 64, [114], and models based on crosslinking and mutations
proposed that FliM,. alternates with F1liN tetramers along the bottom of the C
ring[55) [126] (Figure [1.9h).

More recently however, an alternate model has gained traction, inspired by study
of FliM and FliN homologues in the T3SS, a new crystal structure of the FliM-FIiN
fusion and the use of analytical mass spectrometry[123} 127]. In brief: FliM. and
FliN contain SpoA domains, which have remarkable structural similarity. In much
the same way as FliN forms a homodimer, FliM, and FIiN may form a heterodimer
(as crystalized in the form of the FIiM-FIiN fusion[123]). And in much the same way
as two FliN dimers are expected to come together and form a doughnut tetramer,

one FliM-FIliN dimer and one FIiN-FIiN dimer are thought to bind and make a 1:3
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FILiM:FliN complex, consistent with some older biochemical measurements of F1iM
and FliN stoichiometry in purified motors (~35 and ~111 respectively[128]).
The T3SS equivalent of this unit (comprising 2 FIiN homologues and a F1iM-FIiN
fusion homologue) shows oligomerization in solution consistent with an open lock-
washer conformation. Mutational studies suggest this oligomerization is necessary for
T3SS function, and when this arrangement is extrapolated to FIiM-FIliN (Figure )
the resulting structure is both consistent with crosslinking and mutation mapping,
and a convincing fit for the EM density seen in purified C rings (figure [1.9¢)[127].
Although the FIiM:FIiN units are less prone to oligomerization in solution then
their T3SS equivalents, it is tempting to think they might be in conformational
equilibrium between open and closed forms (figure ), and assemble into the motor
by the same domain swap mechanism proposed for FliG. This remains untested, but
if this were true despite the non-homology of F1iG and FliM/FIiN, it would indicate

convergent evolution that may be replicated in many other protein assemblies.

FliN function FIiN is known to have two main functions, both associated with
the same conserved hydrophobic patch on a FIIN-FIN dimer|[114} 126] |129]. Firstly,
this patch is implicated in switching dynamics[114} [126,|129]. CW-biasing mutations
here can often be reversed by overexpression of CheY[129], but direct evidence of
CheY binding has been observed only recently. In witro, it turns out that CheY
binds well to FIiN, but only once CheY has been activated by phosphorylation
and binding of the FliM,, CheY-binding peptide in the relevant CheY binding
pocket[130]. Additionally, this same patch is essential for the binding of F1iH,
through which FIliN templates all of the cytoplasmic export apparatus. FIiN is thus
necessary for flagellation|125] 129, |131], [132]. This interaction has been measured
in vitro[129, |132] and the ~10 residue peptide at the end of FliH responsible for
binding[133] has recently been crystalized bound to the FLiM-FIliN fusion[123].
Given that differential crosslinking yields imply relative movement of FIliN and
FliM, during switching, it is likely that F1iN moves during switching|126], perhaps
altering the accessibility of the CheY and FliH binding sites.
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Figure 1.9: a) Older model of FIiN tetramers in the C ring[126] b) recent model of 1:3
FLiM:FLiN complexes[127] ¢) Docking of the above into EM structure of the lower C ring
d) Prospective FliM/N domain swap model

While the C terminal 2/3 of FIiN includes the conserved binding patch and the
SpoA domains responsible for FIiN-FIiN and FIiN-FIliM interactions, the N terminal
~1/3 of FliN is poorly conserved and not essential for motor function[125] [134]. Its
deletion does however cause some limited inhibition of the motor, and it has
been proposed to modulate CheY binding by competitively blocking the binding
patch , . Presumably, this could also block FliH binding.

CheY binding We have painted a rather complicated picture of CheY binding.
CheY has a phosphorylation site, and when phosphorylated, the surrouning surface
binds weakly to FliMm. Opposite the phosphorylation site is a binding pocket
for the FliM,, CheY-binding peptide, the affinity of which again is much higher
when CheY is phosphorylated[117, [119]. Finally, CheY binds to FLN, with some

mutational evidence that this is mediated by the peptide-filled binding pocket on
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CheY[130]. The elucidation of these 3 interactions has led to a “tethered bait”
model where phosphorylated CheY binds first to the F1iM,, peptide, which then
increases the local concentration of CheY, promoting subsequent binding to FliM,,
and/or FliN| either of which could plausibly linked to conformational switching
of the motor[106, (126] 130]. This could perhaps reconcile the co-operativity of
switching with the failure to observe co-operativity in CheY-P binding[135].

Switching Besides the details of CheY binding, there are other aspects of switch-
ing which remain unclear. For example, in section [[.1.3] I claimed that switching
was stochastic, and the concentration of cytoplasmic CheY-P alters the bias of that
switching. While this is the canonical view|[5, 35|, observations of synchronised
switching between motors has fuelled a minority view that switching events are not
stochastic, but always the result of a change in CheY-P concentration|136-139).

Additionally, there are numerous observations that frequency of switching is
dependent on motor load and speed [140-143]. Mechanisms to explain this have
been proposed[144, 145], but not tested.

Switch sensitivity to temperature has also been observed; indeed, motors in the
absence of CheY usually rotate CCW, but can switch to CW if the temperature
is dropped[146]. This may indicate that hydrophobic surfaces are exposed in the
CW state, given that the free-energetic penalty for exposing such surfaces would

decrease at lower temperature[89).

FliY An additional C-ring protein, FIiY, is expressed in a number of species,
both with (H. pylori) and without (B. subtilis, T.maritima) separate expression of
FliN[147]. The sequence mirrors the three-domain structure of FliM; N domain with
a conserved CheY-binding peptide, a middle domain related to a family of CheY
phosphatases, and a C domain homologous to FliN[147]. However, whereas F1iM,,,
binds CheY-P only weakly (requiring assistance from F1iM,,) and has no phosphatase
activity, F1iY,, binds CheY-P strongly (without FIliY,, assistance) and retains strong
phosphatase activity[147, 148]. Recent evidence also suggests that FIiY may be

expressed both as a full length product and a truncated product containing only
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the FliN-homologous part; analagous to the expression of the FIiM-FIiN fusion
homologue of the T3SS[127]. Cryo-ET images of C rings in FliY-containing species
do not look obviously different to those of FliY-lacking species[147]. However, as
FliY shows no FliG-binding activity[147], its function in the ring is likely distinct
from FliM. While it is likely that F1iY,. incorporates into the bottom of the C ring
as FliN does, it is unclear whether FliY,, incorporates into FliM,, ring (perhaps
leaving gaps in the FIiG ring above), or is disordered. It may even be possible
that only truncated (FliN-homologous) FliY incorporates into the motor; this will

only be resolved with further experiments.

1.1.8.5 C ring Turnover

Turnover, i.e. the continual dissociation and association of components in the
working motor, was first observed in GFP-tagged stators in live E. coli[149]. Stators
recruited to the motor were seen to last only ~30s before diffusing away. Later
studies showed that the recruitment of stators to the motor is sensitive to the stator’s
conjugate ion motive force|150H152] and the external load on the motor[153-155],
indicating dynamic adaption of the motor to changing conditions, alongside a
load-sensing role.

This inspired the discovery that FIiM and FIliN are also undergoing turnover.
Multiple studies have painted a reasonably consistent, but complex, picture. Firstly,
all observations are consistent with the notion that F1liM and FliN join and leave
the motor as pre-assembled FliM;:FliN, or F1liM;:FIliN3 units (see above)[62}, 64].
Secondly, some sub-population of FIiM:FI1iN units in the motor are tightly bound
(not exchanging), whereas another population is weakly bound (exchanging on a
~30s timescale). Thirdly, increased CW rotation bias (whether induced by FliG
mutation or CheY-P concentration) results in fewer tightly bound F1iM:FIliN units
and fewer FIiM:FIliN units in total[62-64], consistent with a model where the C
ring presents a constant number of FIiM:FIliN binding sites, and rotation direction
changes the proportion of those which are weak-binding (and thus only partially

occupied)[62]. This has been explained as a mechanism to tune motor switching
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sensitivity to the average CheY-P concentration over a long time scale (~minutes)|7,
35}, 1156]. Thus, as with the stators, turnover serves to adapt the motor to changing
conditions. A mechanistic description of the mechanism has not been elucidated.

The dynamic nature of FIiM and F1iN stoichiometry also confuses the symmetry
mismatch issue, and there is disagreement as to what the upper (CCW) and lower
(CW) limits of FliM;:FliN; stoichiometry are. Purified CW and CCW motors
display the same C ring symmetry in EM[30, [38], offering little guidance. One
school of thought is that the lower limit of stoichiometry corresponds to a complete
34-fold ring, which can be expanded by additional FliMs[62]. Another is that weak
and strong binding sites correspond to the (disputed) separate F1liM binding sites on
FliG,, and FliG.[64], with the two sites perhaps creating two concentric F1iM/FIiN
rings with gaps, or perhaps a single ring (with or without gaps) plus additional bound
but unstructured FliMs/FliNs, dangling inside or outside the ring. Alternatively,
perhaps the upper limit of F1iM stoichiometry corresponds to a full 34-fold ring
as seen in cryo-EM, and lower stoichiometries correspond to a ring with gaps|61,
63]. This corresponds with some estimations based on fluorescence intensities|61,
63], and perhaps relates to C-ring gaps seen in early cryo-EM images of single
purified motors[157] and more recently in in situ with cryo-ET[15]. Presumably
conformational spread requires at least one protein to form a gapless ring, in which
case models with gappy FliM/FIiN rings require FIiG to mediate conformational
spread, and be gapless (i.e. present in 34-fold stoichiometry).

This story is also potentially complemented by recent observations of turnover
in the T3SS analogue of FliM;:FliN; [28]. While the total number of units is
approximately constant, they turn over, with a timescale dependant on whether
the T3SS is actively secreting and whether the export ATPase (see below) is
catalytically functional. In addition, the large number of units (~22) inferred by
fluorescence [28] and the biochemical evidence for inter-unit bonds[127] point to
the T3SS having a BFM-like C ring, whereas most in situ Cryo-ET structures
show no density where a C-ring ought to be[158, |159], or distinct “pods” of density
connected to the export ATPase, but not joined into a ring[160]. The latter result
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has driven speculation that some F1liM;:FliN3 homologues are weakly bound and
not visualised at all, while others are more strongly bound through anchoring to
the export ATPase[127]. While the turnover studies in the T3SS did not explicitly
quantify strongly and weakly bound populations|2§], it is tempting to speculate
that the export apparatus may be involved in BFM FliM;:FliN3 turnover. A role
in constraining C ring size is also conceivable[41].

Turnover of FIiG has been hard to probe until recently due to the difficulty
of obtaining a functional fluorescent protein fusion, but recent work in our lab

(manuscript in preparation) suggests a complete absence of FIiG turnover.

Assembly In addition to the above, there are also open questions regarding
assembly.  While the sequential assembly of FliF, FliG, FliM, FIiN and the
cytoplasmic export apparatus is well-established, it is unclear if rings form strictly
sequentially (i.e. FIiF ring forms, then FIiG ring forms, then FliM ring forms, etc)
or if the process is more co-operative (i.e. FIiG ring does not fully assemble without
help from FliM, etc.) I would argue that available evidence points to the latter:
recall that in purified basal bodies of the FIiF-FIliG fusion, ordered FliG density in
the C ring is only observed if FliM and F1liN are present|44], suggesting disorder
in the absence of FliM and F1iN (or, alternatively, damage during the purification
process that removes F1iM and F1iN). Similarly, mutation of the FliM,, F1iG-binding
motif can reduce FliG-FliG crosslinking yields|89]. Finally, an in vivo fluorescence
study of part-assembled motors using GFP-tagged FliF, FliG and FliM in E. coli
showed less FliF when FliG was deleted, less FliG when FliM was deleted and less
FliM when FliN was deleted, hinting strongly at a co-operative assembly process,
with the caveat that the bulky fluorescent proteins might be destabilizing native
interactions[46]. Some studies even show that, for example, the FIiF ring (at native
FIiF concentration) does not form at all without FIiG[47]. Likewise, in some species,
FliM does not obviously incorporate into the motor without FI1iN [161]

The above fluroescence study along with others (e.g. FliM and FIliN turnover

studies) also note three well-defined populations of fluorescent foci: fixed bright
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spots at the cell pole (plausibly aggregates), fixed medium-intensity spots always
seen at the site of working motors, and ~45% dimmer spots which are mobile in the
cell membrane and do not exhibit FIiM/FLiN turnover|46, (61, 63, 162]. The dimmer
spots, assumed to be assembly intermediates (perhaps mobile because their hook/rod
has not yet punctured the cell wall) make up a substantial fraction of observed
spots; more than half in some reports[46]. The exact nature of these intermediates
and their abundance remains to be explained. The bright spots at the cell pole also
exhibit turnover[46|, perhaps a hint that they are more than just aggregates.
We have already mentioned gappy C rings occasionally seen in situ with cryo-
ET[15]. This includes motors which seem to lack a C ring entirely, despite having
fully formed flagella (which we know requires a C ring to assemble). Again, these

structures are poorly understood.

1.1.9 Export Apparatus

We have covered the C ring in comprehensive detail, as it will be central to the
aims of this thesis. The remaining parts of the motor are less central, and we
will cover them in less detail.

The sequential construction of the rod, hook and flagellar filament (refer to fig
) requires the delivery of protein components down a narrow channel inside the
growing rod /hook/filament. This is orchestrated by the export apparatus, which
must identify the current stage of construction, select the appropriate components
from the cytoplasm, potentially unfold them (to fit through the narrow channel),
and feed them into the pore[25]. This is non-trivial.

The export apparatus is assembled from many different protein families, which
we can broadly divide into membrane-embedded and cytoplasmic parts. The
membrane-embedded parts (green in figure [I.3h) include FliP/FliQ/FliR/FlO,
about which not much is known, and FIhA/FIhB. All are associated with the
MS ring. FIhA has a cytplasmic domain (F1hA.), expected (by comparison with
cryo-ET of its T3SS analogue) to form a nonamer ring inside the C ring[47, 160,

163]. Fluorescence studies suggest that in FE. coli FIhA assembles before FliF
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with ~20fold stoichiometry[46], whereas in S. typhimurium it assembles after FIiF
with ~10fold stoichiometry and cooperatively with the other membrane-embedded
export components[47]. FIhB also has a cytoplasmic domain (F1hB,) which interacts
with FThA.[164], together forming the “export gate”[165], thought to be the site
of binding for export substrates|166].

The cytoplasmic components, Flil /FliH/F1iJ are notable for their homology to
the Fy part of F1Fy ATP-synthase[167]; another rotary motor (Figure|l.3|c). Briefly,
F1il is homologous to the a and 8 subunits of F'1 which form a 3-fold symmetric barrel
that undergoes conformational changes driven by ATP binding and hydrolysis, FliJ
is homologous to the barrel-embedded rotor (v subunit) which rotates as a result of
those changes, and FliH is homologous to the stator which holds the barrel in place.

FliH and Flil form stable FliHyFlil; complexes, and FliH has a short peptide
tag on the end which can bind either to the hydrophobic patch of FIiN or to FIhA..
Current understanding is that these subunits assemble onto the bottom of the C
ring, which (together with ATP-binding and the addition of FliJ) promotes the
formation of a Flilg barrel, highly similar to its ATP-synthase homologue[165, [167].
The FliJ in this barrel then docks into the FIhA, ring[168].

FliH,Flil; complexes also play a second role, which is binding to export subtrates,
usually accompanied by a substrate-specific chaperone protein (which may possibly
compete with FliH for binding to FLiI[169]). As FliH and FIliI both have FIhA.-
binding activity, they presumably help shuttle substrates to the export gate,
consistent with observations of Flil turnover (albeit not fast enough to account
for typical export rates)[165]. FUil is implicated in ATP-aided cheparone-removal
and substrate unfolding, in preparation for export[170].

Despite all this, FIil is not essential for export; its absence can be overcome
somewhat by mutations in FIhA /FIhB, overexpression of other export proteins or
an increase in PMF, which is the real driving force between substrate export, rather
than ATP hydrolysis[166, [L171]. Biochemical evidence points to FIhA forming the
H* pore which must facilitate this. In some species, export can additionally utilize a

sodium motive force (SMF)[166]. The role of the FlilgFliJ; ATPase seems to be that
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of a rotary ignition key, which somehow switches the export gate into a more efficient
mode of export|166, [172]. This requires ATP hydrolysis, but only at a low rate[173].

FIhA. has been crystallized as 4 separate flexibly-linked domains[174} |175], and
isolated monomers weakly bind all substrate-chaperone complexes with varying
affinity[176]. It is likely that a conformational change in the ring of FIhA (and
probably F1hB) switches the affinity for rod/hook/filament proteins, co-ordinating
assembly[174]. It is already known that a molecular ruler, FliK, senses the length of
the hook and triggers a switch in substrate-selectivity through an interaction with
F1hB|25] which involves FIhB self-cleavage[177]. Slow turnover has been observed in
GFP-tagged FIhA[46, |47] (though not the T3SS analogue [28]), and is unexplained.

The actual tagging of proteins for export is poorly understood: unstructured
N-terminal sequences are typically seen, but are not sufficiently similar that it is
easy to identify export-tagged proteins. Some proteins, but not others, require
additional tag sequences|25]. Information from untranslated regions of mRNA also
seems to be used for substrate recognition[178].

The details of protein export through the growing rod /hook/filament are also
hotly contested; some propose that single-file diffusion of substrates down the
channel is sufficient, while others suggest that export substrates are bound together
in a long chain, and folding of proteins once they exit the channel helps pull

through subsequent proteins|25].

1.1.10 Rod, Hook and Filament

Rod and Bushing The Rod is complex; joined to the FliF ring with FIiE and
comprising of FlgB, FlgC, FlgF and FlgG, all of which are similar and excreted
by the export apparatus[17, [179]. A FlgJ cap on the growing rod is involved in
rod formation, and hydrolyses peptidoglycan, allowing the rod to pierce the cell
wall[180]. A variety of accessory proteins in the periplasm facilitate the construction
of the P and L rings (Flgl and FlgH respectively; Figure [1.3p) around the rod,

presumably acting as a motor bushing[17]. In addition, the P-ring either scaffolds
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stators[181] or scaffolds additional rings which themselves scaffold stators, depending

on the species (section [1.1.11])[72].

Hook and filament The hook (FlgE) adjoins the rod, constructed with the aid
of a FlgD cap which dissociates after construction. Hook length is regulated at
~55nm, ~120 copies of FlgE. Helical rows of FIgE (Figure [L.10R) can compress
and expand as the hook rotates, allowing it to act as a universal joint; flexibly
translating rotation from the motor axis to the axis of the filament. This enables
flagella bundle formation|17, [182].

