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Abstract

Flagella are complex multiprotein structures that not only enable bacteria to
move through the environment, but are also key virulence factors for pathogens. The
flagellar rotor that drives the entire flagellum, with rotation that can happen in both
directions, is composed of the C-ring (built of proteins FliG, FliM and FliN) and
MS-ring (built of the FIiF protein). Interaction between F1iG and FIiF proteins and their
higher-order complex formation is central to the bacterial flagellum biosynthesis. This
is because FIiF and its co-folding partners are among the earliest structures to assemble
during the flagella building process, and because they physically link all the flagellar-
associated structures in the cytoplasm with those in the periplasmic space (in Gram-
negative bacteria), outer-membrane and finally the filament that resides outside the cell.
Meanwhile, F1iG functions to transfer the torque from the membrane anchored stators,
transducing the energy from ion flow to rotation of the rotor and thus the entire flagellar
structure. To expand our mechanistic understanding of this molecular machine, a
combination of methods was employed here. Molecular dynamics simulations were
used to study the structure of the FliG, revealing that the linker between the FliG
N-terminal and middle domains likely adopts an extended conformation in vivo, in
contrast with crystallographic data. An integrative modelling approach was then taken,
encompassing homology modelling and molecular dynamics flexible fitting approaches,
to create full length viable FliG models in a C-ring assembly. Furthermore, no high-
resolution structure of the FliG ring has been solved to date; thus, two cryo-electron
tomography datasets were collected to visualize motor reconstructions from C. jejuni
(a pathogen and a flagella research model organism), and preliminary reconstructions
were obtained. Construction of a AfJiF strain and a set of complementation strains was
created to study a function of previously identified pseudorevertant mutations in FliF
that restored motility to non-motile C. jejuni. Whole genome sequencing and negative
stain electron microscopy highlighted the importance of the two genes coding FliG and
FIiF to be co-transcribed and co-translated for an efficient motor assembly. Sequence
analysis also identified a novel mutation in FIliF associated with increased motility.
Collectively, these methods expanded the knowledge of the bacterial flagellar rotor, as
well as providing models to generate new hypotheses that lay groundwork for future

experiments.
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Chapter 1 — Introduction

1.1. Bacterial flagella — movement and virulence

Bacteria move through the environment with help of flagella, which are complex

multiprotein structures propelled by a molecular motor.

Flagella have multiple functions in the cell, the primary of which is movement,
but others include involvement in virulence factor secretion, adhesion, biofilm
formation, chemotaxis and host colonization (Chaban et al., 2015). Studies with
flagellation interrupting mutants in multiple species have shown the impediment of
adhesion and colonization, but the degree to which motility is needed varies from only
early stages of invasion to stages throughout the infection cycle (Josenhans and
Suerbaum, 2002). Chemotaxis is closely linked to virulence as it enables bacteria to
actively seek out favourable environments in the host and surroundings, by sensing
chemicals and switching the rotation direction of the flagellum (Chaban et al., 2015);
for example Helicobacter pylori has been shown to directly migrate towards ulcerated
stomach tissue, and disruption of motility severely affected stomach tissue colonization

and improved ulcer healing (Aihara et al., 2014).

Not all bacteria have flagella, but major pathogens such as Enterobacteriacea,
Helicobacter pylori, Campylobacter spp., Salmonellae, Pseudomonas aeruginosa
(Scallan et al., 2011; Vouga and Greub, 2016) are flagellated. In Clostridium difficile

epidemic strains with flagella aid adherence during colonization (Baban et al., 2013).

Some species that are not in general flagellated, may include select strains that
although under most conditions do not express flagella, under specific conditions they
are motile. In select strains, such as Bordetella pertussis flagella may be expressed in
response to fetal bovine serum (Hoffman et al., 2019). Condition dependent flagellation

has also been observed in several Shigella strains and isolates (Girén, 1995).

Bacterial species that normally express flagella under most conditions can be
described by the number of flagella and their placement into the following groups:
monotrichous, peritrichous, amphitrichous and lophotrichous (Figure 1.1)

(Schuhmacher et al., 2015).

12
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;-

amphitrichous pertitrichous

Figure 1.1. Types of flagellar placement in the bacterial cell. Flagella placement on
a bacterial cell can differ by location (poles or sides) or numbers (single or multiple).

Monotrichous bacteria have a single flagellum located on one of the cell poles,
the most notable examples being Caulobacter crescentus, Vibrio alginolyticus,
Thermotoga maritima. Similarly, lophotrichous bacteria have multiple flagella closely
clustered on one cell pole, for example Helicobacter and Aquifex aeolicus.
Amphitrichous bacteria have flagella on each pole, notably Campylobacter (Muller et
al., 2014). Peritrichous bacteria have multiple flagella across the cell surface such as
commonly researched organisms like Escherichia coli, Salmonella enterica, Bacillus
sp. Exceptions of these main recognized categories exist as well, such as monotrichous
Schewanella having an additional flagellum on the side of the cell or Rhodobacter
having a single medial flagellum instead of placement at the cell pole, referred to as
septal (Altegoer et al., 2014; Schuhmacher et al., 2015). An even more unusual flagella
type is found in spirochetes, like Borrelia burgdorferi, that possess periplasmic flagella

(Chang and Liu, 2019).

13



1.2. Structure and components of the bacterial flagellum

Major segments of the bacterial flagellum are the propeller, the molecular motor
and in between them the joint, consisting of the hook and the rod (Terashima et al.,
2008) (Figure 1.2). Flagellar components are the same in gram-negative and gram-
positive bacteria where the only difference is that the latter do not have an outer
membrane (Chevance and Hughes, 2008). Gram-negative bacteria have inner and outer
membrane, and rod traverses the periplasmic space and outer membrane, while in gram-
positive bacteria like Bacillus subtilis the rod is placed in the thick peptidoglycan layer

above the single membrane the cell possesses (Sampriti and Kearns, 2016).

Outer membrane
Peptidoglycan
layer

| Inner membrane

Membrane

Figure 1.2. Parts of bacterial flagellum. Main parts of a bacterial flagellum are the
propeller outside the cell, rotor and joint consisting of hook and the rod. Left: In gram-
negative bacteria rod is placed in the periplasmic space and outer membrane. Right: In
gram positive bacteria the rod is in the peptidoglycan layer.

The propeller or filament is the outer part of the flagella that rotates, built of
protein flagellin or its subforms (Morgan et al., 1995; Terashima et al., 2008). In
Epsilonproteobacteria FlaA, major flagellin and FlaB, minor flagellin are examples of
subforms (Josenhans and Suerbaum, 2002; Wassenaar et al., 1994). In other species,
flagellin is referred to with different names, such as FIiC in E.coli (Reid et al., 1999)
and S. enterica (McQuiston et al., 2004) and the hag gene in B. subtilis (Mirel and
Chamberlin, 1989). How bacteria ensure that the flagellum reaches its finite length is
not clear and there are multiple competing models (Hughes, 2017). Two main

mechanisms investigated are rates of polymerization, that occurs at the tip of the
14



flagellum (Evans et al., 2013) and the relationship between flagellin secretion and the
pmf (proton motive force) driving the export (Renault et al., 2017). In C. jejuni FlaG has
been identified as a length regulator due to its deletion increasing flagellar median length
and interaction with FliA, the sigma 28 factor that controls flagellin expression

(Inoue et al., 2018).

The flagellin filament is capped with FliD (Ikeda et al., 1996; Song et al., 2017).
The presence of FliD is crucial for FliC assembly into the filament, and its deletion
results in a complete lack of motility in S. enterica (Ikeda et al., 1996). This self-
assembling protein can have different stoichiometries forming a pentameric structure in

S. enterica and a hexameric one in E. coli (Song et al., 2017).

The hook and the rod traverse the cell wall. The hook, built mainly of FIgE, FigK
and FlgL lies between the bottom of the filament and the rod (Figure 1.3). The latter
structure is a cylindrical structure with the L-ring (FIgH) above, followed by the distal
rod consisting of FlgG, FlIgF, then a P-ring (Flgl), and the proximal rod (FlgC, FigB)
(Terashima et al., 2008). Finally, the rod structure connects to the motor via FLiE

(Minamino et al., 2008; Terashima et al., 2008).

15



FigE

FigH

distal
FlgG FlgF rod
P ring

proximal
rod

SN MS ring

Figure 1.3. Flagellum structure in gram-negative bacteria. The intracellular part of
flagella is composed of the motor (MS ring, C ring and T3SS) and rod (proximal rod,
P ring, distal rod, L ring), which connects to the hook (FIgE). Long horizontal grey lines
denote approximate location of bacterial membranes. T3SS has membrane and MS ring
embedded parts consisting of FIIOPRQ, FIhA and FIhB and cytoplasmic components
FliH, Flil, FliJ (not represented in actual stoichiometry). Top right: FigK and FlgL join
the filament, built of FlaB and FlaA (in H. pylori and C. jejuni or FliC in other species)
with the hook (FIgE). Filament is capped by FliD.
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The molecular motor can be divided in stator and rotor parts. The rotor is the
fixed structure composed of multiple rings embedded in the inner membrane. Stators
are small protein complexes that dynamically associate and disassociate from the rotor
while delivering ion translocation energy driving the rotation (Terashima et al., 2008;
Wadhwa et al., 2021; Zhou et al., 1998). Stators are formed of MotA and MotB proteins
in a 5:2 ratio with the MotB protein surrounded by MotA (Santiveri et al., 2020).
Translocation of a H' ion through the MotAsB, channel induces a conformational
change that serves as an energy source for driving the motor. At least three species have
been shown to have a 5:2 stoichiometry (C. jejuni, V. alginolyticus and Shewanella
oneidensis) and it is likely conserved (Santiveri et al., 2020). The number of stators
associated with a rotor at a given time can change depending on the rotation speed
required (Wadhwa et al., 2021) and need to increase force; e.g., encountering more
viscous environment is met by recruitment of more stator units (Lele et al., 2013). The
number of stators recruited to the rotor is also different among species (Beeby et al.,

2016).

The rotor is built of the MS-ring, C-ring and a Type 3 Secretion System (T3SS)-
like complex, also called flagellar T3SS (fT3SS), embedded in the MS-ring (Chevance
and Hughes, 2008; Minamino et al., 2008). The MS-ring is built of a single protein FliF
(Ueno et al., 1992) and mostly located on the outside of the inner membrane with two
transmembrane domains traversing the membrane and a small portion of the protein
interacting directly with the C-ring (Bergeron, 2016). The upper part of FIiF faces the
FliE protein in the joint (Kubori et al., 1997; Macnab, 2003). The fT3SS embedded in
the MS-ring is built of FIhA, FIhB, FliO, FliP, FliQ and FliR proteins. It transiently
interacts with a cytoplasmic complex built of Flil, FliJ and FliH proteins (Terashima et
al., 2008) that ensure the transport of proteins secreted via the fT3SS that include
building blocks of the flagellum itself (Minamino, 2014) as well as various other
proteins, such as virulence factors and invasion antigen proteins (Chaban et al., 2015).
For instance, while bacteria have multiple secretion systems, some species, like
C. jejuni, do not have a separate T3SS system and its flagellar equivalent fulfils other
secretion tasks, such as secretion of virulence factors (Konkel et al., 2004). A recent
FIiPQR structure shows a complex in a 5:4:1 ratio, although FliO was expressed but not
observed in this complex (Kuhlen et al., 2018). FliH-C binds Flil-N in a 2:1 ratio and

serves as a negative regulator of Flil ATPase activity (Imada et al., 2016; Lane et al.,
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2006; Minamino and Macnab, 2000). FliH also interacts with FliN to guide the
FliH-Flil complex towards the C-ring in S. enterica (McMurry et al., 2006), docking it
at FIhA and F1hB in the T3SS-like complex (Minamino et al., 2009). FliJ binds Flil in a
1:6 ratio, resulting in a FliH 2-Flils-F1iJ cytoplasmic complex (Minamino, 2014). Partial
deletion of FliH, however, allows it to retain some transport and does not eliminate it

completely (Gonzalez-Pedrajo et al., 2002).

The C-ring is built of FliG, FliM and FIliN (Noreen et al., 1994), and in some
cases FIiY, a subform of FliN found, for example, in C. jejuni (Henderson et al., 2020)
H. pylori, Clostridia and various Bacillus species (Lowenthal et al., 2009). FliG interacts
with the stator and transmits the torque to the upper flagellar structures (Lloyd et al.,
1996; Minamino et al., 2011). FliM receives a signal for rotation-switch through binding
of CheY, and transfers it to FliG (Minamino et al., 2019). CheY is a chemotaxis protein
and the key component in transducing signals from positive attractants to changing
flagella rotation direction and thus movement of the cell (Eisenbach, 1996). CheY
activity is regulated by phosphorylation, performed by kinase CheA. The
phosphorylated form (CheY-P) is binding FliM (Barak and Eisenbach, 1992; Welch et
al., 1993).

FIiN in the C-ring is involved in docking the cytoplasmic fT3SS components
(McMurry et al., 2006) with MS-ring housed fT3SS, and also participates in binding of
CheY (Sarkar et al., 2010).

In addition, polar bacterial motors contain additional anchoring structures that
surround the stators and the rotor in the shape of periplasmic disks or scaffolds (Zhou
and Roujeinikova, 2021). These structures differ between species much more
significantly than motors themselves, being associated with the outer membrane, inner
membrane, or both, and have different or as yet unidentified molecular components

(Zhou and Roujeinikova, 2021).

1.3. Flagella biosynthesis: transcription and translation

The entire complex of the flagellum is resource costly for a bacterium to
produce, and therefore flagella transcription initiation and downstream processes are

tightly regulated.

18



C. jejuni and H. pylori both represent an interesting exception of the trend of
motility-relevant genes being clustered in operons and instead these genes are
interspersed throughout the chromosome (Josenhans and Suerbaum, 2002). In C. jejuni,

the flagella and motor assemble quickly after division (Muller et al., 2014).

While the flagellar structure itself is fairly universal, flagellar gene
transcriptional regulation among species is highly divergent. Mechanisms that guide the
localization of flagellar components are also variable, from the landmark protein
systems like TipN and TipF in Caulobacter to FIhF and FIhG that may have different
functions depending on species (Aihara et al., 2014).

Temporal regulation of flagellar component production is achieved by
transcribing them in three sequential groups termed class I, class Il and class III, that are
dependent on each other in a downstream manner, to ensure that the production of
flagella building blocks occurs only once the structures they assemble on are completed
(Chevance and Hughes, 2008). Prokaryotic RNA polymerases achieve specificity with
o factors, components recruited to control transcription of groups of genes, for example

in response to stress (Kazmierczak et al., 2005).

In well studied model organisms like S. enterica, class I genes encode the master
regulator FIhDC which in turn initiates class II gene transcription that is mediated by
the 670 transcription factor (Figure 1.4). Class II genes are structural genes that build
the rotor, the T3SS-like system, the rod and the hook as well as regulators of class III
genes, 628 and FIgM (and anti-628 factor (Chevance and Hughes, 2008; Kazmierczak
et al., 2005). Transcription of class III structural genes that build the propeller only
initiates when these structures are completely assembled and fT3SS secretes FIgM out
of the cell, releasing 628 to transcribe flagellin and other class III proteins (Aldridge
and Hughes, 2002). It is difficult, however, to draw any generalizations regarding
flagellar gene transcription regulation in bacteria, as other widely used model organisms
like V. alginolytocus and C. crescentus have vast differences across the entire process,

including using different ¢ factors for different classes (Aldridge and Hughes, 2002).
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Figure 1.4. Transcriptional regulators and flagellar component classes.
Transcription of flagellar components is typically divided in three temporally separate
classes, governed by transcriptional regulators and sigma factors, with some species
having a distinct additional class.

Campylobacter and Helicobacter lack a class | master regulator and instead class
I proteins are constitutively transcribed by 670 or 680, respectively (Kazmierczak et al.,
2005; Niehus et al., 2004; Woésten et al., 2008) (Figure 1.4). In C. jejuni, the class 11
regulators are 654 (RopN) and the FlgR/FlgS two component system, while the class II1
regulator is 628, also known as FliA (Wosten et al.,, 2004). The FlgR/FlgS two-
component system consists of a sensory kinase (FIgS) and response regulator (FIgR))
(Beier and Frank, 2000; Brahmachary et al., 2004; Spohn and Scarlato, 1999). FlgM,
the anti-628 factors, is influenced by both class II and III regulators (Wosten et al.,
2004). C. jejuni also has a regulator with an unknown mechanism, FIhF, that appears to
be independent of the FIgR/FIgS pathway (Balaban et al., 2009; Ren et al., 2018).
Deletion of fIhF results in a lack of flagella and widely altered transcription landscape
(Ren et al., 2018; Stoakes, 2017). This protein has been shown to be constitutively
expressed, has a detectable GTPase activity and dimerizes (Balaban et al., 2009; Bange
etal., 2007; Ren et al., 2018).
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In H. pylori class 11 genes are transcribed by 654 and regulated by the FIgRS
system, and class III genes by 628, although there is a wide group of genes that falls
under the influence of both class I and I1I forming a separate intermediate class between
the two, including FIhF itself. FIhA, the structural component of the T3SS-like system,
and FIhF appear to be the two major regulators in H. pylori, where an FlgM/c28
feedback loop is connected to FIhA and the positive regulation of flagella components,
while FIhF has an uncharacterized parallel mechanism. Assembly of the MS-ring,
C-ring and fT3SS is a checkpoint that leads to activation of RpoN (c54) dependent
genes, for example FIhA of the fT3SS has been shown to bind FlgS that can
subsequently regulate the RpoN-dependent promoters (Tsang et al., 2015). A unique
detail in H. pylori process is the specific involvement of FliH in the signal transduction
and its link to the FIgRS system (Tsang and Hoover, 2015). Deletion of Helicobacter
SfIhF also completely abolishes motility and flagella production (Niehus et al., 2004).

FIhF has been proposed to have not only functions in flagella assembly
regulation, but also in directing FIiF towards assembly in poles in Vibrio cholerae
(Green et al., 2009), and in P. aeruginosa, where removal of this protein causes
deviation from the usual flagella assembly at the cell pole and motility defects (Murray

and Kazmierczak, 2006).

Besides spatiotemporally regulated transcription, an additional level of post-
transcriptional control of flagellar components is present as well. FIiW modulates the
activity of CrsA, a translational regulator that binds mRNA and blocks translation of the
FlaA protein, flagellin (Altegoer et al., 2016). This system in C. jejuni has been shown
to be involved in ensuring flagellin is directed towards the cell poles and controls many

other flagellar proteins besides flagellin itself (Dugar et al., 2016; Li et al., 2018).