The adapter proteins FlgK and FlgL join the flexible hook to the more rigid
filament, constructed of FliC (flagellin) with the aid of a FIiD cap. The filament may
grow up to 15um or longer, incorporating upwards of 20,000F1iCs. FliC may switch
between two forms corresponding to right handed or left handed protofilaments; the
helical shape of the filament comprises a mixture of these forms (Figure [L.10p,c).
A change in motor direction exerts a force which switches the handedness of the

filament through a change in the ratio of F1liC conformations|} (17, [183]

1.1.11 Stators

Structure The stators, the “fixed” elements of the motor (relative to the cell)
are stable 4:2 complexes of the integral membrane proteins MotA and MotB|[185],
which together form selective ion channels in the inner membrane[186] that are
responsible for transducing electrochemical energy into mechanical energy.
MotA has large cytoplasmic loops containing the charged residues essential for
torque generation through an electrostatic interaction with FliG, as discussed in
section [93, 94, |187]. MotB on the other hand is mostly located in the
periplasm. While stator crystal structures are limited to some periplasmic parts of
MotB[188|, crosslinking studies have mapped the rough relation of transmembrane
helices[189], which show two trans-membrane channels formed at MotA:MotB

interfaces. Protonation of a conserved aspartate residue projecting into these
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Figure 1.10: a) Crystal structure of FlgE docked into EM structure of the hook[184] b)
Filament structure determined by mixture of L-type and R-type conformations of FliC
c¢) FliC arrangement and EM structure of the filament

channels from MotB is almost certainly linked to a conformational change which
propagates down to the cytoplasmic loops of MotA[94] 190].

The stator channels only conduct when incorporated into the motor[188| [191].
Outside the motor, a “plug” in the periplasmic part of MotB blocks the channel
. The removal of this plug (speculatively triggered by MotA-FliG interac-
tion[193]) is probably associated with an extension of the periplasmic part of MotB,
allowing peptidoyglycan-binding and periplasmic-disc-binding motifs (see below) to
reach their respective targets . The periplasmic part of MotB also seems

to be involved in the load-dependancy of stator incorporation (see below)[195].

Diversity of conjugate ions While the stators of E. coli and S. typhimurium

are powered by H* transit, a great many other species have stators powered by Na™.
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Recently, reports of a K /Rb*-powered stator in Bacillus alcalophilus (associated
with alkaline K*-rich environments)[196] and a Ca*"/Mg*T-powered stator in a
Paenibacillus sp. strain (isolated from a Ca?*-rich hot spring)[197] suggest a wide
range of possible coupling ions reflecting a variety of bacterial habitats.
Excepting a few small differences[95, [198], H" and Na™ stators show remarkable
similarity in their structure and interaction with the motor, to the extent that
functional hybrid motors (rotors and stators from different species) and hybrid
stators (mixed MotA and MotB sub-domains from different species) are easily
engineered[95, 199]. Even the Na™ stator of T. maritima, an ancient hypertherophile
genetically very distant from FE. coli, is functional in the E. coli motor if the
periplasmic MotB domain is replaced with its E. coli equivalent[200]. A number of
species have now also been found in which the same rotor is powered simultaneously
by H* and Na™ stators[151} |201]. Although the new K*/Rb™ and Ca*"/Mg*"
stators have been less well studied, the former is functional in E. coli motors|196],
and the latter is both functional in B. subtilis motors and naturally co-powers
a single rotor alongside a H stator[197], suggesting compatibility and similarity

amongst all known stator types.

Assembly into the motor Expression of stators in a stator-deletion background
leads to a stepwise recovery of motor speed, suggesting that stators are independent
torque-generating modules[202]. Fluorescent studies in E. coli and a number of
other species show continual assembly and disassembly of stators in the motor,
with a typical half life of ~30s|149-151]. Rates of turnover are responsive to ion
motive force, which is required for stator localization to the motor in some cases,
and responsible in dual-ion motors for tuning the ratio of stator types|150, |151].
Turnover is also responsive to torque on the motor[153H155], recruiting extra stators
to compensate for increased load, and plausibly mediating the surface-sensing role
of the BFM in biofilm formation[18].

In E. coli, the periplasmic part of MotB interacts with the periplasmic P ring

(Flgl, Figure [1.3p)

181], whereas in some other species the P ring may template
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a variety of related periplasmic structures which themselves interact with the
periplasmic part of MotB[69] [72, [203] (Figure [1.5]). These various structures
may serve to stabilize the motor at high rotation speeds (e.g. in the high speed
motor of V. fischeri)|188] [204] and / or increase the motor torque output by
increasing the number and radius of stators[72]. Freeze-fracture EM images, steps
in speed recovery and fluorescence studies all suggest a maximum of 11 stators in
the E. coli motor, whereas Cryo-ET studies show 13-fold[72], 16-fold[69], and 17-
fold[72] symmetry of stator placement in various species with extended periplasmic
structures. Interestingly, motors with these extended structures have stators much
more detectable in Cryo-ET than those of E.coli type motors, possibly hinting
that the stators may be more stably incorporated|69, [72]. Interaction with these
periplasmic structures has been shown to be necessary for stator incoporation into
the motor in a number of species|72| [188] 205, 206].

Additionally, it has been shown in E. coli/S. typhimurium-type motors that the
FliG,-MotA interaction is necessary (at wild-type expression levels) for efficient
stator incorporation into the motor|97, [207, 208]. A recent report also suggests
that in a number of species, peptidoglycan maturation enzymes (and therefore
stator-peptidoglycan interactions) are also necessary[209]. Thus, it seems likely
that stators rely on multiple interactions to localize at the motor, presumably

coupled to an unblocking of the ion channel.

1.1.12 Accessory proteins

In addition to the core motor proteins outlined above, I will briefly outline some
of the additional proteins which apparently interact with the motor. Note that
many of these are postulated to interact with FliG, and thus could be relevant

to templating of FLiG in wvitro.

YcgR  YcgR appears to downregulate motor activity in response to high levels of
Cyclic di-GMP; a signalling molecule associated with a switch to surface adhesion

and biofilm formation[210, 211]. It both acts as a brake on the motor [212] and
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introduces a strong CCW motor bias[210} 213]. It is thought to operate by adjusting
the FliG.41_¢-MotA interface[56) 212, 214, |215], but there is great disagreement
about whether this is mediated by binding to MotA[46, 211, [212] or FliG/FliM[56,
213, 214]. There is even some suggestion that YcgR could be a permanent part
of the motor|214], though this is inconsistent with fluorescence studies in some
species|211]. In Pseudomonas aeruginosa, a YcgR homologue inhibits surface
motility by tuning competition between two distinct sets of H' stators (only one
of which is swarming-competent). Strains lacking this homologue additionally
have altered cyclic-di-GMP levels, hinting that perhaps YcgR it is responsible for

communicating the output of the torque sensor.

FRD Fumarate Reductase (FRD) binds to F1iG[46, 216] in response to increased
levels of fumarate, increasing CW rotation bias[217-219]. It essential for chemotaxis
in some bacteria, while completely absent in others|216]. As fumarate is involved
with cell metabolism, this presumably modulates motor switching in response to

cell metabolism, perhaps contributing to energy taxis.

H-NS H-NSis a DNA-binding protein involved in the regulation of BFM pathways.
However, a body of evidence says that it additionally binds to the motor directly
via FLiG[46 91, 220], explaining non-motile (but flagellated)[221] and speed-
increasing|222] mutants. Recently, a strong argument has been made that these
mutants can be explained via indirect regulatory effects, and that much of the
evidence for direct H-NS-FIiG interaction can not be reproduced or is weak[223].
Measurements of in-vivo FRET binding[46], however, have yet to be explained.
Thus the case for direct H-NS interaction with the motor, along with the possible

role of such binding, is unclear.

FLiL FIlL is an inner-membrane protein with both periplasmic and cytoplasmic
components[224], observed in B. burgdorferi Cryo-ET to sit between the motor and
stators in the periplasm[225]. Its role varies between species, but always seems to

involve stator-rotor interactions. In S. typhimurium it is essential for swarming
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motility, associating with the motor[226] via FliF, FliG and the stators[46, |227]
and stabilizing it at high load (i.e. during swarming), preventing the ejection of
the filament[228] and increasing torque generation[227]. In C. crescentus on the
other hand, it aids ejection of the filament; part of a regulated transition during
surface adhesion[229]. In V. alginolyticus it aids stator incorporation into the motor,
especially at high loads[224], and in R. sphaeroides|230] and B. burgdoferi[225], it is
essential even for swimming motility. In both E. coli[231] and P. mirabilis[231-234]
it is not essential for swimming, but clearly plays some role in surface sensing, and

triggering the transition from swimming to surface-swarming morphology.

EpseE EpseE is another protein involved in biofilm formation, halting flagella
rotation[235] in B. subtilis through a clutch mechansim; binding to FLiG and

somehow disengaging it from the stators|236].

Hsp90 Heat shock protein 90 (Hsp90) is a chaperone known to aid construction
of oligomeric protein complexes in eukaryotes. An in-vivo FRET observation of
direct interaction between Hsp90 and FIiN/FUl in E. coli suggests that it could

play a similar role in BFM construction|46].

F1FO ATP-Synthase A single report has been made of F1Fy ATP-synthase
association with the BFM in FE.coli; the F1 -subunit interacting with FliG, and
even affecting switching dynamics. F1Fo is also postulated to maintain the PMF
in the vicinity of the motor through ATP hydrolysis. The same report also claims

NADH-ubiquinone oxidoreductase association with the motor|237].

1.2 Why template a C ring in vitro?

This thesis concerns the first steps towards templating a C ring in vitro, replacing
the MS ring with an artificial F1iG-binding mimic. The short-term aim of this
(elaborated in section is to test the FliG domain-swap polymerization model
(sec . However, this would be a stepping stone on the way to a complete C

ring in vitro, and we should take a moment to justify why this is worthwhile.
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1.2.0.1 It avoids purification damage and allows observation of assem-
bly
Many of the pressing structural questions about the C ring concern stoichiometries.
Are there 26 or 34 FliGs? Does a full ring of F1iM;FliN3 subunits correspond to
the maximum or a minimum stoichiometry? As we have already discussed (section
, EM images of purified motors cannot resolve gaps or disordered components.
Apparent inconsistencies with in-vivo fluorescence studies also give us good reason
to question how much the motor is altered during purification, especially given
the dynamic nature of the motor and the harsh purification conditions required.
We already know that no reported purification procedure retains the cytoplasmic
export apparatus, despite direct connection to the C ring and a plausible role
in motor turnover dynamics. This problems is shared by all biochemical assays
which might be performed on a purified motor: chromatography, binding assays,
and so on. So if we want to study a motor in vitro, it may be sensible to also
assemble it in vitro. This not only avoids possible purification damage, but allows
us to study the kinetics of C ring assembly, resolving (for example) the degree

to which subunit assembly is cooperative.

1.2.0.2 Superior techniques are available in vitro

Given the issues with purification, and the potential difficulty of constructing the C
ring in wvitro, are in vitro experiments really worthwhile as compared to in vivo?
Consider EM imaging: as compared with EM of purified motors in vivo, Cryo-ET of
motors in situ lacks sufficient resolution to count subunits, and many biochemical
assays (e.g. various chromatography methods) are impossible or very difficult, while
those that are possible and useful (e.g. targeted crosslinking) are nevertheless prone
to overexpression artefacts, crosstalk with other proteins in the cell, and similar
problems which could be overcome in wvitro.

Likewise, consider fluorescence studies, which are of particular interest for
observing stoichiometry and dynamics. In vivo fluorescence can assess relative

changes in stoichiometry, and can theoretically quantify numbers through stepwise
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photo-bleaching, as has been attempted for FLiM[61] (see section [I.4). However,
fluorescent proteins are bulky; questions always remain over how much they affect
function, and for some proteins such as F1liG functional fusions have been very
difficult to obtain, and plagued by questions about fluorescence maturation and
unwanted cleavage. Furthermore, poor fluorophore performance and complicated
background signal makes accurate counting very difficult|238]. FIliN has proved
impossible to count directly in this way|[63], and while work is ongoing in our lab
to count FliG, interpretation is still obscured by background issues. Organic dyes
on the other hand are much smaller and thus less perturbing, giving much better
performance and potentially making for very clear counting when combined with
the low background of an in wvitro experiment. Methods to label proteins with
organic dyes in vivo are limited in yield and difficult, involving artificial amino
acids or bulky protein tags. Furthermore, while it is possible to label proteins
in vitro and deliver them into a bacteria via electroporation, yields are highly
variable, and the process perturbing to the cell[239]. Therefore, if we want to
observe a motor where every protein of a given family (or a well-known fraction)
is labelled with an organic dye (as is necessary for stoichiometry experiments),
only construction in wvitro seems plausible.

The superior performance of organic dyes is also desirable for single-molecule
tracking, and high-resolution measurements of distances and structural conforma-
tions using Fluorescence Resonance Energy Transfer (FRET)[240]. If FRET could
be employed as a readout for the structural changes involved in motor switching,
and correlated with the stoichiometry of bound CheY, a vast array of experiments
could be performed. It would provide, for example, an opportunity to convincingly
disprove the cooperativity of CheY binding to the motor, and (with the aid of
various mutants) probe the tethered-bait binding model for CheY. The absolute
control of CheY-P levels, impossible in vivo, would allow a definitive test of the
controversial claim[136] that motor switching is not random, but always associated
with change in CheY-P levels. Likewise, control over solvents could probe the

involvement of hydrophobic interactions in switching. The details of CheY binding
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and ring switch state could be correlated with FIiM turnover dynamics. This is not
an exhaustive list of target experiments, but hopefully makes the point that the
assays available in vitro could be very powerful. It is also possible to envisage using
an in vivo C ring as a base to build the external parts of the export apparatus,

both to investigate its role in C ring dynamics, and to study in its own right.

1.2.0.3 The benefits of a controllable template

The most novel part of this project is the idea of substituting a physical template
(the MS ring) with a controllable synthetic template. One reason for this is practical;
as a membrane protein, FIiF is difficult to purify and assemble into a ring in vitro.
I am only aware of one attempt to construct a C-ring on a purified MS-ring, which
(comparing their findings with later in vivo results) was clearly unsuccessful[113]
(although it is not obvious that a new attempt would also be unsuccessful, given
the benefit of the last 20 years’ research.)

However, beyond these practical reasons is the concept that a changeable
template can be used as an experimental tool. In section we describe a scheme
to correlate changes in a templated FliG structure to different configurations of
template, in such a way as to test the domain-swap polymerization model. A range

of similar experiments could be imagined, for example

o Perform a comparable experiment to probe the FliM domain-swap polymer-

ization model.

o Change FliG-template linker length to test the hypothesis that ring size will

grow until limited by FliG extension.

o Change template curvature and size to establish if F1iG and other C ring
proteins have curvature built in, or if they are flexible and controlled by the

template.

o Change the strength of template-FliG binding and observe assembly kinetics
to establish the importance of FliG-F1liG interactions. The template could

even be removed post-ring-formation to test this.
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o Compare FliM binding to proximally-templated or distally-templated FliGs,

to infer the importance of FIliM-FIliM interactions in assembly.

With a fully functional templated (switching) C ring, further possibilities arise,

e.g.

o Control patterning of FliG switch mutants around the ring, and observe
affects on whole-ring switching dynamics to parametrize the energetics of

conformational spread

o Make FRET assays much easier by alternating F1iGs with differently coloured
double-labels, rather than having to label each FIliG with two dyes.

« Template physiological and non-physiological mimics of the export apparatus,
binding to FliN via the FliH FliN-binding region, to probe the hypothesis

that the export apparatus is involved in turnover dynamics.

Additionally, patterning of templates on a surface could be used to facilitate
cryo-EM data collection, creating dense but non-overlapping arrays of proteins or
structures not otherwise achievable|241]. Templating helical filaments of FIiG, for
example, could facilitate imaging of the subdomain arrangements. Again, this is
not meant to be an exhaustive list, but some examples of how the technique
could be powerful.

Finally, consider that the templating approach could be useful for the study
and control of other protein complexes. Even within the narrow field of the
BFM, we can imagine multiple applications. For example, an artificial template
could replace the role of the C ring in templating parts of the cytoplasmic export
apparatus (FIiH,Flil,FliJ,etc). Likewise, FIhB dimerizes via hard-to-reconstitute
transmembrane domains, but has weak interactions between the cytoplasmic
domains (F1hB,..) which plausibly become stable when templated in proximity by the
transmembrane dimerization[164]. Similarly, its companion FIhA has a cytoplasmic
part (FIhA,) tethered flexibly to a transmembrane part. As the nonomer FIhA,

ring does not readily form from purified FIhA., we can easily imagine that it
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requires templating via its transmembrane parts. It is widely supposed that the
arrangement of the four domains of F1hA, in the ring can change co-operatively,
switching the specificity of export-substrate binding[174]. So for the cytoplasmic
parts of FIhA and (also plausibly for FIhB), physiological interactions can only
be measured in vitro if templated into their physiological structures. Given the
difficulties of working with membrane proteins, and the unknown role of additional
components in the membrane, this may be achieved most easily with an artificial
template. Thus, templating a C ring in vitro may serve as a proof-of-concept

experiment to inspire utility in other systems.

1.2.0.4 Drawbacks

There are, of course, caveats to this approach. The most obvious is that we
have little way to know if our structure is physiological. In vivo, it is possible to
focus our attention on demonstrably functional motors. In wvitro, construction of
a fully functional motor would be extremely challenging, not least because of the
requirement for an energised membrane and the large list of required components.
Thus, in the foreseeable future, we can only assess our constructs by looking for
behaviour seen in vivo, and forming hypothesis based on in vitro measurements
which can then be tested in vivo. The most convincing readouts of physiological
behavior (e.g. a C ring with bistable conformational switching, responsive to CheY-
P binding, conforming to measured FliM /N turnover dynamics) are years in the
future, and certainly beyond the work in this thesis.

Furthermore, there are good reasons we might expect in vitro assembly not to
work. It is not implausible that accessory proteins such as H-NS or Hsp90 may
be required for assembly (see section , and if assembly is very sensitive
to solution composition or precise details of the template, it may be difficult to
find the right conditions by trial and error (See section for elaboration). It
may even be that assembly requires interactions with the membrane, or other
cellular components which have yet to be identified (e.g. the associated ATPase

complexes proposed by [237]). Looking further ahead, perhaps the dynamics of the
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C ring; switching, turnover, etc, all rely on incorporation into an energised motor.
We already know that switching dynamics are responsive to applied torque[140],
143], and motor switching statistics in the absence of CheY imply coupling to a
non-equilibrium process (i.e. torque generation)[141} [142].

To conclude; a C ring in wvitro would be amenable to powerful techniques
not available in vivo, potentially capable of solving some of the most pressing
questions about C ring structure, function and dynamics. Construction of this
ring in vitro avoids the realistic prospect of damage during purification and allows
us to investigate assembly dynamics. Assembly on an artificial template may
both be the easiest way to achieve this, and opens up a wide range of additional
investigative possibilities. However, a close interplay with in vivo experiments
will be required to verify the utility of any templated constructs, and there is a
possibility that our understanding of assembly is not comprehensive enough for

assembly in vitro to be successful.