In the light of continuously worsening antimicrobial resistance issue anti-
virulence therapies as an alternative are a rapidly emerging field, and connection
between motility and virulence comes into consideration (Martinez et al., 2019).
Flagellar formation as a process has been considered as a drug target to prevent biofilm
formation. In Pseudomonas aeruginosa and Proteus mirabilis, mupirocin has been
shown to decrease flagellar formation and flagellin expression (Horii et al., 2003). From
known flagellar structural components, FliD assembly has been considered as a
potential drug target in C. jejuni (Chintoan-Uta et al., 2016) and in

H. pylori (Mohammad et al., 2016). Swarming is a specific type of motility that refers
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to collective movement of cells under stimulating conditions. To inhibit swarming
behaviour multiple approaches have been considered, mainly around signalling,
however targeting of stators as part of the motor is another promising approach
(Riitschlin and Bottcher, 2020). In this context additional understanding of the F1iG may
facilitate targeting motor as source of motility with greater precision. A recent study
screening for novel drug targets in E. coli pathogenic strains identified flagellar
components FliN, FliH and MotB among proteins that co-evolve with virulence genes
and could be considered as drug targets (Kaur et al., 2021), pointing to possibility that
motor component regulation and assembly could be in the spot-light of novel

antimicrobial design.

1.4. Assembly of the bacterial rotor

Assembly of the complex structure of flagellar rotor has been a long-time study
target. Evidence differs regarding which component is the first to assemble: in
S. enterica it is thought that the FIiF ring serves as nucleus for other structures to
assemble onto it (Morimoto et al., 2014), but in E. coli it has been found that fT3SS
assembles first, followed by FIiF (Li and Sourjik, 2011). Assembly of FliG and the
C-ring closely follows FliF and T3SS, as FIiF and F1iG are known to bind each other in
1:1 ratio(Levenson et al., 2012; Lynch et al., 2017; Xue et al., 2018). In H. pylori,
deletion of FIiF results in reduced amount of FlhA associated with the membrane

(Tsang and Hoover, 2015).

Until recently, evidence that FIiG has a 33-34 unit stoichiometry whereas FliF
has a 25-26 unit stoichiometry could not be reconciled (Thomas et al., 2001, 1999) with
available binding data, until the solution of FIiF ring structures in 2020 using cryo-
electron microscopy (cryoEM) (Johnson et al., 2020; Kawamoto et al., 2021). The new
data explained that the FIiF ring has a matching sub-stoichiometry on the outside to that
of F1iG (33-34) as suggested by 1:1 binding data and a 21-23 unit sub-stoichiometry on
the inside of the ring structure (Johnson et al., 2020; Kawamoto et al., 2021). It is worth
noting that in both studies, there were particle populations with stoichiometries above
and below these numbers, and the most represented particle population was used as the
basis for the final structure. Whether stoichiometry variations occur within species in

vivo or are an effect of sample preparation remains unclear, as it has been suggested that
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construct truncation (Kawamoto et al., 2021) and lack of interactions with fT3SS

(Johnson et al., 2020) may lead to assembly artifacts.

Folding of FliG has been shown to be co-dependent with FIliF, so it is one of the
earliest parts of the rotor to assemble (Morimoto et al., 2014). As of this moment there
are two S. enterica FliF ring structures clearly showing either 33 or 34 subunit
stoichiometry, and both of these are high resolution cryoEM structures (Johnson et al.,
2020; Kawamoto et al., 2021). Several cryo-electron tomography (cryoET) structures
of flagellar rotors from different species show different FliG stoichiometries, including
33/34 in S. enterice (Thomas et al., 2001, 1999), 34 in Vibrio alginolyticus (Carroll et
al., 2020) and 46 in Borrelia burgdorferi (Chang et al., 2020). This shows that such
stoichiometries can widely differ between species assuming that in the case of a larger
FliG ring there would be a matching FliF ring. Early EM studies of
S. enterica showed a distribution of 32-36 subunits with a Gaussian curve distribution
making 34 the most commonly found variant (Young et al., 2003). Low resolution
cryoET data for different species show varying diameters of the density matching the
C-ring, implying these wider diameters are likely constructed from more units (Beeby
et al., 2016; Qin et al., 2017). FliG structures are conserved and similar in length (with
the difference of a short additional N-terminal helix) (Figure 4.2 (4.2.1)) (Xue et al.,
2018) that further supports the likelihood that different diameters in species with as yet
undetermined stoichiometry of the C-ring are likely achieved via variation in the number

of subunits (Beeby et al., 2016) rather than differences in the FliG structure itself.

Point mutations and deletions in FliF of Vibrio alginolyticus and Caulobacter
crescentus interfere with flagella formation through abolishing interaction with FliG
(Grunenfelder et al., 2003; Ogawa et al., 2014). At the same time, while FliF-FliG
interaction is crucial for the assembly, FIiF-FliG fusion mutants in S. enterica that lack
the F1iG N-terminus and FIiF C-terminus are still able to assemble functional rotors with
a strong clockwise rotation bias, reduced diameter, and presumably reduced number of

subunits (estimated to be 28 to 33 fold) (Sakai et al., 2019).
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1.5. FliG and FIiF — central components of the rotor

FliG is an entirely a-helical protein consisting of three distinct domains: the
N-terminal domain (F1iG-N), middle domain (FliG-M) and C-terminal domain
(FliG-C) (Lee et al., 2010). Each of these domains contribute to the crucial functions of
FliG in the rotor (Figure 1.5). The N-terminal domain binds FIiF and thus bridges the
structures above and below the inner membrane (Levenson et al., 2012; Lynch et al.,
2017; Xue et al., 2018). The C-terminal domain interacts with stators and transfers the
torque ensuring the energy for movement of the entire flagellar structure (Kojima and
Blair, 2001; Lloyd et al., 1996; Minamino et al., 2019; Zhou et al., 1998). The FliG
middle domain binds FliM (Lam et al., 2013; Vartanian et al., 2012), which binds FIiN,
thus linking F1iG into the C-ring structure. The FliG middle domain is also crucial for
rotation direction switching — mutations in the EHPQR motif in Vibrio alginolyticus
create rotation-bias and rotation-lock mutants, and based on NMR and MD studies the
EHPQR motif transfers the signal from CheY binding FliM to the conformational

change inducing a directional switch (Nishikino et al., 2018).

FliF-C FliM-M MotA/B

Figure 1.5. FliG domains and their involvement in interactions. FliG-N binds
FliF-C, F1liG-M binds FliM-M and F1iG-C binds the stator. FliG-M and FliG-C domains
have intraprotein interactions.

FliF and FliG interactions have been captured in two crystal structures of
FliG-N and FliF-C from two different species — H. pylori and T. maritima (PDB-ID:
5WUJ and PDB-ID: 5STDY respectively) (Lynch et al., 2017; Xue et al., 2018).
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Figure 1.6. Crystal structure of H.pylori FliG N-terminus (cyan) co crystallized
with FliF-C helices (green). FliG consists of 7 helices al to a7 and FIiF has two
resolved helices.

There is detailed structural information on all FliG domains available — full
length unbound F1iG in A. aeolicus (Lee et al., 2010), and FliG-C and FliG-M, as well
as co-crystallized FliG-M and FliM-M in T. maritima and H. pylori from different
authors (Brown et al., 2002; Lam et al., 2012, 2013; Minamino et al., 2011; Paul et al.,
2011b; Sircar et al., 2015; Vartanian et al., 2012). All structured domains of FliG are

entirely a-helical.

All proteins building the rotor and the flagellum itself are involved in
interactions with ring structures above and below the ring in which the protein is in.
FIiF, the protein that builds all of the MS-ring, positioned above the inner membrane,
has recently been shown to be the transition point of different stoichiometries within the
system via high-resolution cryoET (Johnson et al., 2020; Kawamoto et al., 2021). The
ring is built from isoforms of the same FIiF chain that have different conformations,
ensuring that the outer part of the ring has one stoichiometry (e.g. 34), compatible with
the C-ring. The inner surface has a different stoichiometry that matches structures above
it and houses the T3SS-like complex (fT3SS) inside it (Johnson et al., 2020; Kawamoto
et al., 2021) (Figure 1.7). Serving as a scaffold for this secretion machinery is another
crucial FliF function, which ensures that after rotor is assembled, components needed

to build the remaining parts of the flagellum can be exported.
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S-ring

M-ring

Figure 1.7. Structure of the FliF (MS) ring. S-ring is above the inner membrane.
M-ring faces the cytoplasm. Protein is mostly a-helical except for B-sheet containing
ring towards the hook structures.

FIiF has both a-helical and B-sheet domains with two transmembrane domains.
In the N-terminus there is a part speculated to be secretion signal, while the C-terminal
cytosolic domain contains the FliG-binding domain (Bergeron, 2016; Johnson et al.,
2020). The regions in-between the transmembrane domains are comprised of three
a-helical RBM (Ring binding motif) domains, RBM1, RBM2 and RBM3. The latter
domain is split in two parts and intersected by a long B-collar (Johnson et al., 2020;

Kawamoto et al., 2021) (Figures 1.7, 1.8).
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Figure 1.8. FliF domains and interactions. Grey arrow — established interaction
between FliG-N and FliF-C, empty arrows, hypothetical interactions.