1.3 DNA Nanotechnology

A MS-ring-mimicking template needs to be robust, addressable with nanometre
precision, producible en masse, and easily modified. Realistically, there is only one

technology currently capable of achieving this: DNA nanotechnology.

1.3.1 Overview

The specificity of Watson-Crick base pairing and the ease of DNA synthesis make
DNA a versatile material for the construction of self-assembled nanostructures
and machines. DNA sequences may be rationally generated that, when annealed,
associate with their designed partner sequences, but not with other unintended
partners. This forms the basis of almost all DNA nanotechnology, and allows
remarkably robust self-assembly of structures and operation of molecular machines.

The first designed DNA structures involved simple 4-way junctions, self assembled
into a 2D lattice[242] (Figure [L.11h). This was followed by the design of small (~5-

10nm) well-defined structures comprising a number of unique short (10s of nucleotide)
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Figure 1.11: a) Design of 2D arrays b) DNA cube of [243] ¢) DNA tetrahedron of][244]
d)Double crossover (DX) tile[245] e) 2D array formed from DX tiles (AFM)[245] f) Tubes
formed from DX tiles|246]. Figured a-e adapted from [248].

oligos; early designs requiring enzymatic ligation and complex assembly with poor
yields (Figure ), but later designs achieving one-pot assembly with high
yields, reliant only on watson-crick base pairing[244](Figure [L.11f). Simultaneously,
rigid double crossover (DX) tiles (featuring oligos which cross between neighboring

duplexes, holding them in close proximity; Figure ) were being established

as a building block for periodic 2D arrays[245] (Figure [L.11k), tubes[246,
(Figure [L.11f) and other structures[248].

A major breakthrough came with the development of DNA origami in 2006
249]. Whereas previous structures involved small numbers of unique short oligos,
origami comprises one very long “scaffold” oligo (1000s of nucleotides; typically

phage DNA) folded into a designed shape by hundereds of unique short “staple”
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oligos, which from crossovers between different sections of template (figure |1.12p).
This makes 2D shapes ~100nm in dimension (figure ) in remarkably high
yield, with individually addressable staples sites for surface patterning (Figure
1.12¢). In the 10 years since, construction of such 2D shapes has become routine
in nanotechnology labs, and there has been an explosion of more sophisticated 3D
origami techniques, including controlled curvature of parallel helices (figure )
and the rendering of arbitrary polyhedral surfaces (figure ) Recent years have
also seen structures constructed from hundreds of small DNA “brick” oligos (figure
1.12f), alongside many other novel strategies conferring incredible variety in the
structures that can be constructed. The full depth of DNA structural technology,
and the wide array of DNA machinery and computation networks is far beyond the
scope of this thesis; we will limit ourselves to a brief overview of the application
of DNA nanostructures to templating various molecules. We will cover details of

various design strategies as they become relevant in later chapters.

1.3.2 DNA nanostructure templates

Optically active particles Plasmonic nanoparticles, organic dyes, quantumn
dots and other optically active molecules may have intermolecular interactions that
depend precisely on their distances. DNA has been used to both understand
and exploit these effects.

One strand of research has involved using programmed pairwise interactions
between DNA-labelled nanoparticles to self assemble lattice structures|253](Figure
1.13p). This approach has been applied to wide range of nanoparticles and
lattice structures[254, 255], with dynamic control of the DNA enabling lattice
reshaping[256], or fragmentation into small nanoclusters|257]. Similarly, self-
interacting DNA structures can be decorated with nanoparticles to form 2D
arrays[258, 259] (Figure [1.13p) or helically-labelled tubes[260] (Figure [L.13[). Most
recently, assembly of rigid addressable DNA origami disks around nanoparticles

has fused the approaches, allowing angular control of interactions to form different

2D lattices[261] (Figure [L.13(d).
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Another research approach involves discrete DNA structures, which are addressed
specifically with nano-particle labelling sites. Early examples used simple short
linear DNA templates|262] (Figure ), which may be extended into long polymers
through rolling-circle polymerization of the DNA [263]. More recent examples involve
DNA origami or helical bundle templates. For example, 2D origami tiles have been
used for precise patterning of self-similar nano-particle chains[264] (Figure ),
gold nanorods with controlled alignment[265] (figure [1.14p), and differential spacing
of gold nanoparticles with organic dyes to measure the variation of dye-quenching
with distance[266](figure [1.14k). 3D origami structures have been used to control
the spacing of gold nanoparticles to within ~1nm accuracy, creating localized light-
enhanced regions for surface-enhanced Raman spectroscopy[267] (Figure ) and
single-molecule fluorescence[268] (Figure [1.14k). Origami tubes have been used to
make nano-particle helices[269] (Figure[L.14f), and 7-helix bundles and 2D tiles have
both been used to template light-harvesting chains[270, 271]. Simple control of dye
placement, stoichiometry and distance have also made DNA origami nanostructures

popular calibration standards fluorescence microscopy techniques[272-276].

Proteins DNA has also been used, in a number of ways, to manipulate proteins
and their activity. Details of protein-DNA conjugation will be covered in section
[2.3.1} here we will just summarize applications.

DNA can be used to bring together separate DNA-conjugated parts of a split
protein such as GFP[277] (Figure [L.15h) and the enzyme murine dihydrofolate
reductase[278] (Figure [1.15b), controllably restoring natural function. Likewise,
an enzyme which relies on electron transfer between redox centres in two adjacent
domains can have the isolated domains brought close via a DNA linker, controlling
enzymatic activity[279] (Figure [L.15f).

DNA devices may also control the interaction of enzymes with tethered co-
factors[280] (Figure [1.15{) or inhibitors[281] (Figure [1.15¢), and even inactivate

enzymes through a hybridization-driven application of mechanical force[282].
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Figure 1.13: DNA templating of plasmonic nanoparticles. a) Nanoparticle lattices
mediated by pairwise DNA interactions[253] b) 2D nanoparticle arrays[258| c¢) Helically-
labelled polymer tubes d) DNA “nanoﬂower” e) Nanoparticle assemblies on
short linear DNA templates

DNA templates may also tether together protein-binding ligands at different
distances, either to co-operatively combine binding properties for vastly increased
affinity[283, (Figure [1.15f), or to (through optimization of the ligand-ligand
spacing) probe the distance of different binding sites on the protein surface
286] (Figure [1.15g).

Many studies recently have involved enzyme cascades, templating enzymes in
proximity to control rates of diffusive substrate transfer. For example, glucose
oxidase and horseradise peroxidase have been templated on 2D DNA lattices,
origami tiles[288], and the interior of origami nanotubes[289, 290]. Rates of substrate

transfer can be increased further by using a noncatalytic protein “bridge” to connect



1. Background 53

ok 8

" <— Calculation Tan
— Calculation Rad

— Calculation Averaged
~—— NSET
5 10 15 20 25 30 35

distance to the NP surface (nm)

d)

Figure 1.14: DNA templating of plasmonic nanoparticles. a) Nanoparticle chains
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tubes
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the hydration shells of the two enzymes|288] (Figure [1.16a), or tethering of the
substrate to a swinging arm[291] (Figure [L.16p). In a photonic equivalent, DNA
has been used to attach a FRET fascade of dyes to cytochrome ¢, forming an
artifical light harvesting system[292] (Figure ).

DNA templating has also been used to template larger groupings of proteins.
For instance a DNA origami tube was used as a platform for a controllable number
of dyneins and kinesins; the detailed movement of this structure along microtubles
was used to make inferences about the cooperative and antagonistic interactions
between the motor proteins[293] (Figure[L.161). A similar study templated different
varieties of myosin on a 2D origami tile, and compared collective trajectories on
actin networks infer differences between the different myosins|294]. DNA-conjugated
motor proteins have also facilitated artificial microtube networks, assembled or
disassembled through crosslinking by DNA structures templating multiple kinesins.
A second class of kinesin-labelled DNA template can controllably move cargo on
this network[295] (Figure [1.16¢). Polymerization of amyloyd fibrils has also been
directed inside DNA tubes by a nucleating peptide, with the direction of the tube
(and thus the fibril) controlled by tube templating on an origami superstructure[296].
Finally, periodic DNA structures have been used to template dense 2D arays of
protein to facilitate single-particle cryo-EM data collection[241] (Figure [1.16]).

To my knowledge, however, nobody has yet templated the constituent parts

of a protein complex on a DNA scaffold.

1.4 Fluorescence techniques

Many of the unresolved questions about the C-ring concern subunit stoichiometries,
which may be dynamic and heterogeneous between motors. Single-molecule fluo-
rescence is the only easy way to measure the subunit stoichiometry of individual
complexes with some degree of time resolution, and (as discussed in section
has been widely used to study the BEM in vivo, along with a vast array of other

biological structures both in vivo and in vitro|297, 298|.
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Figure 1.15: DNA templating of various proteins. a) Split GFP b) split murine
dihydrofolate reductase ¢) Interacting redox domains of Cytochrome P450 BM3 @
d) G6pDH and cofactor[280] ) Enzyme and inhibitor[281] f) Protein-binding peptides[283
g) Templating of peptides to measure separation of their conjugate binding pockets[285

There are a number of ways to measure stoichiometries with fluorescence. In
the most popular in vivo methods, all fluorescent dyes associated with a structure
will contribute to the intensity of a single diffraction-limited fluorescent foci (Figure
a). However, cellular autofluorescence and freely-diffusing dye-labelled proteins
and will contribute to a noisy background beneath this spot. If structures of
interest are near to the coverslip, Total Internal Reflection Fluorescence (TIRF)

may be used to reduce the background by limiting illumination to within ~100nm



513} 1.4. Fluorescence techniques

T = dsDNA
= Zn finger
= Kinesin
= = Microtubule
@ =Cargo

d) Chassis with 4 dynein handles iE £
f) '}4\‘//‘\ ’A!
= .// A \‘
RN T Q -
Oligonucleotide-labeled dynein A o ,%.?.;é/ Protein
2 W\\ R

74
A
DNA template Protein array

e

4

Figure 1.16: DNA templating of various proteins. a) Enzyme cascade using a
noncatalytic bridge protein b) Enzyme cascade with substrate tethered to swinging
arm c) Artificial light-harvesting system[292] d) Templated Dyneins e) DNA controlled
microtuble networks |\ f) Templated protein array for efficient cryo-EM data collection.
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of the coverslip[149, 297]. A number of protocols exist for the subtraction of
this background; none particularly accurate, especially when the spot intensity is
low[299]. Nevertheless, background subtraction is required to form an estimate
of the spot intensity, which can then be converted to a stoichiometry estimate if
the average intensity per fluorophore is known[298|. This is usually found in one
of two ways: the first uses a control structure with known subunit stoichiometry,
labelled with the same dye and measured in maximally similar conditions|63|
208]. Accuracy is limited by the difficulty of imaging control structures in an
identical environment. The second approach avoids this problem by calculating
the single-fluorophore brightness from the individual spot of interest itself, rather
than a control structure. This relies on the stochastic de-activation (bleaching) of
individual fluorophores during sustained illumination. As fluorophores bleach, the
intensity of the spot should decrease in a stepwise fashion (Figure m a). In vivo,
noise usually obscures these steps, and Chung-Kennedy filtering[300] is applied
to try and recover them. In some cases, filtered traces are clear enough to count
every step[301]. More typically, however, only a subset of steps are well resolved,
and these are used to measure the single-fluorophore brightness, assuming that
it is relatively uniform between fluorophores[149].

In wvitro, superior dyes and lower background signals enable measurements so
clear that steps can be counted individually, even without filtering (Figure m
b). This is reassuringly direct, and does not rely on control structures or any
assumptions about dye brightness. It is, however, confused by dye photophysics
(e.g. blinking) and near-simultaneous bleaching events which cannot be resolved
due to limited time resolution. There is also often ambiguity in the detection of
bleaching events. This can be avoided by analysing total bleach times rather than
individual bleaching events, but only for homogenous populations|302].

Other methods are available. For example, the photoactivatable fluorophores
used for super-resolution imaging can also be used for counting; statistics of
blinking can be used to infer the number of dyes present. However, accuracy

depends on meticulous characterization and modelling of dye behaviour to correct
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for inefficient photo-conversion, over-counting due to repeated activations, and
localization uncertainties[303, |304]. A similar counting approach has also been
successful in vitro using DNA PAINT[305], where blinking is caused not by dye
photophysics, but by transient binding of dye-labelled DNA oligos to binding
targets on a DNA origami structure[273]. However, this required long acquisition
times, and counting precision was poor unless averaged over many structures
in a homogeneous sample.

Another family of techniques uses pulses of confocal laser illumination too short
for a single dye to undergo more than one excitation/emission cycle. Statistical
analysis of the photons emitted per illumination pulse can be used to infer dye
stoichiometry very quickly, with minimal photobleaching and minimal sensitivity
to heterogeneous dye brightness[274] (Figure c¢). The same approach can be
applied to stimulated emission depletion (STED) microscopy, combining counting
and super-resolution imaging|275]. However, while the time resolution is certainly
appealing, very specialized equipment is required, and the precision is not obviously

greater than counting of bleach steps.

1.5 Project Overview

In section we introduced the BFM (Figure [L.18h), its self assembly (Figure
) and the mismatched symmetries of MS ring and C ring components (Figure
1.18c). We also, in section , introduced the domain-swap polymerization
model for FliG, which could explain that symmetry mismatch (Figure [1.18d). Later
(section, we went on to make the argument for templating the C ring (F1iG,FliM
and FliN) in vitro with an artificial template replacing the MS ring (FliF). The
obvious material for such a template is DNA (section [1.3). This would be not
only useful for understanding of the BFM, but demonstrate a new approach to

the study of large protein complexes.
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Figure 1.17: a) FliM-YPet imaged in E-coli with TIRF, counted via photo-bleaching
steps. b) Templated FliG structures imaged in vitro and counted via photo-bleaching

steps (section [4.1.3)). ¢) DNA tile with 18 fluorophores; simultaneously counted by
photobleaching (black) and photon statistics (grey) [274].
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1.5.1 Initial Plan

The long term goal of this project, then, is to template a working C ring on a
DNA scaffold. This is a large project, in partnership with the groups of Lawrence
Lee in Sydney and Keiichi Namba in Osaka; experts in protein crystallography
and cryo-EM respectively. The original plan for the project was as follows: here
in Oxford, the Turberfield group would design short DNA templates mimicking
MS-ring fragments. The Lee group would produce FliG constructs, and various
FliG mutants of interest. Together, these would be the basis for DNA-templated
FliG polymers (with the addition of FliM and FIliN, if necessary). A number of
techniques would be used to study these polymers: single-molecule-photobleaching
in the Berry group to count the stoichiometry of FliG on individual templates
and Biolayer Interferometry (BLI)|in the Lee group to measure bulk kinetics.
The stoichiometry and binding dynamics of FliG on differently designed linear
templates would be used to test the FliG domain swap model (Figure [L.19)). After
confirmed polymerization, results could be verified by targeted crosslinking in wvitro
and comparison of different F1iG mutants. Namba group could then perform cryo-
EM imaging of templated polymers, perhaps on long helically-templated filaments
designed for efficient data collection. All this would pave the way for construction
of complete C rings on more elaborate templates.

In the months prior to my involvement in the project, Jon Bath (Turberfield
group, Oxford) had designed origami structures to template rings of a variety of
sizes. The Lee group had produced a number of his-tagged F1liG constructs, which
were to be dye labelled through an engineered cysteine, and assembled on short
linear DNA templates presenting NTA-modified (histag-binding) DNA. At this
point, I began working on the project. My focus was to be on the single-molecule
fluorescence aspect of the project, but there were a number of building blocks
required before informative domain-swap experiments could be performed; design
and assembly of linear templates (section , FliG expression and labelling (section
, DNA-FIiG conjugation (section , and development of hardware, software

3A technique similar to surface plasmon resonance
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and protocols for the microscopy assays (section . Reliable measurement of N
FliG’s on N-site templates would be the proof that all these components were
working as expected. As this goal has only just been reached at the time of writing,
this thesis is a story of the development and testing of those components.

As these components were developed in parallel, informing each other in various
ways, and shared in parts with my colleague Joel Spratt, it is difficult to form a linear
narrative. In the interests of clarity, I will separately describe the development
of each of the biophysical building blocks of the system (Chapter and the
development of microscopy techniques (Chapter . In the final chapter (Chapter
, I will describe some key microscopy and PAGE experiments, in the lose context
of a chronological narrative, bringing together elements described in the earlier
chapters. Though I hope each section is clear in isolation, I will additionally give

a detailed chronological overview here.
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Figure 1.19: (a) We want to test a central hypothesis of domain-swap polymerization
(see section , which is that proximally-templated FliGs will adopt a domain-
swapped configuration whereby neighbours form intermolecular ARM-ARM interactions.
At the ends of domain swapped polymers, exposed ARM surfaces increase reactivity to
F1liG present in solution. We are looking for signatures of this increased reactivity. (b)
Runaway Polymerization In the strongest case, the exposed ARM surfaces seed a
growing polymer of domain-swapped FliG. (c) Gap filling A slightly weaker possibility
is that free FliG will fill only gaps flanked by exposed ARM surfaces (providing, in
the process, a clear mechanism for a FliF-FliG symmetry mismatch). (d) Gap filling
kinetics Weaker still is the possibility that F1iG ultimately fills gaps regardless of exposed
ARM surfaces, but that the exposed ARM surfaces have a measurable effect on the
binding/unbinding kinetics. (e) Dye counting via photobleaching steps might be
an ideal way to count FliGs to infer all the above effects.
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1.5.2 Chronological overview

For the first few terms I was working (with Jon Bath’s assistance) on NTA-
modification of DNA, expression, dye labeling and purification of a FliG construct,
design of linear DNA templates, and development of microscopy protocols and
software. FliG expression/labelling/purification was reasonably straightforward
and successful. NTA modification of DNA, however, was repeatedly unsuccessful,
in that size exclusion chromatography showed no sign of FliG binding to the
DNA. Simultaneously, I was testing different surface modification approaches for the
microscopy, and struggling to get surfaces with low levels of non-specific FliG binding;
essential for single-molecule experiments. In the following terms, NTA-modification
of DNA was still unsuccessful, as was an alternate covalent conjugation strategy
using maleimide-DNA. Concurrently, I established a surface modification strategy
that was sufficient in terms of performance, but had some intrinsic fluorescence that
was an unavoidable feature of the surface chemistry. This was not a problem at longer
wavelengths, and inspired the relabelling of FliG with an alternative dye. I also at
this point discovered and overcame some flaws in the cannonical method of measuring
dye labelling stoichiometry, eventually measuring labelling efficiencies of ~100%.
The microscope was part-rebuilt to allow a larger illumination and imaging area.

Later, I started to see signs of NTA-DNA binding to FIliG with size exclusion
chromatography, but not with gel electrophoresis (consistent with an understanding
that electrophoresis breaks the NTA-histag link, as reported in previous work).
Binding was also not visible with single-molecule microscopy, possibly due to
problems with the surface modification. At the same time, I began experimenting
with anti-bleaching systems for fluorescence, which were so effective that the
microscope was part-rebuilt again, to maximise illumination intensity and reducing
bleaching times. I also started characterizing assembly of the DNA templates. The
following term, I could finally count F1iG molecules on templates with clear bleaching
steps. However, I found only ~1/3 of designed template sites appeared to be filled,

indicating a problem with DNA template assembly, DNA-FIliG conjugation, or dye
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labelling. This coincided with the identification of uncertainties in the purification
of NTA DNA. Attempts at alternate NTA modification strategies were unsuccessful.

At this time, a project student Joel Spratt, started working very closely with me
on the project. After some work together trying to improve NTA-DNA purification,
he spent most of the 10 week project trying to implement a guided covalent
conjugation strategy. By the end of his project, that appeared to be successful, and
I started work on developing a purification strategy for the covalent conjugates,
and also on scaling up his protocols. The following term, Joel returned as a
DPhil student working on the project. We expanded our stocks of dye-labelled
proteins, including FliG from salmonella for compatibility with F1iM/FIiN (which
can be purified from salmonella [125] but not E. coli), and both worked on
scaling up DNA modification protocols, developing purification strategies, and
characterizing the covalent conjugates. At the microscope, I counted the designed
stoichiometry on fluorescent-DNA control templates, validating template assembly
and the dye-counting method.

In the final phase of work, some problems with assembly of gappy DNA templates
were identified and resolved, and I started provisional work on counting structures
with >5 dyes. Unfortunately, the guided covalent conjugation permanently stopped
working at this point, for reasons unknown. However, Joel discovered (contrary
to previous understanding) that NTA-histag binding could be visualised by native
PAGE. This helped us establish that the 5-NTA DNA modifications improved
binding strength over the previous 3-NTA modifications. This was confirmed with
single-molecule microscopy, but reliable stoichiometric assembly on templates was
still not observed. With native PAGE, however, stoichiometric binding of FliG to
DNA templates was achievable, but only on templates with non-proximal FliGs.
This and a number of other factors suggested that convalent FliG-DNA conjugates
would still be preferable; Joel successfully resurrected the maleimide-DNA covalent
conjugation strategy, and at the time of writing has just managed to demonstrate
controlled stoichiometric assembly on both proximal and non-proximal templates,

with native PAGE. While some work is needed to make these conjugates viable
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for fluorescence experiments, we are finally at the point where we can perform

the experiments outlined in Figure [1.19|
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Building Blocks

2.1 DNA templates
2.1.1 10nt Linear Templates

If a DNA template is to mimic the role of the MS ring, it ought to have a comparable
spacing of attachment points. EM structures[38] imply a ~3.5nm inter-subunit
spacing along the maximal circumference of the MS ring, and a ~3.8nm spacing
along the outer C ring; ~3.2nm at the edge of the inner lobe of density. Fortuitously,
the DNA double helix rotates ~ 34° per basepair (bp) with a rise of ~0.34nm[306],
such that periodic binding sites with a 10bp spacing (~3.4nm) should be projected
approximately in the same plane; ideal for FIiG templating (Figure .
However, such a short sequence would usually have a low melting temperature.
A 10 nucleotide (10nt) sequence “N10” with very high GC content (i.e. high
stability) was designed prior to my involvement in the project. Fixing this as
the FliG-linking strand, I used NUPACK[307] to design a series of short linear
template sequences to test for FliG gap-filling (Figure (See section for
gap-filling). For templates incorporating gaps, a spacer sequence “dN10” (dummy
N10) is designed to keep the template rigid, maintaining the desired spacing. A
tag sequence on the end of the template is designed to bind a biotinylated anchor

strand “BA” (for attachment to a surface), or to an attachment point on a DNA

67
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Figure 2.1: Figure from Lee lab, comparing 10nt repeat of DNA with inter-FIiG spacing
in their molecular model of the C ring.

tile (Figure and section [2.1.3]). Poly-T linkers were used to ensure flexibility
between templating and surface-attachment regions.
The sequences went through a number of redesigns, listed in appendix[A.2] Oligos

were all synthesized by IDT, with HPLC purification for sequences over ~30nt.

2.1.1.1 Original sequences

Room temperature assembly of NTA-modified N10 (section on a gapless
template (T5N10) was confirmed with native poly-acrylamide gel electrophoresis
(PAGE); titration of NTA-N10 against T5N10 produces stepwise mobility shifts
corresponding to increasing N10 stoichiometry (Figure ) 12.5mM MgCl,
was required for full assembly, in addition to the 400mM NaCl present in our

experimental buffer (refer to section |A.1)). Blurring of bands indicates slight
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Figure 2.2: a) 10nt linear templates. Numbers indicate oligo length in nucleotides.
Colour indicates sequence complementarity. Oligo sequence names are indicated. 3’ end
indicated by arrow. b) Example of use.

N10 dissociation during the running of the gel, probably due to the lack of salt
during electrophoresis. Repeat attempts to clarify this by running gels containing
10mM MgCl, were unsuccessful.

The correct assembly of N10 conjugated to Alexa Fluor 647 (AF647) via a TTT
linker onto T5N10 was also confirmed by single-molecule photo-bleaching. The
majority of spots showed 5 bleach steps (Figure [2.3p) (see section for more
detail). Spots were imaged in constant wash conditions, and a small degree of
disassembly was observed over the 120m of the experiment (Figure ) However,
the imaging buffer contained only 150mM NaCl and no MgCl; with increased salt,
greater stability would be expected. A similar experiment counting FIiG bound
to 10nt NTA-DNA linkers on T5N10 likewise showed minimal dissociation over
200m, suggesting that linkers were stably (if not necessarily stoichiometrically)
bound (section 4.1.1)).

Despite successful assembly of NTA-modified N10 onto templates, gels showed
no sign of dN10 (the gap-bracing oligo) binding (figure [2.4)), consistent over a wide
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Figure 2.3: a) Assembly of NTA-modified N10 assembled on a 5-site template (T5N10).
b,c) Fluorescence counting of fluorescent N10 on T5N10. Data comprised 12 videos spread
over ~120m.



2. Building Blocks 71

T5N10 T4G1IN10 T3G2N10
N10 0 02 06 1 14 18| o 02 06 1° 14 18 14-
dN10 _ 02 06 1 14 1.8 1.4 0 3: :: 11 11': 11': 4
- - - .'a,_ - - S 1_'.. - — - " . ) ’ ’
L ~!iiid CLLLL
-- v uE e e
- ) Template @ 200nM
: - L 2 A ’
' . ' : ' 12.5% 29:1 1xTAE
: - 200v,70m

Stoichiometry relative to sites on template

Figure 2.4: Titration of N10 and dN10 against various templates shows binding of N10
but not dIN10.

range of conditions. Re-evaluating the sequences, the GC content (i.e. binding
stability) of AN10 was much lower than N10; dN10 sequences were redesigned

for increased stability.

2.1.1.2 Redesign 1

The first redesign (annotated “v3”) showed perplexing behaviour. A gel shift
indicating dN10 binding to the template was seen, but only in the presence of
low salt (Figure ); counter-intuitive, given that salt should stabilize binding.
We noted that this dAN10 sequence contained 3 Gs in a row, unlike the previous
sequence, or the N10 sequence which had 2 at most. Guanines from 4 separate
oligos may stack into a square planar structure, and stretches of repeated guanines
may form a stable ladder of of such structures; a G quadruplex (Figure ) A
variety of salts including both MgCl1? and NaCl may stabilize G quadruplexes, and
we hypothesized that these could be competing with dN10 binding to the template,
although this would be somewhat surprising for such a short stretch of Gs[308| 309).
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I also realised at this point that the NTA-modified oligos caused unexpectedly
large gel shifts as compared to unmodified or dye-modified oligos. The latter
made such small shifts that the bands corresponding to a titration of N10 vs
template were only barely resolvable even with very high percentage gels and
long run-times(Figure 2.5¢). This explains the small gel shift seen in Figure 2.5k,
and suggests that gel electrophoresis might not be the optimal way to measure

binding of unmodified oligos.
2.1.1.3 Redesign 2

The next dN10 sequence tested (annotated “v2”) avoided having more that 2
guanines in a row, while retaining high GC content overall. Given the poor resolution

of gels, I instead tried a SYBR green assay to measure melting temperatures. SYBR
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green is a dye which fluoresces when bound to DNA, and binds more effectively
to double-stranded DNA than to single-stranded. Fluorescence should therefore
decrease as a duplex melts. The inflection point of this melting curve can be taken
as the melting temperature (Figure [2.6h).

Melting curves could also have been measured by UV absorption, but this would
have required higher quantities or concentrations of DNA. As assembly experiments
were usually performed at ~ uM concentrations and microscopy experiemtns are
limited to very low concentration ( <nM ; see section , behaviour at low
concentration is more relevant; some oligos (e.g. NTA-modified NTA) were also in
short supply. Furthermore, a real-time PCR machine allowed dozens of melting
curves to be measured in parallel with fluorescence assays.

Unfortunately, SYBR green is expected to artificially increase duplex stability
somewhat. To quantify this (and to determine the minimum practical DNA and
SYBR green concentrations), I compared stoichiometric binding of tris-aminated N10
to a single-site template (T1N10) at a range of SYBR green and DNA concentrations
(Figure 2.6b). Extrapolating to 0 SYBR gold, it seems that 1x SYBR gold assays
overestimates melting temperature by ~5°C.

That established, I looked at melting temperatures for different components of
the template in typical experimental conditions (Figure ) This showed that the
new dN10 sequence was almost as stable as the N10 sequence. It also demonstrated
cooperativity in assembly of N10/dN10 onto the template; not unexpected, as
neighbouring strands will favourably stack base pairs. However, it also showed that
NTA modification of N10 was significantly destabilizing, decreasing the melting
temperature by ~10°C to ~52°C. While this is still easily sufficient for template
assembly at ~1uM, samples must be diluted significantly for fluorescence microscopy.
While FliGs bound to 10nt NTA-linkers appeared stable in such conditions (section
the linkers may have been on under-filled templates, and thus perhaps not so
severely destabilized. Thus, while we know that dye-labelled N10 binds sufficiently
strongly to observe for hours at effectively zero background concentration (section

4.1.2)), the case is not so clear for NTA-modified N10.
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Figure 2.6: a) Example data from SYBR green assay, showing the melting curve. This
example has high DNA concentration (1uM) and SYBR green concentration (5x), and
thus has minimal noise. b) Tris-N10 binding to T1N10; variation of melting temperature
with SYBR gold concentration. (Excluding cases where melting temperature was not
clear). c¢) Melting curve gradients and melting temperatures of different mixtures of
template components (redesign 2); gradients averaged over multiple repeats and ramps.

Template schematics follow figure Performed in EPPS CB buffer (400mM NaCl, no
MgCly), without Tween.
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2.1.1.4 Summary

The 10nt linear templates assemble as expected, and are stable under typical
conditions for templated assembly. Indeed, at the very end of this thesis (section
, we see successful 10nt template assembly with covalently-attached FIiG, as
observed with native PAGE. However, it remains possible that at the much lower
concentrations required for fluorescence microscopy, NTA-modified or covalently
FliG-modified oligos linkers lack stability. It also seems possible that the 10nt binding
sequence is too weak to overcome combined destabilization by NTA-modification and
FliG crowding, which might explain the difficulty of binding FliG stoichiometrically
to 5 x 10nt templates via NTA (section [1.1.5).

2.1.2 20nt Linear Templates
2.1.2.1 Utility

Linear templates with 20nt linkers rather than 10nt linkers are useful for two reasons.
Firstly, a 20bp duplex ought to be very stable even at minimal concentration, so
it provides a platform to test NTA-protein binding in a fluorescence experiment
without concern about the template falling apart. Furthermore, our implementation
of the templated covalent conjugation strategy (section requires a 20nt
NTA-modified “guide” oligo, and templating can help us test the performance of
that particular oligo. So; we made a construct “T3Guide” or “T3G”, templating

3 repeats of this guide oligo (Figure [2.7h).
2.1.2.2 Assembly and suspected dimerization

As with 10nt templates, correct assembly was verified by titration of guide strand
(Figure ) Note faint slow-running species, corresponding to dimers or higher
order aggregates. These occur only in the presence of guide strand, but are insensitive
to the presence of nickel (Figure 2.7¢), ruling out a nickel-mediated NTA-NTA
interaction. They also look slightly different between two versions of the template,
“T3G (old)” and “T3G (old)” which differ only in their anchoring domain (coloured

black in schematics). This could indicate some interaction between guide strand
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Figure 2.7: a) Schematic of 3x20nt template. Numbers indicate oligo length in
nucleotides. Colour indicates sequence complementarity. Sequence names are indicated.
b) Assembly of NTA-modified guide strands on 3x20nt template. ¢) Weak dimerization of
templates.

and template-anchoring sequences or alternatively just inhomogeneity in the DNA
synthesis. This finding was never really explained, but template dimers might

explain the sub-population of assemblies with >3 FliGs on 3 x 20nt templates seen

in both fluorescence and PAGE experiments (sections [4.1.3[ and {4.1.4] respectively).

2.1.3 DNA Tiles

DNA origami tiles designed by Jon Bath to template rings (Figure will make
a minor appearance in section ; I will describe them only briefly. (Refer
to section for an introduction to DNA origami.) Templating a continuous
ring on a tile is difficult. Therefore, this design provides 6 hexagonally-arranged
attachment points (staple extensions) to which linear templates can be anchored
(Figure 2.8p,b), in the hope that FLiG-FliG interactions would join templated
polymers together, forming a ring. 4 alternate sets of extended staples allow a

range of ring sizes, from 36nm to 55nm.
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Figure 2.8: a) Schematic of DNA tile, showing template and staple routing. Circles
represent 5’ ends. Different colours of staple represent alternate choices of staple extensions
for alternately sized rings. (Figure: Jon Bath) b) Staple extensions can anchor linear
templates. (Figure: Jon Bath) ¢) AFM image of a tile showing DNA linkers with linear
templates (no FliG) and bracing rows, produced by Le Liang. d) Brace construction.

The tile itself uses a pattern of staple crossovers designed to minimize twist.
However, SAXS measurements performed by Lee lab imply that such a tile is still
extremely twisted in solution. They found the tile could be flattened by rows of
bracing staples, extending 20nt above or below the tile, bound together pairwise
by 40nt bracing strands (Figure ) To avoid inducing curvature, braces on the
top of the tile (green in figure are balanced by braces on the bottom (purple),
which additionally have biotin modifications for attachment to a surface.

Assembly of tiles for microscopy experiments (section was as follows:
10nM of M13 template was mixed with a 10x excess of staples and brace strands in
a 1xTAE 12.5mM MgCl, buffer and annealed from 95°C to 20°C in steps of -0.1°C
per 6s. This was followed by PEG precipitation to remove free staples[312], and a

UV absorption measurement to quantify concentration. To add linear templates,



78 2.2. Protein

3.2nM origami was incubated with 32nM T5HN10 and 238nM AF647-TTT-N10
at 4C overnight.

A continuous ring template would clearly be preferable, perhaps based on
a DNA nanotube. However, I devoted minimal time to developing one, given
that more fundamental ingredients of the system (e.g. DNA-protein conjugation)

still needed work.

2.2 Protein
2.2.1 Constructs

A number of full-length F1iG constructs were used, all developed by Lee lab and
sharing a common architecture (Figure with a 10x histag for purification
and DNA-conjugation on the N-terminus (near the native FliF-binding region),
and a recognition site for the PreScission protease, allowing the histag to be
cleaved if desired.

Conveniently, FliG has no native cysteines, allowing site-specific dye labelling of
genetically introduced cysteines. We initially expressed FE.coli FIiG L188C for dye
labelling, and FliG wild-type (WT) as a control for non-specific labelling. L188 lies
in Helix,,., and was originally cysteine-modified to serve as one half of a FRET pair
for studies in Sydney. We later switched to the C-terminal mutant E327C when it
became available, because the cysteine ought to be more accessible (being on an
unstructured loop at the end of the protein) and is better-removed from the site of
any expected FliG-FliG or FliG-FliM interaction surfaces. We later also expressed
N terminal mutants L4C and L5C, for labelling by DNA-maleimide (section [2.3.3.2).

Later stages of the project would include F1iM/N, which is stable when purified
from S.typhimurium but not F. colzﬂ. Therefore, to ensure compatibility, we also
expressed S.typhimurium F1iG constructs with C and N terminal cysteines. However,
given reports that T. maritima FliN is functional in E.coli motors[114], we would

be unsurprised if S.typhimurium works well with both.

!Personal communication, Tohru Minamino
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Figure 2.9: FliG constructs, mapped onto crystal structure from A. aeolicus

All constructs were supplied by the Lee lab on pACYC Duet-1 plasmids encoding
chloramphenicol resistance, which we amplified in NEB 5-alpha Competent E. coli

(Full protocol in section |A.3]).

2.2.2 Expression, Purification and dye labeling

Detailed protocols (closely following thaose provided by Lee lab) are listed in
section [A.4] but in brief:

2.2.2.1 Expression

Plasmids were transfected into NEB T'7 Express competent E. coli and grown on
chloramphenicol LB agar plates to select for transfomed cells. Single colonies were
then grown in ~1L volumes, with FliG expression induced by IPTG. Cells were
harvested by centrifugation, and lysed by French Press, either with the assistance
of Emma Sadler (Tucker Lab) or Robert Ishmukhametov (Berry Lab), and then

flash frozen for storage in ~30mL aliquots.
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2.2.2.2 Purification and Dye labelling

Thawed lysate was cleared by centrifugation, and incubated with a slurry of Nickel-
NTA resin. This was washed a number of times (either using a gravity flow
column or repeated centrifugation/wash cycles), and resin aliquots were compared
with BSA standards on SDS PAGE gels to estimate the concentration of bound
protein (Figure [2.10R).

Protein (on resin slurry) was incubated with TCEP for ~30m to break disulphide
bonds between cysteines, before overnight incubation with a 5x excess of maleimide-
dye. The resin was then washed extensively to remove free dye, and protein was
eluted with imidazole, followed by size exclusion chromatography on a HPLC system
to select for monomeric protein (Figure b,c). Protein aliquots were then flash
frozen in liquid nitrogen with 10% glycerol and stored at -80°C. Towards the end of
the project, when further DNA-labelling and purificaion steps were expected, we
omitted size exclusion chromatography or replaced it with a simpler spin column
purification (e.g. NAP-5 or Micro Bio-Spin) to remove unwanted imidazole.

Early purifications used Alexa Fluor 488 dye (AF488), while later purifications
used Alexa Fluor 647 (AF647), after realising that the spectrum of the former

overlapped with chemical fluorescence of our modified coverslips (section [3.2)).