While it is clear that F1iF houses the fT3SS, the exact residues that interact with
FlIhA or FIhB remain unknown and the interaction has only been proved indirectly,
through intergenic suppression (Kihara et al., 2001). Little was known about FliE until

its structure was recently solved (Johnson et al., 2021), and the interaction between FliE
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and F1liF was proposed based on suppressor mutation in a study where the FliF N209D
mutation restored motility to a non-motile FIiE mutant strain (Hendriksen et al., 2021).
That would place the interaction in RBM2, however a suppressor mutation does not
necessarily occur in an interacting pair of residues and may occur in another site and

e.g. compensate for lack of function by inducing a conformational change.

The flagellum with its fT3SS shares many similarities with the T3SS injectisome
found for instance in Salmonella, Shigella and Yersinia. FliF RBM domains share
homology with the SctD and SctJ] injectisome components (Abrusci et al., 2014;
Bergeron, 2016). The existence of a FliG homologue in the injectisome is currently
speculative (Abrusci et al., 2014). Cross linking studies between FliP and FliR and the
T3SS component Sct] E138 imply that RBM2 in FIiF may have similar interactions with
FliP and FliR, however they are yet to be directly proven (Kuhlen et al., 2018).

1.6. C-ring, domain placement and rotation switch

Bacterial flagella are bi-directional and can switch rotation direction in response
to environmental stimuli; however, such a rotation switch does not result in two
diametrally opposite directional movements, but rather CCW and CW rotation
corresponds to linear swimming movement towards an attractant and chaotic tumbling
movement as a response to a repellent , at least in peritrichous bacteria like S. enterica
and E. coli (Berg and Brown, 1972; Darnton et al., 2007; Eisenbach et al., 1990).
Switching events in amphitrichous bacteria seem to involve much more complex
coordinated macrophenotypic processes, as in C. jejuni when both motors rotate CCW
and the flagellum facing the direction of movement is wrapped around the cell, while
the opposite, propelling motor determines the direction. Switching to CW direction
results in tumbling movements and unwrapping of the wrapped flagellum (Cohen et al.,
2020).

Despite numerous available crystal structures of FliG domains and their
interaction partners, exact placement and arrangement of FliG domains within the ring
assembly remains a subject to debate. Cross-linking has shown interaction between
adjacent FliG-C domains and among adjacent FliG-M domains (Lowder et al., 2005) as
well as between FliG-C and FliG-M (Baker et al., 2016; Kim et al., 2017). Transition of

FliG-C from interacting with the FliG-M of the same unit to interacting with the next
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one has been proposed to occur during F1iG ring assembly (Baker et al., 2016) and to
be the key conformational difference between clockwise (CW) and counter-clockwise
(CCW) states of the C-ring (Carroll et al., 2020). These sates will be referred to as “C®”

and “C™" in the remainder of this thesis (Figure 1.9).

N N N N N N
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Figure 1.9. FliG-M and FliG-C modes of interaction. Three adjacent copies
of protein are depicted. FliG domains are designated with N, M and C. Left: position
where FliG-C packs against FliG-M of the same subunit. Right: position where F1iG-C
packs against FliG-M of neighbouring subunit.

The need for the C-terminal domain of FliG (FliG-C) to interact with MotA/B
has universally placed FliG-C in all predictions on the outer side of the C-ring (Figure
1.10), but placement and relationship between the middle domain and N-terminus has
been subject to speculation (Paul et al., 2011b; Stock et al., 2012). It has been proposed
that all three domains could be separate or that the N-terminus and middle domain could
be condensed into an “NM-domain”, but most propositions are also affected by the need
to solve the then existing conundrum stoichiometry incompatibility between FliG and
FliF (Paul et al., 2011b; Stock et al., 2012), with the hypotheses about the latter having
proven to be false to date. The NM-domain hypothesis is supported by a pair of
crosslinked residues in an experiment in 7. maritima (Paul et al., 2011b). An
intermediate state with a partially bent linker conformation has been proposed based on
co-evolution data (Khan et al., 2018). FliG middle domain (FliG-M) co-crystallization
with FliM middle domain (FliM-M) firmly places this domain facing downward,
towards the cytoplasm (Vartanian et al., 2012).
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Figure 1.10. Flagellar motor components. Overall structure of the flagellar motor. On
the cytoplasmic side, the C-ring is composed of FliM, FIiN and F1iG that interacts with
MS-ring, built of FIiF proteins, residing in the periplasmic space and traversing the inner
membrane (IM). The rotor (C-ring and MS-ring) interacts with stators traversing the
inner membrane. FliG is central in joining the rotor rings and the stator. The T3SS-like
system transports proteins through the inner membrane. FliG consists of N-terminal
(F1iG-N), middle (FliG-M) and C-terminal (FliG-C) domains. Rotor further transmits
the movement upward in the flagellum, driving the rod.

S. enterica cryoEM studies show that the CW to CCW switch affects the overall
diameter of the C-ring with the CCW conformation being wider (Sakai et al., 2019).
Cross-linking experiments in E. coli propose that FliG-M and FliM-M interactions
remain stable during switching and the FliG-C domain makes a rotation (Paul et al.,
2011a). CheY-P (phosphorylated form of CheY) binds FliM and subsequently also an
N-terminal segment of FliN (Sarkar et al., 2010).

1.7. Campylobacter jejuni rotor protein pseudorevertants

Pseudorevertants are mutants that arise in a strain with a compromised function
by spontaneous occurrence of mutation in a component different than one initially
affected that results in restoration of the function. Deletion of the fIhF locus in C. jejuni
abolishes motility and formation of flagella. However it is restored by appearance of
pseudorevertants with reversions not in any flagella regulatory or transcription proteins,
but directly in the flagellar structural components such as motor components FIiF, FliG,
FliH and ChePep (Cji178c), an Epsilonproteobacteria specific protein (Table 1.1.)

(Stoakes, 2017). ChePep is a chemotaxis regulator that is involved in switching
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regulation and is only found in Epsilonproteobacteria, localized at the same cell pole(s)
where flagella are present (Howitt et al., 2011). The mechanism behind these mutations

restoring the flagella biosynthesis is currently unknown.

Table 1.1. Mutations found in AfIhF pseudorevertants (Stoakes, 2017).

Protein Location Mutation Revertant
(Stoakes, 2017)

FliF MS ring V177L PR1

FliF MS ring MO99I PR2

FliF MS ring A102T PR3

FliF MS ring E104K PR4

FlLiF MS ring S214T PR5a, PR5b

FliF MS ring S103R PR6a

FliF MS ring P220L PR6b

FliG C ring T33A PR4

FliG C ring T33A PR6¢

FliH T3SS S15IN PR6a, PR6b
cytoplasmic

CGjl178¢ Chemotaxis A475P PR3

CGjl178¢ Chemotaxis A475P PR5a, PR5b

Gj1178¢ Chemotaxis A475P PR6¢

Mutation T33A in C. jejuni FliG is localized in the N-terminus and equivalent
residue is resolved in available crystal structures from other species. From
pseudorevertant mutations found in F1iF only three are found in resolved structures and
only one is reasonably conserved to make a comparison between species. Various
revertant strains likely work by different mechanisms as their gene expression patterns
are different (Stoakes, 2017). The exact effects by which mutations in structural protein

compensate for lack of the regulatory protein, FIhF, remain unknown.

Despite the motor being a fundamentally conserved structure, there are previous
examples of appearance of pseudorevertants with mutations in these structural proteins
to restore the crucial function of motility. In S. enterica, compromising the function of
FliG and FliM results in mutations in MotA and MotB, the stator proteins (Togashi et
al., 1997). Eliminating FliF-C and F1iG-N and directly fusing the proteins in S. enterica
prompts appearance of pseudorevertants with mutations in FliG, FliM and FIliN that
alleviate the strong CW bias, but not the reduced motility (Sakai et al., 2019). A two-
amino acid deletion in FIiF prompts appearance of mutation in FIhA (also in S. enterica),
and another set of FIliF mutants mutants in this species have given rise to

pseudorevertants with mutations in FliG, FliM, FlgC, FigF, MotA and MotB (Kihara et
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al., 2001; Komatsu et al., 2016). Examples in other species are also found, such as
C. crescentus, where disruption of FliF-FliG interaction in non-motile strains eventually
leads to appearance of motility restoring mutations in FIiF and FliG that restores the
phenotype (Grunenfelder et al., 2003). The common denominator between these
pseudorevertant examples across species is restoration of function of a structural protein
with a mutation in another structural protein. In case of fIhF it is unknow if direct

binding between FIhF and the motor components occurs.

1.8. Campylobacter and Helicobacter - pathogens and model

organisms

1.8.1. Pathogenicity

C. jejuni is the leading cause of food poisoning in developed countries, mainly
acquired from undercooked poultry (Butzler, 2004), but may it be found in food of
various animal origin, contaminated water or transmitted through contact with farm
animals and occasionally pets (Horrocks et al., 2009; Kaakoush et al., 2015). Infection
mainly leads to diarrhoea, but in rare cases can instigate Guillain-Barré syndrome and
Miller Fisher syndrome (Kaakoush et al., 2015). In addition to being a common
pathogen, C. jejuni is also highly infections — it is predicted that ingesting as little as
360 cells is sufficient for the infection to occur (Hara-Kudo and Takatori, 2011).

Campylobacter infections soar in summer months, with a total of 250,161 cases

reported in the EU/EAA in 2017 (Figure 1.11).
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Spain, Sweden and the United Kingdom.

Figure 1.11. Distribution of confirmed campylobacteriosis cases by month,
EU/EEA, 2013-2016 and 2017. An increase in infection occurs in the summer months.
From ECDC report (ECDC, 2019).

The most affected group are children under 4, but of the 72 confirmed deaths,
the majority occurs in the age group of 65 years and above (ECDC, 2019).
Campylobacteriosis has been the most widely reported zoonosis in Europe in 2019
(220682 cases in EU in 2019), followed by salmonellosis (87923 cases in 2019), and
has remained in the leading position since 2005 (EFSA, 2021). The average incidence
of campylobacteriosis in Europe is 64.9 cases per 100,000 people (ECDC, 2019).
Similarly to the EU/EAA, in England, Wales and Scotland the peak of
campylobacteriosis is during summer, however with much higher occurrence rates of
89.7 in England (year 2016) and 109.0 in Scotland (year 2019) per 100,000 people
(Health Protection Scotland, 2020; Public Health England, 2018).

Data from a number of European countries also suggests some correlation
between increased temperature and precipitation (leading to increase in humidity) and
campylobacteriosis incidence (Lake et al., 2019). Likewise in England and Wales
association studies show some degree of link between infections, temperature and
rainfall, however it is not a straightforward correlation that accounts for the entire

infection dynamic and more factors remain to be identified (Djennad et al., 2019).

In Singapore, a highly developed country with equatorial climate and fairly
constant temperature throughout the year, the average incidence of campylobacteriosis

in 2015 was 7.6 per 100,000 with a gradually increasing trend since from 2002 (Zwe
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and Yuk, 2017), but a month-by-month data has not been reported. Asymptomatic
infections and flawed detection and reporting protocols make estimating the impact on
campylobacteriosis in developing countries difficult (Platts-Mills and Kosek, 2014).
While one study suggests that the pathogen is also harmful to the poultry birds it
primarily resides in (Humphrey et al., 2014), potentially decreasing efficiency of poultry
production, it is contradicting with other data (Bailey et al., 2018). Therefore the main
economic impact C. jejuni has remains on burdening the healthcare system and its

impact on animal welfare remains under debate and further study (Awad et al., 2018).

C. jejuni invades its host organism via multiple mechanisms that include
adhesion, chemotaxis, toxin production as well as motility (Bolton, 2015; Guerry,
2007). Cia proteins (Campylobacter invasion antigens) are a group of proteins found to
be secreted through the flagellar T3SS-like system and are connected to colonization of
epithelial cells (Konkel et al., 2004). The T3SS-like secretion system is the only one of
its type in C. jejuni and motility and secretion of Cia proteins have both been shown to
be integral in invasion (Konkel et al., 2004). C. jejuni flagellin is glycosylated and this
modification has been implicated in virulence in this species (Guerry et al., 2006). It is

also among the most glycosylated bacterial proteins known (Szymanski et al., 2003).

H. pylori is an organism that resides in the human stomach and numerically
dominates human stomach microflora (Andersson et al., 2008; Bik et al., 2006).
H. pylori infection is present in almost half of the human population, but is mostly
asymptomatic (Correa and Houghton, 2007; Perry et al., 2006). The natural reservoir
and transmission sources of Helicobacter are human to human and it has co-evolved
with Homo sapiens as its host (Cover and Blaser, 2009; Paydo and Rasmussen, 2016).
In combination with other irritants this bacterium can cause gastric lesions that evolve
into chronic gastritis and can further progress into gastric cancer (Correa and Houghton,
2007). It is the only bacterium designated as a carcinogen and its role in gastric cancer
has been extensively studied (Parkin et al., 2005; Wroblewski et al., 2010). H. pylori
can also cause conditions like duodenal ulcer disease and Mucosa associated lymphoid
tissue (MALT) lymphoma (Peek and Crabtree, 2006; Wroblewski et al., 2010). The
extent of involvement of H. pylori in gastro-oesophageal reflux disease remains unclear
as contradicting roles have been suggested (Sharma and Vakil, 2003). Association
studies also link H. pylori even to extragastric diseases, like iron deficiency anaemia,

liver cirrhosis, autoimmune diseases (Idiopathic thrombocytopenic purpura (ITP)) and
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acute autoimmune responses (Guillain-Barré syndrome), atherosclerosis and others
(Suzuki et al., 2006). While the exact relationship remains unclear, H. pylori has also
been suggested to confer protection to some diseases and due to its complex and long
co-evolution with its human host it may be more than just a pathogen to be eradicated

(Cover and Blaser, 2009).

One of the central aspects of H. pylori pathogenicity is the cytotoxin-associated
genes pathogenicity island (cagPAI), an operon that encodes a type IV secretion system
(T4SS) and CagA protein, that when delivered into host cell by this system interferes

with cellular signalling. It is not present in all strains (Backert et al., 2010).
1.8.2. Morphology

Campylobacter and Helicobacter are both Epsilonproteobacteria (Rosenberg,
2014), but have a distinctly different flagella placement. C. jejuni has one flagellum on
each pole, while H. pylori has multiple flagella concentrated on one pole. These
organisms thus represent an amphitrichous and a lopotrichous flagella placement type,
while more commonly experimentally used E. coli and S. enterica are peritrichous.
Therefore, these organisms, while more difficult to cultivate, provide crucial tools in
studying flagellar transcription, placement and assembly mechanisms and differences

among them.

C. jejuni cells are long and spiral shaped (Figure 1.12), with medial length of
2um and median width of 0.35um. The flagella, one located at each pole, are from 2 to
Sum long and with a 24nm diameter (Inoue et al., 2018; Muller et al., 2014).
Chemoreceptor arrays are placed close to the poles, but it is not clear if this is due to
proximity of the flagella that would ultimately respond to chemical signals by changing

rotation direction (Muller et al., 2014).
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Figure 1.12. Electron micrograph of Campylobacter jejuni NCTC11168 (by
E.A.Stoakes) (left and right top) and a cryoEM image on the bottom right. The
characteristic membrane crater-like structure is visible at the poles of a C. jejuni cell.

Helicobacter pylori cells are spiral shaped, Sum long and 0.5um wide. Five to
seven sheathed flagella are clustered in one pole of the cell (O’Rourke and Bode, 2001)
(Figure 1.13). The sheath provides additional protection from the acidic environment of
human stomach (Geis et al., 1993; Suerbaum et al., 1993). The morphology of the cells
can change and rod-shaped, filamentous and coccoid forms have been observed

(Krzyzek and Gosciniak, 2018).

Figure 1.13. Electron micrograph of Helicobacter pylori from (Constantinescu et al.,
2016.). Multiple flagella originate from a single pole of the cell.
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1.9. Biophysical approaches for studying protein structures
1.9.1. MD simulations

Molecular dynamics (MD) simulation is a versatile tool for conducting
computational experiments on timescales/lengthscales that cannot be detected in
laboratory experiments. The utility of MD lies in its ability to both generate predictions
and hypotheses for verification in the laboratory that may otherwise not be uncovered,
as well as extracting additional information and expanding and complementing results

of practical experiments (Hollingsworth and Dror, 2018).

MD simulations may be divided into atomistic and coarse-grained (CG)
resolutions (Figure 1.14). Atomistic simulations represent each atom in the structure and
solvent with appropriate chemical size, charge, bond length etc. Atomistic simulations
provide an accurate representation of the system, but are costly to run and may not be
feasible for multi-protein complexes. In cases of large systems, to lessen the
computational cost and time, coarse-graining is performed. This groups nearby atoms
together into a representative bead and while some information may be lost this way,
generally CG models can perform as well as their atomistic counterparts if carefully
parameterized and when used to ask the right questions, such as protein-lipid
interactions (Periole and Marrink, 2013) or studying very large protein systems or
dynamics of domains in multi-domain proteins (Takada, 2012). CG models are not
suitable for studying folding processes and may fail to register events that rely on finer
changes, such as side chain conformational change (Periole and Marrink, 2013; Takada,
2012). MD simulations can be used to simulate not only proteins in solution, but also
lipid bilayers with various composition and membrane proteins embedded in them
(Monticelli et al., 2008; Shelley et al., 2001; West et al., 2009), nucleic acids (Cheatham
and Case, 2013) and post-translational protein modifications (Petrov et al., 2013) like
glycans (Allen et al., 2021). Ever growing computational abilities and development of
force-fields for different types of molecules enable accurate representation of more and

more complex systems.
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Figure 1.14. Principle of coarse-graining in Martini forcefield from (Periole and
Marrink, 2013). Examples of molecular structures in atomistic representations and their
CG counterparts.

There are multiple molecular simulation programs available, most commonly
used being GROMACS (Abraham et al., 2015) and NAMD, but examples also include
CHARMM (Brooks et al., 2010), AMBER (Salomon-Ferrer et al., 2013), LAMMPS
(Thompson et al., 2022) and Desmond (Bowers et al., 2006).

The force field is a combination of equations that describe forces and energies
acting on each element in a system at a given time point. These are used to represent
covalent bond length vibration, angle change between any three covalently linked
atoms, torsion angles of dihedrals, along with non-bonded interactions, including van
der Waals forces for all atoms and electrostatic interactions for polar and charged atoms
(Figure 1.15) (Kukol, 2008). Covalent links are intramolecular terms while nonbonded
interactions are intermolecular terms. The parameters for each term are either obtained
from experimental knowledge based on other biophysical and biochemical methods or
from quantum mechanics calculations (Gonzalez, 2011). For example for calibration of

a forcefield structural data provide bond length and angles, thermodynamic experiments
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provide solvation energies while electron densities are derived quantum chemical

calculations (van Gunsteren et al., 2006).