2.2.3 Quantification of dye labelling

For fluorescence experiments in vivo, we can often expect that 100% of proteins
are labelled with an active fluorophore: genetic fusion of the fluorescent protein
is easily confirmed biochemically, and folded fluorescent proteins typically exhibit
homogeneous behaviour, once maturation is allowed for[313]. With organic dye
labelling in vitro, however, we expect that some proteins will not be successfully
labelled. Furthermore, as the dyes are generally small and weakly charged, it
is very difficult to separate labelled proteins from unlabelled. Therefore, if the
number of proteins on a DNA template is to be accurately inferred by counting
the dyes, we need some way to measure the labelling efficiency, i.e. the fraction

of proteins which host an active dye.
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Figure 2.10: a) Quantification of FliG concentration bound to resin, pre-labeling. SDS
PAGE, stained with coomassie blue. b) Size exclusion chromotography trace, after
labelling with AF647. Flow rate 0.5mL/min, ¢) FliG post dye labelling and SEC. SDS
PAGE, stained with coomassie blue.

If the target complexes have homogenous stoichiometry, then the labelling
efficiency can be measured by the bionomial distribution of bleach steps between
complexes, . With complexes of heterogeneous stoichiometry however,
statistics of bleaching can be used to make quantitative statements about the
heterogeneity, but not infer the labelling efﬁcieney unless the structure of the
hetrogeneity is very simple. Given that we cannot guarantee construction of

homogeneous complexes, we must employ other methods.
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2.2.3.1 Canonical method

The canonical way to measure labelling efficiency, following the removal of free
dye, is to separately measure and then compare concentrations of protein and
(protein-bound) dye.

Protein concentration is typically measured by UV absorption, which is manly
due to typtophan and tyrosine. As F1liG has few of these amino acids, the absorption
is not accurately measurable in the quantities and concentrations we have been using.
Therefore, we instead quantified protein concentration using the Bicinchoninic Acid
(BCA) assay[317] (see section for detailed protocol). This relies on the reduction
of copper(II) sulphate by peptide bonds in the denatured protein, followed by the
formation of Cut-BCA complexes which absorb strongly at 562nm. Performed
correctly, the measured absorption should be proportional to the number of peptide
bonds in the protein, and absolute concentrations can be measured by comparison
with known standards (Figure . Repeats usually showed variation of £10%,
limited (I suspect) by pipetting precision.

Dye concentration is typically quantified by comparing the measured dye
absorption to a standard value for the dye extinction coefficient, assuming that the
later is not altered by conjugation to the protein. This assumption is questionable;
while FRET interactions between dyes do not affect their absorption spectra, other
kinds of interaction do[318-322]. Fluorescence emission of many commonly-used dyes
(although not AF647) is quenched by interaction with certain amino acids[323-327].
However, there is little characterization of whether these interactions change the
dye absorption spectra. One paper claims a small shift in the absorption spectra of
fluorescein when bound by its antibody[328|. Another reports that free tryptophan
changes the absorption spectra of an oxazine-derivative dye[325]. Furthermore,
the absorption spectra of many dyes including Cy5 (from which AF647 is derived)
are expected to change with the solvent environment|329], which may conceivably
be modified at the surface of a protein.

To rule out this slim possibility that the dye absorption was changed by protein

attachment, Proteinase K was used to digest the protein post-labelling. Proteinase
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Figure 2.11: Protein concentration measurement with BCA assay. Measured absorbance
of samples with known a quantity of BSA (green) are used to create a calibration curve
(black). Absorbance of labelled protein sample is referenced against this to infer protein
quantity (magenta). A fluorophore-only control (blue) demonstrates that the assay is not
sensitive to presence of the dye.

K is notable for its robustness (surviving SDS and high temperatures), and for its
generality: it cleaves a wide variety of amino acid bonds. A detailed protocol is
listed in section [A.6], but in brief: AF647-labelled protein and a dye-only control
were incubated for ~2h with Proteinase K at 50°C in the presence of SDS and
CaCly (both of which enhance its activity). Coomassie blue staining on an SDS
PAGE gel suggested that the protein was well digested (Figure 2.12h). Comparing
the absorption spectra (Figure [2.12b), the proteinase causes a slight decrease in
the extinction coefficient of free dye, but a substantial (~33%) increase for protein-
conjugated dye. This was seen consistently, and suggests that dye absorption does
indeed change noticeably upon protein conjugation. (Aside: it is unclear whether
this an under-reported effect common to many dye/protein combinations, or whether
this combination of dye/protein gives highly unusual behaviour.)

The absorption spectrum of the dye after protein digestion can be used to quantify

labelling efficiency if the extinction coefficient of free dye is known. However, while
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Figure 2.12: Proteinase K assay to test dye labelling. WT and E327C FliG have
both been through the labelling process (WT as a control for non-specific labelling).
AF647 is dye only, but in the same storage conditions as the FliG and with similar
concentrations. PC- is protein post-labelling. P+ /- have been incubated post-labelling in
identical conditions with and without proteinase, respectively. a) SDS PAGE, stained
with coomassie blue. Note that dye-labelled protein runs a little faster. This is only seen
on denaturing gels, and thus not useful for purification. b) Absorption spectra of the
various samples.

a single canonical value for AF647 absorption is available 7 its precision is
questionable: if used to infer the quantity of dye in a commercially-provided packet,
it underestimates the manufacturer-reported quantity by ~15%. Assuming that one
or the other value is correct (the canonical extinction coefficient or the manufacturer’s
measurement), and considering the +10% uncertainty in protein concentration (see
above), our measurements are consistent with between 100% and 140% labelling
efficiency. Widespread double-labelling of single proteins is unlikely: the wild-
type FIiG control has only ~2% non-specific labelling (Figure [2.12pb), and single
FliGs adsorbed non-specifically to a coverslip very rarely show multiple bleaching
steps (data not shown). Furthermore, in some labelling batches, denaturing SDS
PAGE (Figure ) shows a slow protein band, present in E327C but not WT
FliG, which has no AF647 fluorescence and disappears in the presence of reducing

agent (data not shown). This almost certainly represents a cysteine-crosslinked
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dimer; a significant non-labelled population of FIiG which is not reflected in the
absorption measurements. Thus, even the lower estimate of labelling efficiency
(100%) is surprisingly high.

One possible explanation lies with imperfect protein digestion. According to
documentation from Thermo-Fisher Scientific, Proteinase K will not cleave a peptide
of fewer than 3 amino acids. It is conceivable that the short peptide still bound to
the dye after proteolysis still modifies the dye extinction coefficient, maybe even
to a greater extent the intact protein. As these peptides are not easily removed,
this is difficult to test. Thus, while the results above show that the extinction
coefficient of the dye varies with the local protein environment, the inferred labelling
efficiency of >100% is by no means conclusive. Therefore, alternate methods were
considered. Though none have been seen to their conclusion, I will describe three;
one a dead-end, one speculative and complex, and the last definitive and simple

but reliant on covalent DNA-protein conjugate.

2.2.3.2 Cysteine accessibility - a dead end

If a sub-population of proteins are unlabelled, this means they have un-reacted
cysteines. Discussion with Robert Ishmukhametov inspired a series of experiments
around the idea that sub-stoichiometric labelling should be caused by either
inaccessibility of the cystine (reducing reaction rates) or oxidization of the cysteine
(making it unreactive to maleimide). By subjecting labelled protein samples to
denaturing and agressively reducing conditions, any cysteines left unlabelled by
the dye should become readily reactive, and easily detectable by labelling with
a different colour of maleimide-dye, or quantification of free thiols by Ellman’s
reagent or similar.

However, this line of investigation was abandoned mid-development with the
realization that cysteines can be doubly oxidized, at which point the oxidization
is irreversible by any general reducing agent|331-333]. Unfortunately, the rates
of irreversible oxidization vary wildly with the local environment of the cysteine,

and no simple assay for the detection of irreversibly oxidized cysteines exists,
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despite significant interest in their regulatory role in some proteins. One study
based on mass spectrometry reports that in various eukaryotic proteins and cell
extracts, ~5% of exposed cysteines are irreversibly oxidized in this way[334], not
limited to proteins with regulatory roles. Many papers in this area also note
the difficulty of avoiding irreversible oxidization during protein purification and
analysis[332]. Therefore, there is a reasonable chance that some engineered cysteines

are permanently unreactive and invisible to any method at our disposal.

2.2.3.3 Surface binding kinetics - speculative and complex

The above approaches do not distinguish emitting dyes from those which are present
but not emitting (e.g. in dark or bleached states). A direct measurement of
the emitting fraction would be preferable. In a number of DNA PAINT studies,
the transient binding and unbinding of fluorophore-labelled DNA to a surface-
bound target sequence is measured through stepwise changes in the fluorescence
signal (Figure [2.13p) [305, [335, [336]. Bright and dark intervals have characteristic
distributions that measure the on and off rates. However, imagine that non-
fluorescent DNA sometimes binds to the target sequence. While not directly
observable, it prevents the binding of fluorescent strands, and thus affects the
distribution of dark intervals in a manner which is theoretically distinguishable
even if binding kinetics are not known (Figure 2.13p). FliG binding transiently
via a his-tag to a single-site DNA template could be analysed in this manner, to
infer the fraction of non-fluorescing protein(Figure 2.13k).

However, infrequent illumination would be required to avoid bleaching of the
dyes, limiting time resolution. Furthermore, any heterogeneity in binding kinetics
could be problematic, as could the need for long observation times (challenging in
terms of microscope drift). Experiments or simulations to quantify the expected
measurement, precision were not performed, in the hope that covalent protein-DNA
conjugates will soon enable the next (simpler) method to be used. However, this
method may still be of use in cases where covalent conjugation is impractical, and

potentially requires only a his-tag, making it applicable to a wide range of proteins.
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Figure 2.13: a) Example trace of fluorescently-labelled DNA binding to and unbinding
from a surface-tethered DNA oligo[305]. b) Simulated distribution of dark intervals, for
fluorophore-labeled molecule binding transiently to a single target site. Curves show
distributions corresponding to 100% labelling yield and varying binding kinetics (red) or
fixed binding kinetics and varying labelling yield (blue). The point is that they affect the
curve in different ways, and fitting ought not to confuse the two. ¢) Schematic of FliG
binding transiently to a surface-bound single-site template.
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2.2.3.4 Tag co-localization - hopefully definitive

If all proteins labelled with dye A carry a permanent (i.e. covalent) DNA handle
of sufficient length, a DNA tag with dye B may be stably hybridized to the label.
Co-localization of these dyes can be measured either for surface-bound proteins
or proteins diffusing through a focussed spot, and protein / tag stoichiometry
varied. At high protein/tag ratio, we can assume all tags have a protein bound,
and the percentage of tags (dye B) which are co-localized with dye A measures
the percentage of labelled protein. The opposite is true at low protein/tag ratio.
As a bonus, double-labelling could be inferred from bleach steps. Once we have
covalent DNA-FIiG conjugates, this can provide both greater precision than the
canonnical method and greater relevancy (measuring not just the presence of the
dye, but whether it fluoresces or not.)

As an aside: with a covalent conjugate, we could also put the dye label on the
DNA tag rather than the FliG. As DNA is more robust to harsh purification methods
(e.g. reverse phase HPLC), we could plausibly purify dye-labelled DNA tags from
unlabelled, and furthermore purify tagged FIiG from untagged FliG, leaving us
with a biochemically 100% labelled conjugate, if not necessary 100% fluorescing.

2.2.4 Stability and function

As we lack any kind of FliG activity assay, it is possible that its proper function
is damaged during purification, storage or labelling. Covalent DNA labelling
in particular could destabilize protein structure. As discussed in section
and elaborated below, it is also possible that proper function is very sensitive
to buffer condition, or requires some cofactor (e.g. a salt or generic chaperone)

of which we are not aware.

2.2.4.1 Protein Thermal Shift Assay

To address concerns around protein damage, we can exploit a generally observed
correlation between conditions maximizing a protein’s stability and conditions

maximizing that protein’s function (e.g. enzymatic activity)[337]. The Protein
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Figure 2.14: a) Explanation of protein Thermal Shift Assay, reproduced from Wikipeida.
b) Melting curves with different quantities of BSA.

Thermal Shift assay, known also as Differential Scanning Fluorimetry, is a high-
throughput method of measuring protein stability . This employs a dye
which fluoresces more intensely when bound to hydrophobic surfaces, such as
those exposed after protein denaturation. Thus, a jump in fluorescence with rising
temperature identifies the protein melting point (Figure [2.14h), which correlates
with protein stability. Parallel measurements using a 64-well PCR machine can
compare different buffer conditions, samples, etc. This is analogous the to SYBR
green assay for DNA melting, described in section 2.1.1.3]

Trial experiments used a commercial Protein Thermal Shift? kit (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). As provided documentation
is vague about the minimum quantity of protein required, I measured melting
curves with varying quantities of BSA, following manufacturer protocols (Thermo
Fisher publication number 4461806B). Melting was only visible with > 5ug BSA
(Figure 2.14p). This could be reduced to 2ug (x4 repeats) with more careful sample
preparation, optimized acquisition settings, and post-processing in MATLAB to
overcome noise (data not shown). This is unfortunately still a substantial amount
of protein compared to the quantities involved in covalent conjugation trials thus

far, but we hope that such measurements will become practical in the near future.
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2.2.4.2 Recreating in vivo behavior in vitro

We should bear in mind the difficulty of accurately reproducing the kinetics and
thermodynamics of in vivo interactions in wvitro, particularly given the lack of
direct measurements of the latter. For example, commonly used in wvitro, salts
like NaCl poorly mimic the environment of a living E. coli, where free anions
(primarily glutamate; Glu™) are greatly outnumbered by polyions (nucleic acid
phosphates), and correspondingly by free cations (primarily K*)[340-342]; this
is difficult to reproduce in vitro. Furthermore, replacement of Cl~ with Glu™ in
vitro can change interaction kinetics by at least an order of magnitude in some
systems (e.g. protein-DNA interactions [341]), even when overall ionic strength
is held constant. Molecular crowding may also be important for the assembly of
many protein complexes|343, 344]. Thus, there is a potential for extreme sensitivity
of assembly and kinetics to buffer conditions. Combined with the aforementioned
possibility of unknown co-factors, this represents a non-trivial risk that assembly

in vitro may be very difficult to achieve.

2.3 Protein-DNA conjugation
2.3.1 Overview

Although a multitude of methods exist for the conjugation of DNA to proteins
[345-347], only a handful meet our stringent requirements. Attachment sites on
the template must be precisely arranged, ruling out the use of bulky (~10s of
kDa) adapter proteins such as streptavidin [348], DNA-binding zinc fingers|295] or
the binding partners to SNAP-tags[349], HALO-tags[349], FLAG tags[347], GST-
tags|350], Spy-tags|351] and similar. Likewise, positioning of the linker on the
protein surface must be specific enough to avoid blocking protein-protein binding
interfaces, and stoichiometric (to avoid one protein blocking multiple template sites,
for example). This rules out non-specific techniques, such as DNA-NHS labelling of
abundant lysines [348]. As we are trying to establish a general strategy applicable to

multiple protein complexes, we also want to avoid anything specific to a particular
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protein (antibodies, aptamers, ligands etc) or involving very specialist protein
production methods, such as the artificial amino acids required for Cu-free click
chemistry [352]. The procedure should also avoid compromising protein structure
and be compatible with dye-labeling for the fluorescence experiments. Finally,
while we can assemble structures at arbitrary concentrations, actual fluorescence
observations require dilutions to very low (sub-nanomolar) concentrations (section
. So; binding needs to be uniformly stable over at least 10s of minutes, even
at low concentrations.

Collectively, this is such a tight set of requirements that, despite attempting
a number of methods (which I will describe below), nothing so far as perfectly
satisfied all of them. I will give a brief chronological summary, before addressing
each strategy in detail, and considering future approaches.

Initially, we planned to use tris-NTA modified DNA (section to bind
the histag already present on FliG. There was a long struggle to get this working
working, during which time I also made some failed attempts at maleimide-cysteine
conjugation (section . Now the tris-NTA strategy is working reliably, but
problems remain around product heterogeneity and the stability of the NTA-histag
bond. Stability was improved somewhat by the development of pentakis-NTA
(section , which was demonstrably stronger-binding, but still heterogeneous
and potentially not stable enough for assembly on tightly packed templates (section
. Histags also appear to compete with NTA for binding to other histags. For
these reasons, Joel Spratt worked on implementing a guided conjugation technique
(section , which uses a non-covalent NTA-histag bond to position a DNA
oligo which subsequently forms a covalent bond with one of multiple lysines near the
histag. While this was made to work, exact characterization of the labelling site was
difficult, and the reliability of the protocol was poor, to the extent that it eventually
stopped working completely. Joel then managed to get the maleimide-cysteine
conjugation working (section [2.3.3.2]), with the caveat that it is incompatible with
our dye-labelling technique. While both covalent methods worked at least for a

while, purification of the covalently-modified product remains a bottleneck, and
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I devoted some effort to looking for scalable techniques which could be used for

purification of covalent conjugates (section [2.3.3.3)).

2.3.2 NTA-DNA
2.3.2.1 tris-NTA

Nitrilotriacetic acid (NTA), a chelating agent, is commonly used for the imobilization
of Ni?* on affinity columns. Recombinant proteins are engineered with “histags”
of 6 or more successive histidine residues, whose imidazole side-chains readily
bind the two free Ni*™ coordination sites of a Ni?*-NTA complex (Figure [2.15p).
This binding can be displaced by high concentrations of free imidazole, allowing
sequential binding and then elution of the engineered protein with remarkably high
purity. The wide use of histags in the manner makes them ideal targets for general
conjugation. From the published literature on tris-NTA binding to histags [353|
354], we expect ~nM dissociation constants and dissociation times on the order of
1000s. Given that the dissociation constant is reported to vary by at least an order
of magnitude between different proteins|353], it is plausible that conjugates might
dissociate too quickly for prolonged observation at low concentration. Nevertheless,
this was our starting point for FliG-DNA conjugation, following the publication of

a DNA-trisNTA synthesis protocol by our lab some years ago[353].

2.3.2.2 Synthesis

Following the protocol of [353] (Figure [2.15p), a tris-aminated DNA oligo is reacted
with an SPDP crosslinker, which is then reduced with TCEP, cleaving disulphide
bonds to leave exposed thiols. These are then labelled with maleimide-NTA. Oligos
are buffer exchanged at each step to remove reactants; either by size-exclusion spin
columns (micro bio-spin P-6, Biorad) or size-exclusion gravity columns (NAP-10
and NAP-5, GE Healthcare), concentrating post-exchange with amicon filters when
necessary. On occasion, DNA was ethanol-precipitated as a final purification step.

Using gel shifts to measure the number of NTA groups (following [353]), yields

of 3-NTA oligos never exceeded 80%, and was often significantly less, even when
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Figure 2.15: a) Binding of histag to a single Ni-NTA complex. Figure adapted from
http://www.cube-biotech.com and http://www.nanoprobes.com/. b) Synthesis of 20nt
trissaminated DNA. Schematic adapted from . Gel was 20% 19:1 acrylamide in
TBE buffer with 7TM urea, ran at 500V for ~25m. Similar shifts were observed for 10nt
DNA, and the yield shown here is quite typical. ¢) Highest-yielding trial of one-step NTA
modification with Isothiocyanobenzyl-NTA. 16h reaction time, 4%/21% stacking gel run
at 180V for multiple hours.
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the reaction was given time to reach a steady state (Figure , bottom). This
was across a range of reaction conditions, oligo suppliers and amine-modification
chemistries. A number of attempts at modification using Isothiocyanobenzyl-
NTA, which labels amines directly in a one-step reaction (Figure [2.15¢), had

even lower yields.