Bond vibration  Angle vibration Torsion potentials
7 0\”8ﬂ W

van der Waals interactions Electrostatic
©0 © 0

Figure 1.15. Visual representation of types of forces and interactions included in a
force-field. Basic types of bond movements and non-bonded interactions that can be
characterized between atoms. Adapted from - (Kukol, 2008)

Validation of MD simulation with experimental data is not always straight-
forward, because simulation and experimental data suffer each from a different set of
imprecisions. Simulation quality is influenced by degrees of freedom modelled in the
system, sampling, how the force-field has been parametrized and the boundary
conditions used in the system (van Gunsteren et al., 2018). Experimental data values are
often averages over different time scale from those typically encountered in simulations
or some data e.g. NMR values are also derived, not directly observed (van Gunsteren et
al., 2018). Simulation of well characterized small molecules and peptides with
accurately measurable data like solvation of cyclohexane and folding of small peptides

are used to validate force-fields (van Gunsteren et al., 2006).

An MD simulation run is associated with sequential time steps, and the position
of each atom will be calculated after each step taking into account all forces that were
acting on it in the previous step. A typical simulation occurs in a periodic box that is
infinitely replicated in all directions to prevent artifacts due to artificial boundaries.
While infinite replication of a periodic box removes the serious distortions that
simulation in a vacuum would have and allows use of explicit water molecules or other
solvents along with improved long range interaction evaluation, it may also introduce
an increase in attractive and repulsive forces and induce cooperative eftects between the

copies (van Gunsteren et al., 2018, 2006). Distorting interactions between periodic box
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copies can typically be avoided by increasing the box size such that the solute of interest,
such as a protein molecule, does not interact significantly with its periodic image. If the
system replicates biological conditions, it also typically has to maintain a constant
pressure and temperature and that is achieved with thermostats and barostats,
respectively. Alternatively, other simulation ensembles may be enforced, for example
to simulate a crystallographic unit cell, in which constant temperature but fixed volume

is desired.

The mathematical basis for each simulation time step is derived from Newton’s
second law of motion, where the force F on each particle in a system with mass m can
be related to acceleration a: F = m X a , and this can be expressed as a change in

coordinates (7) over time:

Equation 1.1.

The force exerted on each particle can also be evaluated by calculating the
negative gradient of the underlying potential energy (V), which is calculated using a

forcefield:

F =—-22
t Ar

Equation 1.2.

While the principles behind describing forces as illustrated in Figure 1.12 is the
basis for most classical force-fields, individual mathematical expressions between them
may differ. An example of terms behind the CHARMM family of forcefields (Brooks
et al., 2010; MacKerell et al., 2000; Ramos Sasselli et al., 2016) is shown below:

Yee(1) =
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Equation 1.3.

where UB stands for Urey-Bradley potential, vdw for van der Waals forces,
electrostatic for electrostatic forces, bonds describe bond length, angle describes angle
between three atoms, dihedrals describe special placement of four atoms, improper

describe improper dihedrals.

The system before simulation is energy minimized to remove any steric clashes
and placed in an appropriate solution and/or conditions corresponding to a relevant

experiment (Dokholyan, 2012).

During simulation, each step involves calculating all forces described by the
forcefield acting on each atom and moves them accordingly from the starting position,
then repeats the process multiple times. A smaller time step ensures higher precision

(and stability), but increases computational cost.

In a biological system a water model is used and physiological conditions are
usually represented by adding monovalent atoms (typically sodium and chloride) to
maintain total neutral charge in the system (Patodia, 2014) and represent the ionic
strength of the environment (Zhang et al., 2010). Water models are tested and
continuously improved (Chatterjee et al., 2008; Medina et al., 2011). Divalent ion
models exist, and can be used when studying a particular biological question, such as
divalent ion interactions with nucleic acids or lipids (Béckmann and Grubmiiller, 2004;
Mukherjee and Bhattacharyya, 2013). However, generally solvent is maximally
simplified (Patodia, 2014) and not all ion types found in physiological solution are
represented, as that would introduce unnecessary complexity to the system and sodium

chloride solutions are well parametrized. With regards to coarse-grained systems,
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simulations can suffer from solvent freezing due to the simplified solvent models, and

modified antifreeze may be added, if necessary (Marrink et al., 2007).

Equilibration is performed to ensure stability of the system before the actual
production run is commenced; the system is typically heated up and kinetic energy
distributed within it (Patodia, 2014), often while limiting distortion of the solute of
interest (such as a protein) via e.g. position restraints. The simulation run time is selected
depending on the goal, approximation level of the system (atomistic vs coarse-grained)
and how quickly multiple runs of the same simulation converge. The length must be
selected such that it would be long enough for the molecular motion of interest (for
example movement of domains of molecules for biological systems) to occur within the
size and complexity level of the system simulated (Boldon et al., 2015; Dokholyan,
2012; Perilla et al., 2015).

MD simulation data, particularly for biomolecules, can be analysed with
multiple methods, like RMSD (root mean square deviation), RMSF (root mean square

fluctuation) (Kukol, 2008), residue pairwise proximity matrix and many others.
1.9.2. Protein structure modelling

Some proteins are difficult to crystallize due to lack of stabilizing interactions
with interaction partners, membrane proteins etc, and therefore they may not have
solved structures available. Homology modelling makes it possible to derive models
based on available structures (or fragments of structures) from homologs. While these
models have potential drawbacks, they often provide a necessary starting material for
further hypothesis generation, and can serve as initial structures for MD simulations.
Homology modelling uses known crystal structures as templates to build a structure of
a given sequence, for example using the long standing standard program in the field,

MODELLER (Webb and Sali, 2016).

Alternative approaches are structure prediction from sequence without using a
specific template. Recent developments in structure generation include neural-network
based AlphaFold and its derivatives, capable of predicting protein structures (Jumper et
al., 2021). De novo prediction of a structure solely from sequence information is
developing and notable and a well-established standard in the field is Rosetta (Rohl et
al., 2004). De novo prediction of multimeric states has also been reported with Rosetta

(Andre et al., 2007).
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1.9.3. Cryo-electron tomography

Electron microscopy-based structure solving methods like cryoEM and cryoET
have recently made a huge contribution to visualization of structures that were
previously difficult to study. CryoET is a method that reconstructs a protein from
imaging a 3D object from multiple angles. Crystallography relies on the homogeneity
of a protein sample or complex while cryoET allows the study of structures that are
difficult to purify or isolate their stable complexes, without the need to remove them
from their in situ environment (Luci¢ et al., 2013). Added gold particles or prominent
features are tracked throughout every image in the tilt series leading to reconstruction
of a sub-tomogram. Multiple sub-tomograms can be classified and averaged resulting

in a higher resolution image of a structure, complex or feature.
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Figure 1.16. Sample rotation in the electron beam leads to a collection of tilt series
of images. Tracking a feature in every image allows retrieval of 3D reconstruction from
a series of 2D images. Image from Wikipedia under Creative Commons licence
(https://commons.wikimedia.org/wiki/File:Electron_Tomography.tif)

The ultrastructure of C. jejuni due to its polarized structure has been successfully
studied with cryoET before (Muller et al., 2014). The flagellar motors in cryoET images
have clearly visible ring structures (Muller et al., 2014) making it a very attractive model
for motor reconstruction (Figure 1.16). This technique has been used in flagella
component deletion studies in different species (Beeby et al., 2016) and even
conventional electron microscopy can detect large scale differences in fusion mutants

(Thomas et al., 2001). With very large datasets cryoET can reconstruct structures to a
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resolution comparable with crystallography and NMR as evident from recent
breakthroughs in solving flagellar motor component structures (Johnson et al., 2020;
Kawamoto et al., 2021; Kuhlen et al., 2018). Whether conformational changes can be
detected in C. jejuni pseudorevertant cryoET reconstructions of a small dataset remains

to be seen.

1.10. Aims of the thesis

FliG of the bacterial motor has not been studied in detail with MD and this study
sets out to broaden our understanding of this crucial to bacterial motility protein.
Conformation of linker between FliG-N and F1iG-M needs to be additionally addressed
to explore conflicting hypotheses proposed in the literature so far. Currently here is no
high resolution F1iG ring model available unlike recently solve FIiF so this study bridges
the gap by proposing a possible model that can serve for further experiment design and

hypothesis generation.

There is no known C. jejuni motor ring stoichiometry or structures available, but
recent data implies that it could be different from 34 seen in S. enterica and
V. alginolyticus, because B. burgdorferi has a very different stoichiometry and C-ring

diameter. This study attempts to elucidate more about C. jejuni motor with cryoET.

As continuation of previous C. jejuni deletion strain and pseudoreverant studies,

additional deletion strain and complementation strains are created.

1. Investigate conformational dynamics of FliG N-terminus

2. Model the conformation of FliF-C bound FliG in H. pylori

3. Model a FliG ring assembly as part of the C-ring

4. FElucidate the stoichiometry of Campylobacter motor and density
differences in a FliF* pseudorevertant

5. Investigate complementation of AfliF’ from external locus
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Chapter 2 — Methods

2.1. Molecular dynamics simulations and homology modelling

Molecular dynamics simulations and homology modelling was performed as

described in (Tupina et al., 2022).
2.1.1. System setup

Ionizable amino acid side chains can adopt different protonation states
depending on the pH of the environment. Each side chain can have its protonation
equilibrium constant pKa calculated similarly as titration curve of a compound. The
H++ server (Gordon et al., 2005) was used to predict protonation state of ionizable
residues, using €™ = 10, ¢ = 80 at pH = 7.5, representing the physiological
environment inside the bacterial cytoplasm (Kobayashi et al., 2000; Krulwich et al.,
2011; Slonczewski et al., 2009). Two crystal structures PDB ID:5WUJ (Xue et al., 2018)
and PDB ID:5TDY (Lynch et al., 2017) were simulated both in solution and under
crystallographic unit cell conditions, with the pH representing the crystal solution (pH
5.6 for SWUJ and pH 7.5 for STDY) (Table 2.1). After identification of E91 in SWUJ
as having potentially variable protonation state in pH 7.5, systems were set up in both
protonated/deprotonate E91 variants (Table 2.1). To assess reproducibility, we utilized
both the CHARMM36m (Huang et al., 2016) and AMBER14SB (Maier et al., 2015)

forcefields in separate simulations for each structure.

For simulations in solution beginning from each structure, we used physio-
logically representative ion concentrations (150 mM NaCl), while the salinity in
simulated crystallographic conditions was adjusted by removing sodium atoms that
would be bound by sodium citrate in the crystallization solutions (Lynch et al., 2017,
Xue et al., 2018). In addition, a variant of PDB ID SWUJ with residues expressed and
purified, but unresolved in the electron density (residues 1 to 6 and 112 to 115 of FliG,
and residues 518 to 523 and 559 to 567 of FIiF respectively) were built with the
ModLoop (Fiser and Sali, 2003) server. Additionally, the crystal structure of full length
FliG (PDB ID:3HJL) (Lee et al., 2010) was simulated in solution using the
CHARMM36m force field (Huang et al., 2016).
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2.1.2. MD simulations

All MD simulations were performed with the GROMACS 2018 package
(Abraham et al., 2015). Equations of motion were integrated using the leap-frog
algorithm with a 2 fs time step. We performed energy minimization using the steepest
descents algorithm for <100,000 steps, followed by a 10 ns NPT equilibration with
position restraints on the protein backbone atoms (using a force constant of 1000 kJ mol”
'nm) for all structures. The unrestrained production runs in the NPT ensemble were
run for 100, 200 or 500 ns depending on the system (Table 2.1). The TIP3P (Jorgensen
etal., 1983) water model was used for all systems. Temperature for the solvated proteins
under effective physiological conditions was maintained at 300 K using the v-rescale
thermostat (Bussi et al., 2007), while a temperature mimicking the crystallization
conditions was set to 289 K and 298 K for SWUJ and 5TDY, respectively. The
Parrinello-Rahman barostat (Parrinello and Rahman, 1981) was used for isotropic
pressure coupling with a reference pressure of 1 bar. Electrostatic interactions were
calculated according to the Particle Mesh Ewald (Darden et al., 1993) algorithm with a
real space cut-off of 1.2 nm for CHARMM36m and 1.0 for AMBER14SB. For the
calculation of van der Waals interactions, we applied a cut-off at 1.2 nm, switching the
potential after 1.0 nm for CHARMM36m and 1.0 cut-off for AMBER14SB. The LINCS
(Hess et al., 1997) algorithm was used for constraining all covalent bonds involving
hydrogen atoms. The forcefield, simulation sampling, and relevant conditions for each
system are summarized in Table 2. VMD (Humphrey et al., 1996) and PyMOL

(DeLano, 2002) were used for trajectory and structure visualization.

Table 2.1. Simulated systems in this study.
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FliG-N FliGonly 1 49581 CHARMM36m 200  deprot 3 physiol.

(5WUJ)
FliG-N FliGonly 1 49575 CHARMM36m 200 prot 3 physiol.

(5wu))
FliG-N/ | 5WUJ 1+1 49592  CHARMM36m 500  deprot 3 physiol.
FliF-C
FliG-N/ | 5WUJ 1+1 49598  CHARMM36m 500  prot 3 physiol.
FliF-C
FliG-N/ | 5WUJ{! 4+4 230810 CHARMM36m 100  deprot 1 physiol.
FliF-C*
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FliG-N/
FliF-C*!
FliG-N/
FliF-C*
FliG-N/
FliF-C*!
FliG-N/
FliF-
Censt
FliG-N/
FliF-
Censt
FliG-N/
FliF-
Censt
FliG-N/
FliF-
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FliG-N/
FliF-Ce*Pr
FliG-N/
FliF-Ce*P
FliG-N/
FliF-Ce*Pr
FliG-N
/F1iF-
CCXpl’

*SWUlexpr — system with unresolved, but expressed residues added.
T5WUlJtet— system with tetramer made from FliG-N/FliF-C complexes
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physiol.
physiol.
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crystal

crystal
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crystal
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crystal
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Computational experiments were run on Bioinformatics Institute in-house Linux

cluster and ASPIRE1 of Singapore National Supercomputing Centre. BII cluster uses
8 nodes of 2 GPUs (Nvidia GeForce RTX 2080 Ti) and 24 CPUs (Intel® Xeon® Gold
5118 CPU @ 2.3 GHz) each, while ASPIRE1 employs 4 nodes per simulation, with
each node using 1 GPU (Nvidia Tesla K40t) and 24CPUs (Intel® Xeon® CPU E5-2690
v3 @ 2.6 GHz).
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2.1.3. Model building

Sequences were aligned with MUSCLE software (Edgar, 2004; McWilliam et
al., 2013). Homology models of full length H. pylori FliG were built in MODELLER
(Webb and Sali, 2016). Initially a homology model of the N-terminus and the middle
domain was built generating using the H. pylori structures (PDB-IDs: SWUJ and 3USY)
(Lametal.,2013; Xue et al., 2018) and 4. aeolicus full-length structure (PDB-ID: 3HJL)
(Lee et al., 2010). In addition, the linker region was defined and constrained as a-helical
in MODELLER. From a total of 2,000 models, the 10 with the best DOPE (Shen and
Sali, 2006) and molpdf (Shen and Sali, 2006) scores were submitted to the SWISS-
MODEL webserver (Schwede et al.,, 2003; Waterhouse et al., 2018) Structure
Assessment and QMEAN (Benkert et al., 2008) evaluation tools. The model that was in
both the MODELLER score top 10 groups, had QMEAN score of 0.77 + 0.06 and had
no Ramachandran outliers was selected (QMEAN scores were very close for all the
tested models, but 0.77 was among the best). To create the full-length model, the crystal
structure of the C-terminal and middle domains of H. pylori (PDB-ID: 3USY) (Lam et
al., 2013) was overlaid onto the model of the middle domain that both structures share

using VMD (Humphrey et al., 1996).

Whole FliG rings were built by fitting three copies of the FliG bound to FliF
C-terminal region (FliF-C/FliG) and FliM middle domain (FliM-M) complex in a
segment of the V. alginolyticus cryoET densities (Carroll et al., 2020), via manual
placement and subsequent energy minimization. The system was then subjected to
Molecular Dynamics Flexible Fitting (MDFF) (see section 2.1.4 below). For the
H. pylori models, FliM-M was added by overlaying the model’s middle domain with
the crystal structure of the H. pylori middle domain and FliM middle domain (PDB-ID:
4FQO (Lam et al., 2013)) in Chimera (Pettersen et al., 2004). For the 4. aeolicus ring, a
homology model of FliM-M was built using the A. aeolicus sequence (UniProt entry:
AO0A7C5QKNS) and H. pylori FliM-M PDB-ID: 4FQO structure as template. The
middle copy of the three monomers simulated in MDFF was used to build an entire ring

from 34 copies of the monomer.

The ring was placed in the cryoET density with the Fit in Map function in
Chimera (Pettersen et al., 2004) using 20 A resolution for the map created from the

atomistic model, and used to obtain a final correlation value.
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2.1.4. Flexible fitting

MDFF is used to dynamically fit atomic coordinates into experimental density
maps (Trabuco et al., 2009). An additional external potential derived from an
experimental map is defined on a grid to drive gradual fitting of coordinates. All MDFF
simulations were performed on a trimeric unit of the H. pylori FliF-C/FliG/FliM-M
complex for the clockwise (CW) or counterclockwise (CCW) cryoET density maps
from V. alginolyticus obtained from V. alginolyticus mutants that are locked in one of
the two directions of flagella rotation (Carroll et al., 2020). All such simulations were
run using NAMD2.9 (Trabuco et al., 2009) with the CHARMM36 FF (Huang and
Mackerell, 2013) with implicit solvent (¢ = 80). The nonbonded interactions were
switched off between 1.0 and 1.2 nm using a force-switching method (Steinbach and
Brooks, 1994). Langevin dynamics was used to maintain the temperature at
300 K with a coupling coefficient of 5 ps™!. The flexible fitting was run in 10-15 separate
simulations, with increased scaling factors from 0.1 to 15. The bias was applied to all
non-hydrogen atoms with atom-dependent mass weighting. Additional restraints in
MDFF were used to maintain correct chiral centres, peptide bond conformations, and
secondary structures of each protein. All simulation systems were generated using

CHARMM-GUI through Map Utilizer (Qi et al., 2017).