2.3.2.3 Purification

[ made a number of attempts at purification with reverse-phase chromatography on
a Waters Xbridge C18 HPLC column (Figure 2.16)), following [353]. In this method,
DNA is bound to a hydrophobic resin, and washed with increasingly non-polar
solvent, which progressively weakens the hydrophobic interactions, thus eluting
DNA in an order of increasing hydrophobicity. However, while a number of DNA
species were clearly separated(Figure [2.16p), the pattern of peaks differed wildly
between different preparations(compare figures and c), and individual purified
peaks ran as a mixture of species on PAGE (Figure [2.16b). Thus, reverse-phase
chromotagraphy is selecting for something orthogonal to PAGE; all PAGE bands
contain all HPLC peaks and vice versa. Upon incubation with NiSOy,, only a subset
of reverse-phase peaks were shifted, arguably implying that only a subset of oligos
are capable of chelating Ni%*. It is not clear, therefore, that PAGE purification or
reverse phase chromatography alone are sufficient to isolate DNA with 3 functional
NTA groups. At the time of these experiments, we were not aware that protein
binding could be seen by PAGE, making it laborious to directly test binding affinity
for different purification fractions. We did make one attempt at binding NTA-DNA
to an NTA column, in the hope that an imidazole gradient could elute NTA-DNA
according to affinity for Ni, but NTA-NTA binding was not observed; perhaps
unsurprisingly, given that Ni?* has insufficient co-ordination sites for two NTA
sites to fully bind. I suspect that a column modified with histag peptides might
be a viable affinity-purification strategy. Nevertheless unpurified NTA-DNA was

used in all subsequent experiments, unless noted otherwise.
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Figure 2.16: a) Reverse phase chromatography trace of a 10nt tris-NTA oligo. b)
Purified fractions from figure 1, analysed by PAGE, as in figure . ¢) Reverse-phase
chromatography trace of another preparation of 10nt tris-NTA oligo, after incubation
with or without NiSQy.

Aside: in the course of these experiments we tried a variety of aminating
chemistries from different suppliers, with amines attached either between neigh-
bouring phosphate backbone units (with a number of different chemistries) or to
thymine bases. Though these all looked similar on PAGE, we never quantified

whether thier binding performance differed; it remains possible.
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2.3.2.4 Observations of binding

Initial attempts to see FliG binding to NTA-DNA with native PAGE failed,
consistent with [355]. The first signs of successful binding came via Size Exclusion
Chromatography (Figure[2.17a). This was confirmed with TIRF microscopy (section
: AF647-FliG pre-incubated with biotinylated 3x10nt templates and tris-NTA
oligos was shown to bind to a streptavidinated surface only when the tris-NTA
DNA had been pre-incubated with NiSO,4. Surface washes removed the AF647-
FliG only when the wash buffer contained imidazole (Figure [2.17b), proving the
specificity of the interaction.

However, in an experiment described elsewhere (section , single-molecule-
photobleaching (section [3)) was used to count the stoichiometry of FliG on a 5x10nt
tris-NTA template; stoichiometries were consistent with only ~ 1/3 of NTA oligos
having a bound FliG (Figure 2.17c). In the next section we will see similar
results on a 3x20nt template. In both cases, the most likely explanation is that (in the

conditions we used), a significant population of tris-NTA oligos bound FliG poorly.
2.3.2.5 Pentakis-NTA

Theoretically, 3 NTA groups will bind only 6 of the 10 histidines in the histag of
our FliG constructs. We wondered, therefore, whether a pentakis-NTA (5 NTA)
modification would give stronger binding than the tris-NTA (3 NTA). It is not
obvious that this should work; the only published study (to my knowledge) using
>3 NTA groups showed that 4 x NTA apparently bound less stably to a 10-histag
than 3 x NTA, probably due to increased entropic penalty [354]. However, they
postulated this effect might be sensitive to the topology and flexibility of the
chemistry holding the NTA groups together, which is quite different in our case
to theirs. Therefore, we synthesized a pentakis-NTA strand analogously to the
tris-NTA procedure, using a pentakis-aminated oligo. Yields were comparable to
the tris-NTA synthesis, with a >50% yield of 5NTAs (Figure 2.18h).

These attempts coincided with the discovery that NTA-FIiG binding was

observable by native PAGE. Joel Spratt used this to measure that more imidazole
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Figure 2.17: a) Size exclusion chromatography trace. tris-aminated (i.e. pre-
modification) or tris-NTA (i.e. post-modification) 10nt DNA was incubated with NiSOy,
buffer exchanged, then incubated with a 5x10nt template and a sub-stoichiometric amount
of FliG. Slowed tris-NTA peaks have overlapping DNA and AF647 signals (not shown).
b) Binding of AF647-FliG to surface-bound 3x10nt template via tris-NTA 10nt DNA,
observed by TIRF, and disrupted by the addition of imidazole to prove specificity. c)
Stoichiometry of FliG bound via trisNTA DNA to 5x10nt templates, as described fully
in section [A.1.1] Yellow bars show observed stoichiometries, box plots show expected
distribution if template sites are 34% likely to have a Fluorescent FliG bound.
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Figure 2.18: a) Last step in pentakis NTA synthesis, comparable to figure

b) Fraction of FIiG bound to pentakis NTA oligo after stoichiometric incubation in
presence of imidazole; measured with native PAGE. Figure and work: Joel Spratt.
c¢) Titration of 3x20nt template against 20nt pentakis-NTA and FliG. Note: free

FliG band and single-FliG-on-template band coincidentally overlap on this gel.
DNA-only species have both run past the end of the gel. d,e) Histograms of FliG
stoichiometry vs time, measured by single-molecule fluorescence in conditions of

zero background FliG. Experiment fully described in section

was required to dislodge F1iG from pentakis-NTA oligos than from tris-NTA oligos,
implying a higher affinity (Figure 2.18p). Furthermore, when I incubated 3x20nt
templates with an excess of pentakis-NTA 20nt oligos and FliG, the vast majority of
templates were routinely observed with 3 FliGs attached (Figure 2.18f) (See section
for more detail). Assuming that the functionality of the NTA attachment has
no effect on affinity for the template, this strongly implies that almost all pentakis-
NTA oligos are fully functional. Thus, FliG binding to unpurified pentakis-NTA
oligos is easily stable enough for observation on PAGE.

However, the same stoichiometric filling cannot be unambiguously seen for

5x10nt templates (section [4.1.5)); it is unclear if this is because the closer packing of
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FliGs destabilizes them enough to overcome the histag-NTA binding. In this case,
perhaps the strength of pentakis-NTA binding is limiting and covalent conjugation
would be preferable.

Furthermore, when the 3x20nt templates were observed with single-molecule
fluorescence (section for detailed discussion), sub-stoichiometric filling was
seen with both tris-NTA and pentakis-NTA. The pentakis-NTA structures (Figure
2.18k) as compared to tris-NTA (Figure[2.18/1) were unambiguously more stable over
time and more biased towards higher stoichiometries, but nevertheless mostly under-
filled with FliG. Structures were assembled at high concentration, and observation
started within minutes of diluting to low concentration (~10s of pM), after which
the distribution of counts was stable for over an hour. One explanation of this
result is that some fraction of the pentakis-NTA strands bind FliG stably at higher
concentrations (as observed a gel), but dissociate rapidly when diluted to the
low concentrations required for single-molecule measurements. The remaining
pentakis-NTA strands are reasonably stable in both concentration ranges. If this
is the case, affinity-based purification of the pentakis-NTA oligos may make them
viable for single-molecule experiments.

Another possibility, discovered later, is that NTA-histag binding is quite sensitive
to incubation conditions. The structures for the microscopy experiment were
assembled at a higher concentration than those for the gels, with a higher Ni?*
concentration, and stored at 4°C before observation. While this might be expected to
increase stability of binding, reproduction of similar conditions at a later date showed
sub-stoichiometric binding on a gel (see section [4.1.4). We have yet to go back and
repeat the single-molecule experiments with preparations which definitely give full
stoichiometric binding on a gel, but we do have at least a hypothesis as to why histag-

NTA binding might be so sensitive to conditions, particularly Ni** concentration.

2.3.2.6 Competition with histag-histag binding

In PAGE experiments, ladders of FliG multimers were often observed, even in

the absence of any DNA template (Figure [2.19]). These ladders mostly disappear
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if his-tags are cleaved off via the PreScission site (Joel’s data, not shown), and
typically appear in a Ni*T-sensitive manner (Figure [2.19%); we interpret this as
histag-mediated multimerization.

Outside of a very narrow window of Ni?* concentration, this multimerization
competes with histag-NTA binding (Figure [2.19a), and confuses analysis of any
template-bound FliG bands. Furthermore, the tendency for histag multimerization
is inconsistent between reactions, making it difficult to tune Ni?** to this window,
especially when concentration of FliG and NTA oligos must vary as part of
an experiment.

This problem can be partially solved by pre-incubating the NTA groups with
Ni%*, then buffer exchanging away free Ni>*T before incubation with FIiG; Figure
was acquired this way. However, for the 10nt pentakis-NTA oligo in particular,
this solution has been imperfect; we loose significant quantity of oligo during
buffer exchange (as we are right on the cut-off limit of the columns we use),
and have to spend time re-measuring the oligo concentration. After this process
(which takes ~30m), we incubate structures for another ~30m before running on
a gel, and still see FliG-FliG multimerization (Figure 2.19b). This could mean
that Ni?* is not properly removed, or that it is dissociating from the NTA or
otherwise being transferred to the histags. Furthermore, some lesser degree of
FliG multimerization is sometimes seen in reactions with no Ni** or DNA species.
Consider that our end-goal is to investigate physiological FliG-FliG interaction; the
risk of unphysiological interactions should make us wary. Removal of the histags

entirely would be preferable, but rules out an NTA conjugation strategy.

2.3.2.7 Conclusion and motivation for covalent methods

To conclude: While we have successfully synthesised NTA-modified oligos which
bind histags, they invariably comprise multiple species, and we do not have a
clear method to purify those with the highest affinity for FIiG (section [2.3.2.3)).
This is not insurmountable: now that we know binding is visible with native

PAGE, we could realistically measure the binding of species separated with PAGE



2. Building Blocks 101

pk=-NTA
" 5x10nt T

pk-NTA oligo

6% 19:1 TAE, 200V 70m

Figure 2.19: a) FliG incubated with and without 10nt pentakis-NTA oligo, at varying
nickel concentration. Native PAGE. b) FliG incubated with and without 5x10nt tempalte
+ 10nt pentakis-NTA oligo. The pentakis-NTA oligo has been pre-incubated with NiCls,
then buffer exchanged. Native PAGE.

and/or reverse phase chromatography. Alternately, we could develop an affinity
purification protocol.

We have made the discovery that pentakis-NTA oligos bind a 10-histag more
stably than tris-NTA oligos (section ; a novel and non-trivial result. For
N x 20nt templates measured by native PAGE, they give stable and controllable
binding. The same templates measured at low concentration with single-molecule
microscopy apparently have many empty binding sites; it remains possible that
oligo purification or optimized assembly conditions might rectify this. On 5x10nt
templates, the binding stability is unclear, particuarly in light of competing histag-
histag interactions. It might be that closely-spaced FliGs destabilize each other
somewhat, in addition to which we know the NTA modification is bulky and
destabilizes binding of the oligo to the template. Again, these problems may not
be insurmountable with further characterization and optimization.

However, we have put our more recent efforts towards developing more covalent
methods. What are the advantages of this? Firstly, it would leave the DNA-
DNA interaction as the only impermanent contact in the assembly. Not only does

this simplify the interpretation of results, but it better allows us to control the
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binding kinetics through changes to DNA sequence, the effects of which are well
understood. Given that we have confidence in the stability of DNA-DNA interactions
under conditions for single-molecule microscopy (sections , and that
covalent conjugation allows simple and direct measurement of dye labelling efficiency
(section , we expect it to make the microscopy experiments immediately
viable. Likewise, it may facilitate the use of other low-concentration assays, or
potentially destabilizing methods (e.g. mass spectrometry). It should also reduce
the need for fine tuning of conditions, and finally allow us to cleave the histags,
avoiding the risk of unphysiological FIliG self-interaction as described above. This

argument will be revisited in chapter [4]

2.3.3 Covalent Methods
2.3.3.1 Guided Conjugation

Overview [ While most of the work developing this technique was performed by
Joel Spratt, I will describe it briefly as it motivated other work that I did perform. |

The natural abundance of lysines on protein surfaces (e.g. Figure ) makes
them an ideal target for non-specific covalent conjugation to NHS esters|356]. A
recently published method[357] coaxes pseudo-specificity out of this approach, as
follows: a NTA-modified “guide” oligo binds to the histag of an engineered protein
(Figure ) A partially-complementary NHS-modified “reactive” oligo is added,
at concentrations ordinarily too low to react with the lysines(Figure ) However,
those reactive oligos which hybridize to histag-bound guide oligos see a large local
increase in the effective NHS ester concentration, promoting covalent reaction with
histag-proximal lysines(Figure ) After this has occurred, the Guide-Reactive
bond can be broken by the addition of a fully guide-complementary “displacer”
oligo (Figure [2.20¢), and the Guide-protein link can be broken by the addition of
imidazole (Figure [2.20f). Thus the protein is left with just the reactive strand,
bound covalently to a lysine somewhere near to the histag.

This method shares a number of advantages with the NTA-DNA approach, it

requires only a histag, and is orthogonal to cysteine-based techniques (dye labelling,
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Figure 2.20: a) Crystal structure highlighting lysines in FliG from A. aeolicus7 with
position of the N terminal histag on our E. coli and S. typhimirium constructs noted. b-f)
Template-directed conjugation[357]. See main text for description.

targeted cross-linking) that we might want to use. At the same time, it ought to be
less sensitive to reagent heterogeneity. However, it leaves us with conjugates that
may have heterogeneity in their labelling site (section , and need purifying
from a host of DNA species and unconjugated protein (section [2.3.3.3)).

Quantification of labelling site In , Rosen and co-workers used a cleavable
NHS-DNA linker to facilitate tandem mass spectrometry, showing that only lysine
sites close to the histag are modified with the reactive oligo. However, they dealt
only with single-domain proteins (e.g. GFP), whereas FliG has multiple domains
very flexibly linked. Therefore, while the histag is on FliG,, it is not inconceivable
that lysines on FliG, or FliG,, could be labelled. As the mass spectrometry approach
is difficult and specialised, I looked for simpler ways to quantify whether FliG.
and FliG,, had been labelled.
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Figure 2.21: a) Limited proteolysis of FiG reported by b) Limited proteolysis of
FliG-AF647, analysed with SDS page. Coomassie blue staining (blue) is overlaid with
AF647 absorption (red).

Limited proteolysis splits a protein into subdomains by exploting the relative
susceptibility of flexible inter-domain linkers to proteolysis[358]. Inspired by sucessful
limited proteolysis of FliG by Minamino and co-workers [88](Figure 2.21h), I tried
incubating FliG-AF647 with Proteinase K for various times in the hope that FliG,,,
FliG,, and FliG, (and DNA-conjugated equivalents) would be identifiable by SDS
PAGE. Unfortunately, although there was a clear pattern to the proteolysis, it
did not correspond to the pattern seen by , particularly when the signal from
AF647 (known to be on FliG.) was considered. Furthermore, the mass of visible
proteolysis products do not add up to the total FliG mass. Therefore, without
mass spectrometry, we do not have enough information to identify subunits. I also
considered more site-specific proteases which would cleave FliG into a small number

of fractions with predictable mass, but none had usefully-placed cleavage sites.

2.3.3.2 Maleimide-cysteine

[ Again, most of the development work here was done by Joel Spratt, but informs

other parts of this thesis, so I will describe it briefly. |
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A period of success with the Template-directed Conjugation approach was
followed by unexplained but repeated failure. This, along with the work required to
quantify the location of labelling, motivated a search for different approach. This
mirrors the dye-labelling approach (section [2.2.2.2)), using a maleimide-modified
DNA to label an engineered cysteine (at the F1iG N-terminus, in this case). While
early attempts failed, Joel now has this strategy working. Although quantities of
conjugate have been limited so far, small-scale templating experiments have been
very promising (see section . This strategy does have some downsides, however;
in particular, it is incompatible with maleimide-dye labelling. One possible solution
is to conjugate the dye to the protein-labelling oligo itself. However, commercially
available doubly-labelled (dye + amine) oligos are very limited in choice of dye; we

have yet to determine if this is compatible with clear photobleaching steps.

2.3.3.3 Purification

Whether the guided or maleimide-cysteine approaches are used, we need a method
to remove unconjugated DNA oligos, which could block template sites or otherwise
interfere with assembly. In the case of the guided conjugate, this task is a little
more difficult, due to a more complex mixture of DNA species. In the most ideal
case we would additionally remove unconjugated FliG, especially if the fluorescent
label is on the DNA tag. Finally, given that we would reasonably want to probe
FliG concentrations of ~10s of M in assembly experiments, and volumes below
1uM are difficult to handle accurately, we could plausibly be using 10s of pmole
per experiment, minimum. Thus, it would be advantageous to purify 100s of

pmole or more per batch.

Nickel Affinity Chromatography Nickel affinity chromatography is a likely
feature of any purification strategy, selecting for protein-containing species (FILiG
and FIiG + DNA) via their his-tags, which can then be cleaved via the PreScission
site (see section . However, the guide conjugation mixture contains imidazole,
which would disrupt column-histag binding. Furthermore, if imidazole was removed

(e.g. by dialysis or size exclusion), the NTA guide oligo would compete with the
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column for histag-binding. Therefore, utility for the guided conjugation is limited

unless the guide strand and imidazole can both be removed first.

DNA affinity column A conceptually elegant purification strategy is to form a
column with affinity for a particular DNA sequence, to selectively remove unwanted
oligos (e.g. the guide strand) or retain desired oligos (e.g. the FliG-conjugate DNA).
Lowered ionic strength or toehold-mediated strand displacement could be used to
elute bound species. For the guided reaction, a column-bound displacer strand
could hold FliG via the guide, before eluting F1iG with imidazole.

I attempted to make such a column by incubating aminated displacer oligo
(20nt) with an NHS-agarose resin (Figure[2.22h). The quantity of DNA eluted from
this resin was less than the quantity loaded on, implying some fraction of the DNA
had bound (Figure [2.22b), equivalent to ~Inmole DNA per 250uL resin. This is
a low capacity: a single batch of ~ 20 — 30mL lysate provides ~100nmole FliG,
easily accommodated by a similar volume of nickel resin.

To test accessibility of column-bound oligos to sequence-specific hybridization, I
incubated the DNA-modified resin with complementary (20nt guide sequence) and
non-complementary (10nt reactive sequence) DNA. At high salt (1M NaCl), duplexes
are stabilized, so complementary species should be retained, whereas zero salt should
disrupt duplexes, removing hybridized species (Figure [2.22¢). Unfortunately, there
was no evidence of any DNA having bound to the column, save a tiny amount of
non-complementary reactive sequence DNA (Figure 2.22d). This was confirmed by
attempts to elute hybridized DNA with denaturing conditions (data not shown).

This is consistent with the only literature example I could find of a similar
construct[359]. Using a similar NHS resin - amino DNA approach, the authors report
that covalently bound DNA was only available for hydbridization when attached
to the column via a flexible linker; they found a 100-atom PEG to be optimal. In
addition, even after heavy optimization, their yield of covalently conjugated DNA
was only 5x what I achieved; in excess of the theoretical maximum achievable with

many other chemistries (e.g. biotin-streptavidin), but still not enough to purify
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Figure 2.22: a) Binding of aminated DNA oligo to NHS-agarose resin b) Quantification
of binding by SYBR gold DNA staining on native PAGE, comparing loaded and eluted
DNA, after incubation at a variety of salt concentrations. Lanes represent the same
fraction of loaded / eluted volume, and are normalized to the same salt concentration. c)
Test of sequence-specific DNA binding to column. Diagram shows what we would expect
if system was working as hoped. d) Quantification through SYBR gold DNA staining on
native PAGE. Again, lanes represent the same fraction of loaded / eluted volume.

a 100nmole FliG batch without many mL of resin. Given the expense of resin
and suitable PEG crosslinkers, along with the substantial development work still

required, I decided to concentrate on other strategies.

Native Gel purification We already know the DNA-FIiG conjugate is separable
on native PAGE, making it attractive for purification. In the original guided
conjugation study [357], DNA-GFP and DNA-antibody conjugates remained func-
tional after passive elution from homogenised gel slices. A literature also exists
on the purification of protein complexes through passive elution and also
electro-elution[360-363], in which an electric field pulls the sample out of a gel

slice, on to a dialysis membrane. However, this literature warns of damage which
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can be caused during electrophoresis[360, [361]; a slight concern, given that we
lack of a test for FliG activity (section . Nevertheless Joel Spratt tested
both passive elution and electro-elution.

He found that FliG-DNA (10nt) conjugates passively eluted only from low
percentage (6-10%) gel slices, whereas high percentages (15% 19:1) were required
to give separation between DNA-labelled FliG and non-labelled FliG. Following on
from this, I established that a stacking gel could be designed to separate species
in a high-percentage region, before passing them into a low-percentage region for
elution (albeit not with particuarly clean bands; Figure [2.23h).

Joel also tried electro-elution, and found that while protein could be electro-
eluted from ~15% 19:1 gels, it was denatured in the process; presumably due to
heat, or the lack of salt in typical electrophoresis buffers. Although adding salt
to the buffer will increase heat generation, this may be manageable by efficient
cooling: electro-elution may still be viable.

However, we questioned whether gels could handle sufficiently large quantities
to be useful, given that analytical gels are typically run with ~pmole quantities. I
found that while fluorescent DNA stains behaved poorly with heavily-loaded gels,
and heavy loading of fluorescent DNA saturated our gel scanner, heavily-loaded
bands could be visualized by doping with a small quantity of fluorescent oligo. With
this technique, I found that DNA-only bands show remarkably little distortion
even in the presence of ~1nmole DNA per lane (Figure m) Overloading of
protein however is more deleterious, causing clear distortion (and therefore decreased
resolution) at ~ 0.17nmole (Figure [2.23c). I suspect this limits us to purifying
~1nmole across an entire gel; similar to a hypothetical DNA affinity column. Having
said that, we primarily care about the resolution achievable with “real” DNA-FIiG
conjugate samples, which thus far have been too scarce to use in these kind of tests.

Potentially, preparative gel electrophoresis systems (though expensive) could
overcome these limits on protein quantity. An alternate possibility is purification
via agarose gels, rather than polyacrylamide. DNA origami structures are often

purified from agarose gels, either by spin filtration[306] 364] or simply compressing
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Figure 2.23: a) Three snapshots of a stacking native PAGE gel, running a small
quantity (~1pmole) of FliG-AF647 following a guided conjugation procedure, imaged
via the AF647 fluorescence signal. b) Stacking native PAGE (2 snapshots), showing
a small quantity (~1pmole) of fluorescent 10nt DNA doped with varying quantities of
non-fluorescent 10nt and 20nt DNA. ¢) Native PAGE; small fluorescently-imaged quantity
of FliG-AF647 doped with varying amounts of non-fluorescent FliG and DNA. d) Native
agarose gel electrophoresis; streptavidin bound to varying amounts of 10nt biotinylated
single-stranded DNA.

gel slices to expel the sample and solvent. There is only a little literature
on purification of proteins from agarose gels, all concerning very large proteins or
complexes, . To test whether agarose was likely to have sufficient resolution
for conjugate purification, I used streptavidin conjugated to differing numbers of
10nt biotinylated DNA oligos (covalent FIiG conjugate not being avaialble at the
time). As streptavidin has slighty higher mass (53 vs 40 kDa) and smaller charge
(-7.6 vs -10.3 at pHT [365]) than F1iG, it ought to be slightly slower-running than
FliG, and thus easier to separate from DNA. However, even with a 3.5% agarose gel
(very dense; too dense for squeeze extraction, and on the limit of easy handleability),
resolution was too poor to clearly separate conjugated and unconjugated species

(Figure 2.23{d). Therefore, PAGE purification is probably more promising.
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Ion exchange Ion exchange is another potentially attractive purification method;
binding negatively charged molecules (FliG, DNA) to a positively charged column,
and eluting in order of increasing net charge by a gradient of increasing salt
concentration. However, using a HiTrap DEAE Fast-Flow HPLC column, resolution
between species was inadequate (Figure ), and species in a guided conjugation
mix were poorly separated (Figure [2.24p). For unclear reasons, the FliG elution
profile is quite broad (Figure ), and overlaps with all DNA species; perhaps
unsurprising given the substantial negative charge of FIiG (-10.3e expected at pH
7 157, 1365]). While this charge could be drastically reduced by lowering the pH,
increasing separation, we expect that this would result in denaturation or other
damage. Thus, it seems unlikely that DEAE resin is sufficient for separation of FIiG
and DNA. It is possible however that other column substrates may fare better; FliG
is reported not to bind to ceramic hydroxyapatite (CHT)[366], a weak binder of
DNAEI. If this can bind very short (~10nt) oligos, it may be suitable for separating
DNA-conjugated and unconjugated FliG.

Size Exclusion Chromatography The molecular weight of a 10nt oligo (~3kDa)
is so much smaller than the weight of F1iG (~40kDa) that, while using size exclusion
to separate DNA-only species from FliG-containing species is plausible (but not
obviously better than using a nickel column), separation of DNA-tagged FliG from
untagged FliG would be infeasible. This could perhaps be solved by the use of
a sacrificial template, to increase the weight of tagged FliG (Figure [2.25). While

scalable, this is convoluted and might require significant wastage of DNA.

Future directions The purification strategies above were largely developed with
guided conjugation in mind. As we are more recently favouring the maleimide-
cysteine strategy, purification becomes a little simpler. For small-scale trial
experiments with these conjugates (e.g. section , Joel has been using nickel-
affinity columns to remove DNA-only species, which is easily scalable. When it

becomes necessary to remove DNA-free F1iG, we hope to try either ion exchange

http://www.bio-rad.com/webroot /web/pdf/lsr/literature/10011433.pdf
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conjugation mixture.

with a CHT resin or size exclusion on templates (as described above), both of which

ought to be high throughput, and less likely than PAGE to damage the protein.
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The previous chapter concerned the biophysical building blocks needed to
template FIiG on DNA templates. This chapter concerns microscopy techniques to
characterize FliG stoichiometry on such structures, which can be used as a readout

of gap-filling or templated polymerization, as discussed in section [1.5.1]

115
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3.1 Hardware
3.1.1 Microscope

Figure describes the custom TIRF microscope used for all fluorescence ex-
periments. All experiments described in chapter 4| use 633nm HeNe laser illu-
mination with a multi-bandpass filter set (Semrock FFO01 446/523/600/677 and
Di01-R405/488/561), illuminating an area of either ~10um diameter or ~40pum,
depending on microscope configuration. In experiments where maximum intensity
was required (e.g. section , spatial filtering pinholes were removed to achieve
~10mW into the rear of the objective, or ~130puW /um? at the coverslip. Power
densities as low as ~3uW /um?, however, still generated clear traces (e.g. section
[1.1.3). All experiments were performed in TIRF unless otherwise stated. Final
images correspond to 86nm/pixel; roughly optimal for single-molecule localization
when using a CCD[367], but not obviously optimal for counting experiments using
an EMCCD. Video acquisition used 15-30ms exposure times and 300 EM gain.
Flow chambers (section were mounted via spring clips onto a custom mount,
screwed to a piezo stage (PI P517.3CL, controlled by an amplifier E503 and servo
E509-C3A) atop a custom translation stage. Brightfield illumination was provided
by a fiber-coupled Thorlabs MCWHL2 LED, focussed by a Nikon long working-

distance condenser (NA 0.52) for Kohler illumination.

3.1.2 Flow chambers

For most experiments, open-ended flow chambers were constructed from double-
sided Scotch tape, sandwiched between a glass coverslip and glass slide (Figure
a). To load samples, liquid pipetted at one end of the chamber was wicked through
by a tissue held at the opposite end. This chamber could be rapidly sealed with
VALAP; an easily-meltable wax-like 1:1:1 mixture of petrolium jelly, lanolin and
paraffin, popular in live-cell imaging due to its low toxicity [368]. VALAP applied

to the ends of the channel was melted with a hot wire tool, sealing the channel and
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re-solidifying within seconds. However, neither sample loading nor sealing could
be performed without removing the sample from the microscope.

For experiments requiring a constant flow during imaging or rapid imaging after
sample-loading (e.g. section [£.1.2)), closed flow-chambers were used, which could be
loaded while on the microscope (Figure b). Holes were drilled in glass slides
to allow the insertion of PTFE tubing, which was sealed in place with Araldite
epoxy. The input tube was connected to a 3-way valve (Figure ¢) which could
switch between a syringe pump (for constant buffer flow or washing) or a pipette
tip (for sample loading). The output tube was either open to waste (when the
syringe pump was in operation) or connected to a syringe, used to manually pull
through samples loaded in the the pipette tip.

In all experiments, flow chambers were constructed just before use, washed with
multiple channel volumes of water or buffer, and incubated with dilute 330nm latex
beads for ~30s coverslip-down, before washing (Figure a). A small amount of
salt in the buffer (e.g. ~150mM NaCl) is sufficient to adhere sedimented beads to

the coverslip surface, allowing their use as focus markers under LED illumination.
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Such illumination is dim and spectrally broad, and so avoids fluorophore bleaching.
With practise, one can learn the bead appearance corresponding to a perfectly in-
focus surface, meaning that fluorophores are already in focus as soon as fluorescent
imaging begins. Bead coverage is deliberately sparse, as they are poorly passivated

against adhesion of fluorescent samples (e.g. FILG).

3.2 Surfaces and experimental approach

For FliG assembly experiments, coverslip surfaces must obey a tight set of require-
ments. Firstly, their autofluorescence must be sufficiently low that single molecules
are easily distinguishable. Secondly, they must be able to bind DNA templates
via some specific chemistry, at a density low enough to distinguish individual
molecules, without perturbing DNA-FIiG binding. Finally, the amount of non-
specific adhesion by FliG or other fluorescent molecules to the surface must be
sufficiently low that templated structures remain distinguishable. (In the worst
case, signal from non-specifically bound FliG will completely overwhelm any signal
from specifically template-bound FliG). As the rate of non-specific binding increase
with concentration, surface passivation effectively limits the F1iG concentrations
we can use in the chamber.

Initially, I had hoped to observe FliG assembly in real time, by incubating
surface-bound templates with physiological concentrations of FliG in the chamber.
However, I later realised that the approximate in vivo FliG concentration (~500nM
[111]) would challenge even the best-passivated surfaces reported in the literature
[369, 370]. Therefore, all the fluorescence experiments in this thesis involve pre-
assembling and equilibrating structures at high concentrations (Figure b),
diluting to slightly sub-nM concentrations, incubating with the surface briefly
(allowing templates to bind; Figure c¢) and finally washing away all unbound
proteins before imaging (Figure d).

This strategy still requires high-performance surfaces to prevent non-specific
adhesion during the surface incubation. It is also inevitable that once unbound FliG

is removed, structures will tend towards a new disassembled equilibrium(Figure
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e), with a rate depending on the stability (i.e. dissociation kinetics) of the
structure. If disassembly rates are sufficiently low, there should be time to measure
stoichiometries corresponding to the high-concentration equilibrium. This motivated
our concerns about the stability of DNA-DNA and DNA-protein links in sections

[2.0]and [2.3] and will furthermore motivate some of our data analysis in chapter [4]
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3.2.1 Swurface Development

Surfaces were initially tested with AF488-labelled FliG and 10nt AF488-labelled
DNA oligos on biotinylated 3 x 10nt templates. All surfaces utilized streptavidin to

bridge biotinylated surfaces and biotinylated templates with great stability[371].
See appendix for detailed protocols.

3.2.1.1 BSA.,BSA-biotin

Glass coverslips were baked in a furnace at 500°C for 1h (just below their melting
point) to remove fluorescent contaminants|372]. Just before use, surfaces were incu-
bated with a mixture of BSA and BSA-biotin (expected to adsorb non-specifically
onto the glass surface), before incubation with streptavidin; this mirrors protocols
typically used for DNA PAINT experiments[305, 373]. BSA clearly reduced the
non-specific adhesion of InM AF488-FLiG (Figure [3.4h), but not sufficiently well to
meet our requirements. Retrospectively, this is unsurprising, and consistent with

the literature that recommends BSA surfaces only for DNA-only experiments[240].

3.2.1.2 PEG

Polyethylene glycol (PEG) is commonly used to passivate surfaces in single-molecule
FRET experiments [240, [330]. I tried two PEG-based approaches. The first is
derived from a popular silanization-based protocol [370,|374], subsequently simplified
by the Kapinidis lab (OXford)EI [375]. In brief, a plasma-cleaned glass coverslip is
silanized with an amino-silane agent (Vectabond SP-1800, Vector Labs), covering it
in amino groups which are then labelled with a mix of NHS-PEG and NHS-PEG-
biotin (MW 5000 Da, Laysan Bio). The second approach is based on PLL-PEG
[376] (SuSoS, Diibendorf, Switzerland): a Poly-L-Lysine (PLL) backbone grafted
with occasional PEG sidechains, some fraction of which may be biotinylated. The
positively charged lysines readily coat the negatively-charged surface of a plasma-
cleaned coverslip. In both methods, surfaces coated with PEG-biotin were then

incubated with streptavidin and BSA just before use (Figure [3.3]).

!Thanks to David Dualin (Kapinidis Lab) for showing me this protocol
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Both strategies worked only after considerable effort, with the PLL-PEG strategy
being much less reliable. The positively charged PLL is also expected to attract
negatively charged DNA unless shielded with high salt concentrations|377], limiting
our freedom to test assembly in varied conditions. At best, both surfaces showed
specific binding of DNA control templates, but with considerable amounts of intrinsic
background fluorescence of a similar brightness to AF488 molecules (Figure )
For the silane-PEG surfaces, at least some of this fluorescence was a feature of
the vectabond reagent itself (Figure ) and thus difficult to eliminate. However,
this background was invisible in a red imaging channel (Cy5/AF647), motivating
the switch from AF488 labelling to AF647 labelling (section [2.2.2.2)). After this
switch, silane-PEG surfaces performed well, with low intrinsic fluorescence or non-
specific adhesion (Figure ) As we expect to occasionally find poorly-passivated
coverslips|378], biotin-free control samples were routinely incubated prior to the
“real” biotinylated sample to test for proper passivation, as in Figure . (Refer
back to figure for removal of templated FliG via imidazole, demonstrating that
template-binding does not promote subsequent non-specific surface adsorption.)

Even at ~100nM concentrations, non-specific adhesion of FliG was not over-
whelming (Figure [3.4¢). However, with ~1 molecule/second landing in a ~20um
x 20pm area, it would probably still be sufficient to confuse measurements of
templated structures; especially considering that molecules may take many minutes
to bleach when the anti-bleaching system is used. NB: at these high (~100nM)
concentrations, while there is a considerable background caused by fluorophores
in the channel diffusing through the TIRF illumination zone, it is quite diffuse if
imaged at slow frame rates. Thus, it does not obviously limit spot detection or

intensity measurements: the surface is still the limiting factor.

3.2.1.3 Future approaches

A recent protocol for surface modification with Tween-20 reportedly reduces non-
specific adhesion of most biomolecules by at least 10-fold, as compared to silane-

PEG[369]. Approaches based on star-shaped PEGs [379, 380] or double applications
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of silane-PEG[381] may also improve performance. Thus, real-time assembly in the
chamber at physiological concentrations may not be entirely out of reach.

We could also consider more sophisticated strategies to handle high concen-
trations by selectively exciting templated FliGs over non-templated. While some,
such as those reliant on photo-activation of fluorophores [382], are not suitable for
counting (due to poor activation yields), others might be. For example, FliG could
be labelled with a FRET acceptor, fluorescing only in proxmity to donor-labelled
DNA template [383]. However, this would require careful characterization of how
gap-filling FIiG fluoresces, as compared to FIiG directly bound to the template.
Another approach (refer back to figure [1.14k) might involve placing templates in
fluorescence hotspots formed between plasmonic nanoparticles on DNA origami
scaffolding. Again, however, differing fluorescence of FliG on different parts of

the template could be a problem.

3.2.2 Template distribution on surfaces

Useful stoichiometry measurements require that templates are well-separated on the
surface. While spot density on the surface can be controlled by surface incubation
time and concentration, we did briefly worry that single streptavidins may bind
multiple biotin-templates (section . This was always unlikely; streptavidin has
2 pairs of binding sites, and DNA-biotin is sterically inhibited from binding more
than one site in each pair[384]. We also know that biotins on biotin-PEG surfaces are
liable to block multiple binding sites[376]. Nevertheless, we performed a control with
AF647-labelled DNA linkers on a 1 x 10nt template (Figure [3.5p). After discarding
traces from identifiably separate-but-overlapping spots (see section , only ~1%
of spots showed multiple bleach steps (Figure ), confirming that templates are
well segregated, and additionally that single AF647s (on DNA) bleach in a single step.

3.3 Software and counting pipeline

There are 3 steps to processing raw data: identifying isolated spots, measuring

the intensity of each spot to generate a bleaching trace, and finally identifying the
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number of steps in each trace.Additionally, as most videos suffered from a few pixels
worth of drift from start to finish, either this drift must be corrected (to hold spots
stationary) or the spots must be tracked from frame-to-frame. The pipeline for
this entire process went through two major iterations.

In both cases, the image processing was performed in FIJI [385]; a distribution
of ImageJ [386]. This was used to generate traces which were then viewed and
further processed (if necessary) in MATLAB. Heavy use was made of the Sussex
University Genome Damage and Stability Centre Single Molecule Light Microscopy
(GDSC SMLM) suite of ImageJ plugins[387]F]

3.3.1 Version 1 - Intensity in ROI
3.3.1.1 Identifying Spots

The user identifies the first frame of full illumination (Figure [3.6h); this frame will
be used to identify spots. Initial spot detection is performed by the GDSC SMLM

spot-finder plugin, configured to identify local maxima in a smoothed image. As this

Zhttps://github.com /aherbert/ GDSC-SMLM
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tends to over-fit spots (Figure ), spots below a threshold Signal-to-Noise Ratio
(SNR) are discarded. Following this, spots which have neighbours within a threshold
distance are also discarded, after which the remaining spots are used to generate
Regions of Interest (ROIs) from which intensity traces will eventually be taken. A
user interface gives visual feedback on the selection of SNR threshold, neighbour
distance threshold, and ROT size (Figure ) Some spots may be too close together
for the spot finder to distinguish them, and thus not omitted by the neighbor distance
threshold. Such multi-constituent spots are expected to be somewhat elliptical, and
so spots are sorted by their eccentricityﬂ (Figure ), based on which the user
can set a threshold value above which spots are omitted (Figure [3.64).

3.3.1.2 Drift Correction

Intuitive drift-correction algorithms based on cross-correlation between frames
tend to behave poorly with my data, due to anisotropic background intensity and
bleaching of spots from one frame to the next. Instead, a sub-sample of frames are
chosen, and subject to spot detection and filtering following the method described
above. The positions of these spots are used to generate a binary image for each
frame in the sub-sample, where spots are represented by circles of some defined
radius (Figure ) For each pair of adjacent frames in the sub-sample, the cross-
correlation of the two binary images is maximised by translating the latter image
by a maximum of 1 pixel. Further iterative 1-pixel translations are allowed until a
local cross-correlation maxima is found (although ideally the chosen sub-sampling
is dense enough that only shifts of 0 pixels or 1 pixels are ever required.) These
translations are then extrapolated back to the original video, and spots which drift
out (or almost out) of the viewing area are discarded, leaving a final set of ROIs
to be analysed. While arguably convoluted, this algorithm corrects drift reliably
with little computational overhead, provided the sub-sampling density and binary

spot radius are well-chosen (Figure [3.6h).

3Using the ImageJ moment calculator plugin https://imagej.nih.gov/ij/plugins/moments.html
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3.3.1.3 Generation of intensity traces

Spot intensity (example trace in Figure Figure ) is simply defined as the mean
pixel intensity within an ROI, with no attempt at background subtraction. This
is recommended by [149], which reports that (for noisy in vivo data) any fitting
of spot/background intensity adds noise and makes steps harder to distinguish.

However, we will see below that our data is much more robust to fitting processes.
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3.3.1.4 Counting

Steps are viewed with MATLAB, counted (see section and recorded by hand.

3.3.2 Version 2 - Gaussian Fitting

The second version of the pipeline performs Gaussian fits to each spot, at every
frame. This has a number of advantages: the implicit background fitting filters out
contributions from nearby spots (Figure ), helping us retrieve data from dense
surfaces, where neighbouring spots may contribute significant background intensity
(Figure ) It also gives us localization data. When steps in localization correlate
with bleaching steps, it tells us that we are looking at spots too distant to be on the
same template (Figure[3.7c). This is much more sensitive than the ellipsicity measure
used in version 1 of the pipeline: assuming random spot distribution, we expect very
few templates too close together to distinguish. Finally, if we have localization data

for every frame, we can link up spots into traces, and avoid having to correct for drift.



3. Single Molecule Microscopy 127

3.3.2.1 Identifying and Fitting Spots

Spot-finding is now integrated with Gaussian fitting, performed frame-by-frame
using the GDSC SMLM plugin suite. Local maxima are identified after difference-
of-gaussian filtering, which extracts spatial information at frequencies between 0.75
and 1.25 times the expected spot (i.e. point spread function) width. Positions of
local maixma are used to seed circular Gaussian fits in the unfiltered data, performed
with a least squares estimator. Spots are discarded if the fit paramaters do not
converge to 7 significant figures within 30 iterations, if the localization shifts by
more than 0.6 times the expected spot width, the fitted width differs from the
expected width more than 1.4-fold, or if the signal (volume under the Gaussian)
to noise (mean of squares of the residuals) drops below 10.

As described in [387], a multiple peak fit is performed if local maxima are
in proximity, or if the Gaussian fit for a single maxima has residuals which are
skewed beyond some threshold value. In the latter case, the multiple fit is only
retained if the residuals indicate an improvement. A minimum distance between
fitted peaks avoids multiple fitting of the same peak.

To check parameters before analysing an entire video (which may take hours),
a subsample of frames are extracted and subjected to spot fitting by the above

method, allowing the user to iterate parameters to minimise false fits.

3.3.2.2 Generation of intensity traces

A GDSC SMLM plugin is used to link together spots in adjacent frames which
are within some threshold distance of each other. Gaps of one or two frames are
allowed, accommodating the the rare cases where spot fitting has failed. The first
frame of illumination is identified algorithmically, by the maximum increase in
total-image brightness between subsequent frames, and traces starting after this
frame (e.g. molecules adsorbing to the surface mid-observation) are discarded.
As with spot identification and fitting, a user interface lets the user iterate trace-
linking parameters. Once paramaters are accepted, traces and the associated fit

data are saved as an XML file.
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3.3.2.3 Step Counting

A MATLAB script displays intensity and localization data, spot-by-spot, from the
saved traces. Steps are counted by eye as before (section but not recorded
by hand. Rather, counts are recorded with each trace, and available for easy

statistical analysis afterwards.

3.4 Anti-bleaching system

To maximise the number of photons emitted before bleaching, we used a anti-
bleaching cocktail prescribed by [388]. Bleaching is primarily caused by reactions
with Oy, or by free radicals created by O,; it is common therefore to use an
oxygen-scavanging system to increase dye lifetimes [389} 390]. We use the popular
combination of Glucose Oxidase and Catalase, which together digest D-glucose
in the imaging buffer, removing O, in the process. While more effective than
other oxygen-scavanging systems [388, 390], it also produces an acidic byproduct,
leading to a pH drop over time, depending on buffering. It is reported that solution
degassing and sealing of the reaction chamber slow this effect|378], and so imaging
solutions (containing D-glucose) were always degassed just before use, and loaded
into flow chambers immediately after the addition of Glucose Oxidase and Catalase.
Open flow chambers were immediately sealed with VALAP (see section m, Figure
. Changes in pH were never directly characterized.

While Oy promotes permanent bleaching, it also reduces the lifetime of triplet
dark states: in the absence of Oy, these dark states, though temporary, become
much longer-lived and a source of “blinking” behaviour. A mixture of Trolox,
cyclooctatetraene (COT) and 4-nitrobenzyl alcohol (NBA) efficiently compensates
for this, reducing blinking[391]. The protocol of [388] was altered to reduce the
amount of DMSO in the final imaging solution from 10% to 1.5%, given that DMSO
destabilizes DNA hybridizationﬂ (Full protocol available in appendix )

4https://www.neb.com/protocols/2012/06,/01/guidelines-for-per-optimization-with-phusion-
high-fidelity-dna-polymerase
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patches of slide, imaged with and without anti-bleaching system in otherwise identical
conditions. b) Some example multi-step bleach traces taken with and without an anti-
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Even on the first attempt, the performance of the anti-bleaching cocktail was
striking (Figure[3.8). However, while dye lifetimes were always drastically increased,
the extent of increase was not consistent from experiment to experiment. This

variation was not quantified or explained.

3.5 Dye behaviour and counting rules

Occasional blinking (i.e. stepwise increases in intensity) and bleaching steps of
unequal magnitude were observed for AF647 on both FLiG (Figure 3.9h) and
DNA (Figure ), perhaps due to polarization anisotropy. However, steps were
clear enough to count directly, as illustrated in figure Figure [3.9na. This does not
require equally sized steps, but it does require that each active dye only fluoresces
at a single brightness level. Dyes switching between different brightness levels
will lead to overcounting. AF647-DNA on 1-site templates do not appear to have
multiple brightness states, bleaching overwhelmingly in single-steps (Section [2.1.2.2).
This also appears to be true for single AF647-FIliG stuck non-specifically to burnt
coverslips (data not shown), but has not been carefully quantified for FliG attached
to templates. Furthermore, given that the behaviour of the anti-bleaching system

is not entirely consistent from experiment to experiment, it remains possible that
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multiple brightness states are present in some experiments but not others. The
effect of buffer conditions is also not known.

In all cases, counting was done by eye, although in future automatic counting
would of course be preferable. For maximum consistency, steps of all sizes were
counted, even when much smaller than average (e.g. the first step of Figure
). Such small steps could plausibly be caused by the sparse dim fluorescent
contaminants seen on surfaces before incubation with AF647-labelled samples.
However, on a few occasions where traces end in dim spots, they are both co-
localized with the original structure and very long-lived (e.g. the first step of Figure
3.9¢), leading me to suspect they really are AF647, rather than some contaminant.

Traces were discarded when a jump in localization implied dyes were not on the
same template (section or when steps were unclear (example given in Figure
). As an example, ~15% of traces from the experiment described in section

(FLiG on 3 x 20nt template) were discarded in this manner.

3.5.1 Counting large numbers of dyes

All of the fluorescence experiments described in chapter 4 involve templates with
5 or fewer binding sites, and I will argue that the stoichiometry of such small
structures may be better measured with gel electrophoresis. However, our aspiration
is to eventually template complete rings of ~20-40 FliGs, which we expect to be
less easy to count by electrophoresis. To understand the feasibility of counting them

by fluorescence, I measured control structures with larger numbers of dyes.

3.5.1.1 12-dye DNA structures

A collaborator, Evan Spruijt (Hagen Bayley lab, Oxford), provided structuresﬂ
designed to have 12 AF647-DNA tags, and 2 biotins for coverslip surface-attachment.
Like my own AF647-DNA constructs, a TTT linker separated the dye from
hybridized regions, although the AF-647 labelling was performed in-house, rather

than provided commercially like my own. The resulting traces are instructive; while

5The details of which I will keep confidential
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on 3-site template (section ; example of trace deemed uncountable and discarded.

usable, they often contain segments of questionable clarity (Figure .iii) and
bleach events so rapid they are barely resolved (Figure .i, a.ii). However, given
the excessive signal to noise ratio, acquisition rates could easily be increased to
resolve these events. Additionally, more complex analysis could alleviate the

need to resolve every step.

3.5.1.2 DNA tiles

A very quick-and-dirty attempt was made to bind 6 AF647-DNA tagged 5 x 10nt
templates to a biotinylated DNA tile, as described in section [2.1.3] These gave
much less clean traces than the 12-dye structures (Figure [3.10p,b). The best
examples clearly had signatures of bleaching events throughout (Figure ), but

in general non-stewpise intensity fluctuations obfuscated counting. The source of
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Figure 3.10: a) Bleaching trace from 12-dye DNA structure. Red arrows mark bleaching
events that are only barely resolved. b,c) Example bleaching traces from DNA tiles. Cyan
= raw data. Blue = smoothed with a 10-frame rolling average. Red arrows mark plausible
bleaching events.

these fluctuations is unclear. In addition, laser power limited acquisition times to
>10 minutes, making for very inefficient data collection. It is clear that additional

work is needed to image these structures.

3.6 Conclusion

To conclude; microscopy techniques developed here are adequate for the counting

experiments we envisioned in section [1.5.1] and have already produced useful

data (sections 4.1.1] and [4.1.3]). Surface passivation is probably not sufficient

to observe assembly in real time at physiological concentrations, but improved
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surfaces could enable such observations in future. Likewise, while objects with
more ~20-30 dyes have not been counted successfully, it is reasonable to think
this is possible with further work.

However, although small-number counting has been successful and reliable,
the usefulness of these experiments is limited by low throughput, and biochemical
problems: the stability of conjugates, uncertainties in dye-labelling and so on. Could

a different counting technique overcome these limitations?

3.6.1 Gel Electrophoresis: an alternative?

At the start of the project, we inherited reports that NTA-histag binding (then the
preferred conjugation method) was not compatible with native gel electrophoresis.
This was consistent with my own limited attempts to visualise FliG binding to
NTA DNA, while still struggling with NTA modification protocols. Thus, while
it was used to confirm the assembly of DNA templates (section , it was not in
consideration as a FliG-counting tool. However, in the process of implementing
guided conjugation techniques (section , Joel accidentally discovered that
such links are in fact robust on native gels. The next chapter will include examples
of counting experiments on gels; these can be loaded with higher-concentration
samples (and are thus less sensitive to unstable conjugation), can easily test different
conditions in parallel, and are not sensitive to dye-labelling efficiency. There is an
argument, then, that fluorescence methods are superfluous until we need to look at

dynamics or larger structures. We will return to this argument briefly in section [4.2]



134



Results & Future Directions

Contents
4.1 Templated assembly experiments| . . . . . ... ... .. 136
4.1.1 FliG on 10nt templates tested by fluorescence countingl 136
4.1.2  10nt DNA templates with fluorescent linkers| . . . . . . 137
4.1.3  FIiG on 20nt templates tested by fluorescence countingl 139
4.1.4  FIiG on 20nt templates tested by native PAGE] . . . . . 141
4.1.5  FIiG on 10nt templates tested by native PAGE| . . . . . 142
416 Conclusionsl . . . . . .. ... ... L oo 144
M2 Codal . . -« v ot e 144

The experiments proposed in section [1.5.1] require fine control over F1liG binding
to a template, and accurate counting of FliG stoichiometry. The most simple
demonstration of this ability is to reliably measure the F1iG number designed into
a template. What follows is the essential narrative of progress towards that goal,
described by a few key microscopy (and later PAGE) experiments, with reference

to the experiments of earlier chapters where relevant.

185
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4.1 Templated assembly experiments

4.1.1 FIliG on 10nt templates tested by fluorescence count-
ing

As an early test of FIiG stability on 5 x 10nt DNA templates bound via tris-NTA
DNA linkers (Figure [.1p), 614nM template was incubated in room temperature
MB for 1 hour with 614nM biotin anchor, 4.3uM (1.4-fold excess) of HPLC purified
NTA-DNA linker (corresponding to peak E in Figure [2.16p) and 500uM NiSOy,.
This was then buffer exchanged twice into MB with Micro Bio-spin 6 columns to
remove excess nickel, and then mixed with 900nM F1liG-AF647 for an expected
10:7:1 FliG:linker:template ratio (template at 90nM). This was incubated in room
temperature MB for for 2h30 before dilution to 50pM template and incubated for 5
minutes with a PEG-biotin-streptavidin surface in an open channel, before washing
away unbound molecules and sealing with anti-bleaching mixture in MB. 17 videos
were recorded in TIRF over a ~ 2 hour period, imaging fresh areas of the coverslip
each time. Videos were analysed as described in section [3.3.1]

The distribution of counts in this experiment was disappointing; consistent
with only ~ 1/3 of template sites being occupied (Figure 4.1p). Furthermore, this
distribution was reasonably stable with time (Figure [4.1k), suggesting that DNA-
DNA and DNA-FIiG dissociation rates are slow on ~ hour timescales. Thus,
the complexes measured were probably not much different than those at the
end of the incubation period (pre-dilution), unless off-rates between template
sites are heterogeneous (e.g. because the NTA modifications are not uniform,
as suggested in section [2.3.2.3).

The work required per experiment meant that optimizing incubation conditions
would be inefficient without more idea as to what the weak link was; F1iG labelling,
NTA-DNA conjugation, or DNA-DNA hybridization. Though not conclusive,
biochemical tests seemed to indicate that FliG labelling was well above ~33%

(section [2.2.3]); more conclusive tests ideally require covalent conjugate (section

2.2.3.4). DNA-DNA hybridization then seemed like the next easiest thing to test.
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Figure 4.1: FliG on 5 x 10nt template. a) Illustration of template complexes on surfaces.
b) Histogram of 1-5 bleach steps over all videos. Box plots show distribution over 1000
simulated histograms, in which each template site is 34% likely to have an associated
count, and the total number of observable spots is constrained to equal that in the
experiment. ¢) Variation of average number of bleach steps with time.

PAGE had verified assembly at high (~uM) concentrations, but could not test

stability at low concentrations.

4.1.2 10nt DNA templates with fluorescent linkers

1uM template was incubated for days in room temperature MB with 1M biotin
anchor and 10uM DNA linker labelled with AF647 via a TTT spacer. This was
then diluted to low concentration (100pM template) and incubated with a PEG-
biotin-streptavidin surface in a closed channel for ~10 seconds, before washing away
unbound molecules and sealing with anti-bleaching mixture in MB. 7 different videos
were recorded over a ~ 2 hour period, washing the channel and imaging fresh areas of
surface each time. Traces were generated and counted as described in section [3.3.2

The distribution of counts summed over all these videos shows a majority of

5-mers, consistent with ~89% probability of each template site being occupied
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d) Bleach step histograms for the first two and last two videos.

with a fluorescent linker (Figure ) The apparently sub-stoichiometric filling
may represent a population of non-fluorescent linkers, or alternatively incomplete
assembly: later, more careful PAGE gels demonstrated that complete assembly
required MgCl, (Section , which was absent in this experiment. Observation
of 6-mers and 7-mers may indicate noise in the counting process (i.e. occasional
over-counting), but not to an experiment-limiting degree.

Despite the absence of MgCl, and the near-zero concentration of fluorescent
linkers in the channel, template structures were reasonably stable over the 130m

observation period (Figure [.2), although a small degree of dissociation was visible
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in the count histograms (Figure [4.2d). This initially suggested that DNA-DNA
stability was sufficient (or at least not limiting) for the FliG assembly experiments,
and made it an unlikely explanation for the poor FliG assembly measurements.
However, later bulk experiments (section showed a significant difference
in melting temperature between 10nt unmodified DNA and NTA-modified DNA,
calling the relevance of this control into question. Nevertheless, it was a useful

test for the accuracy of the counting system.

4.1.3 FIliG on 20nt templates tested by fluorescence count-
ing

At this point, we suspected the DNA-FIiG link was the weak point. We were
already producing 20nt tris-NTA strands for guided conjugation trials (section
2.3.3.1), and in a bid to improve their performance tried synthesising pentakis-
NTA strands (section 2.3.2.5). 3 x 20nt templates (section 2.1.2] Figure [4.3h)
provided an ideal platform to compare FliG binding between the two, without
concerns about DNA stability.

1.82uLl template was mixed 1 : 1 : 3.8 : 4 with with biotinylated anchor,
unpurified NTA linker and AF647-F1iG respectively, and incubated overnight at 4°C
in MB with 20uM NiCly. This was then diluted to 100pM (template concentration),
and immediately incubated with a PEG-biotin-streptavidin surface in a closed
channel for ~90 seconds before washing and sealing with anti-bleaching mixture
in MB with<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>