2.1.5. Analysis

MD simulation data was initially analysed using RMSD (root mean square
deviation) measurement in GROMACS (Abraham et al., 2015) and plotted in xmGrace.
Index files defining the elements were also created in GROMACS. RMSD measurement
in MD effectively assesses the structural drift of an element (groups of atoms or amino
acids) across the time of simulation with reference to the starting coordinates, usually
the energy minimized starting structure, after least-squares fitting. In the analysis
performed here, helix boundaries were defined using energy minimized structures
instead of crystal structure, because they have water and additional solvents from
crystallization removed and minimized structured were the direct input used in
simulation. RMSD measurement as comparison between two different structural

conformations as in Results 4.2.2 or two different species as in Results 3.2.5 is defined
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as distance between atom in the reference structure and the same atom (or nearest
equivalent by homology) in the other structure. RMSD is defined as follows, where 9 is

the distance between the atoms.

N

1 2

RMSD = Nz 5
i=1

Equation 2.1.

Crossing angle measurements between helix pairs to observe dynamic flexibility
were performed in VMD (Humphrey et al., 1996). To perform this, 4 points were
defined, namely the Ca atoms of the first and last residues of each of the two helices in

the crossed pair. A visual representation of this is shown in section 3.2.2.

The fitting between the simulation coordinates and experimental density map
was calculated in Chimera (Pettersen et al., 2004). The Fit in Map tool locally
maximizes the overlap between atomic coordinates and the density map. The correlation
coefficient was calculated as the minimum mean cosine angle between the vectors
derived from the experimental and simulation maps calculated on the grid. This value

can vary from -1 to 1, i.e., from anti-correlated to identical, respectively.

2.2. Campylobacter strain construction and sequencing

2.2.2. Growth and storage conditions of microorganisms

The E. coli strains used for cloning (NEB® 50 or DH50)) were grown at 37°C in
standard LB (Lysogeny Broth) medium or LB-agar plates (1% agar) in aerobic
conditions. C. jejuni NCTC11168 and its derivatives were grown on Campylobacter
blood-free selective agar supplemented with CCDA (containing Cefoperazone and
Amphotericin B) (Oxoid), plates for approximately 24 hours following streaking on
Mueller-Hinton (MH) (Oxoid)1% agar plates. Liquid cultures of C. jejuni were grown
in Mueller Hinton broth and all steps of cultivating C. jejuni were performed in a
variable atmosphere incubator (VAIN) (Whitley VA500 workstation cabinet) (90 % N2
(v/v), 6 % CO2 (v/v), 4 % Oz (v/v)). All cell lines used in this project are listed in
Table 2.2.
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E. coli glycerol stocks were made using a 1:1 ratio of overnight culture and 50%
glycerol in cryo-stock vials. C. jejuni stocks were made by scrapping cells of a plate and
resuspending them in a Microbank™ bead stock vial (Fischer Scientific). All stocks

were stored at -80°C.

Apramycin (SIGMA-ALDRICH) was used in a final concentration of 60 pg/ml,
chloramphenicol of 25-30 pg/ml and kanamycin of 25 pg/ml in plates and liquid
cultures. Apramycin plates were covered with aluminium foil during preparation due to
the light sensitivity of the antibiotic with every effort made to minimise exposure to

light during all procedures.

Table 2.2. Bacterial strains used in this study.

Bacterial strain Genotype Source
E. coli DH5a. thuA2 A(argF-lacZ)U169 NEB
phoA gIinV44 ©80
A(lacZ)M15 gyrA96 recAl
relAl endAl thi-1 hsdR17
E. coli NEB 5a thuA2 A(argF-lacZ)U169 NEB Gibson
phoA ginV44 ©80 Assembly kit

A(lacZ)M15 gyrA96 recAl
relAl endAl thi-1 hsdR17

C. jejuni NCTC11168 Sequenced laboratory strain, Prof. Charles Penn,
differences from original University of
isolate identified by Emily Birmingham
Stoakes (Stoakes, 2017)

C. jejuni NCTCI11168 AfIhF fliFy0 (pseudorevertant  (Stoakes, 2017)

AfThF fliF 901 PR2)

C. jejuni NCTC11168 NCTC11168 AfIhF::Kan" Created by Emily

AfIhF AfliF AfliF::Cat’, promoterless Kan" Stoakes and Charlotte
cassette inserted in fIAF locus,  Dixon
promoterless Cat" cassette
inserted in fIiF locus

C. jejuni NCTC11168 NCTC11168 AfliF::Cat', This study

AfliF promoterless Cat" cassette
inserted in fliF’ locus

C. jejuni NCTC11168 NCTC11168 AflhF::Kan" This study

AfIhF AfliF:fliF AfliF::Cat', Cj0046::natfliF,

promoterless Kan' cassette
inserted in fIhF locus,
promoterless Cat' cassette
inserted in fIiF" locus, fIiF under
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C. jejuni NCTCI11168
AfIhF AfLiF:fIiF aoor

C. jejuni NCTCI1168
AfiFfliF

C. jejuni NCTCI11168
AfLFfliF moor

C. jejuni NCTC11168
AfIhF AfliF:porA-fliF

C. jejuni NCTCI11168
AfIhF AfliF:porA-fliF moor

C. jejuni NCTCI1168
AfliF:porA-fliF

C. jejuni NCTC11168
AfliF:porA-fliF moor

native promoter inserted in
Cj0046 locus

NCTC11168 AflhF::Kan"
AfliF::Cat', Cj0046::natFliF
mo91, promoterless Kan' cassette
inserted in flhF locus,
promoterless Cat' cassette
inserted in fIiF locus, fliFyoor
under native promoter inserted
in Cj0046 locus

NCTC11168 AfliF::Cat’,
Cj0046::natfliF, fliF under
native promoter inserted in
Cj0046 locus

NCTC11168 AfliF::Cat',
Cj0046::natfliF oo, fliFmoor
under native promoter inserted
in Cj0046 locus

NCTC11168 AflhF::Kan"
AfliF::Cat",Cj0046::natfliF,
promoterless Kan' cassette
inserted in fIAF locus,
promoterless Cat' cassette
inserted in fliF locus, fliF’ under
porA promoter inserted in
Cj0046 locus

NCTC11168 AflhF::Kan"
AfliF::Cat', Cj0046::natfliF moo,
promoterless Kan' cassette
inserted in fIhF locus,
promoterless Cat' cassette
inserted in fIiF locus, fliF yvoor
under porA promoter inserted
in Cj0046 locus

NCTC11168 AfliF::Cat',
Cj0046::natfliF, fliF under
porA promoter inserted in
Cj0046 locus

NCTC11168 AfliF::Cat',
Cj0046::natfliF moar, fliFmoor
under porA promoter inserted
in Cj0046 locus
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2.2.3. PCR and cloning

Inserts and vectors for cloning were amplified using high fidelity Q5 polymerase
(NEB) according to manufacturer’s instructions using 0.5 uM final primer concentration
and extension times based on manufacturers’ reported polymerase amplification speed,
length of target amplicon and rounded up to 5-10% additional time. Screening colonies
for successful clones was carried out by whole cell colony PCR using the GoTaq Green
Master Mix (Promega) according to manufacturer’s instructions. Where PCR products
were amplified from a plasmid template, NEB Dpnl reaction was used subsequently to

eliminate plasmid template DNA before transformation.

PCR products were run in 1% agarose TAE gels with NEB 1kb plus, NEB 1kb
extend, 1kb Life Sciences Ladder or 100bp Hyper Ladder according to expected product
size. PCR products were purified using Wizard SV Gel and PCR Clean-up System
(Promega). SYBR green and GelPilot dye was used for visualization of DNA in the gel.

Primers were designed using the NEB Tm calculator for reactions using NEB
reagents and the OligoCalc (Kibbe, 2007) Tm calculator for all other primers. Primer
pairs were designed with the aim of Tm 60°C and 50% GC content where possible.
Lyophilised primers were resuspended to 100 uM concentration in nuclease free water
according to the volume indicated in the delivery sheet and afterwards used to prepare

10 uM stocks (PCR working concentration).

Suicide vectors from pC46-fdxA backbone were assembled using Gibson
Assembly Cloning kit (NEB, UK) according to manufacturer’s instructions using

100 ng vector and insert in a 3:1 molar ratio:

Reaction component

10pl 2X Gibson assembly Master Mix
100ng vector

3x fold molar excess insert to vector
Nuclease free water up to 20pl
A 20 pl Gibson reaction was incubated at 50°C for 15 minutes and transformed
in NEB 5Sa E. coli cells provided with the Gibson kit. In the negative control reaction,
no insert was added. NEBiocalculator was used to calculate the appropriate insert

amount corresponding to 100 ng of vector. Original pC46 vector that had been used to
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create pC46-fdxA (Table 2.4) was obtained for University of Leicester (Elgamoudi,
2016; Elgamoudi and Ketley, 2018).

Table 2.3. Primers used in this study. For Gibson assembly steps see section 5.2
(Figure 5.2). Gibson assembly pairs per step are red-green colour coded. There are four
primers per step, a pair red-green pair for insert and a red-green pair for amplifying
vector. Green and red show each side for Gibson assembly reaction, where insert and

vector will anneal.

Primer description Sequence Purpose Origin
apramycin_fwd acttttgctaaagataaattaaaacTCA  vector construction, Emily
GCCAATCGACTGGC anneals to Stoakes
apramycin,
overhang for
Gibson reaction
with pC46-fdxA
vector
apramycin_rey atcttaatattaaaaaggagaaaacATG  vector construction  Emily
CAATACGAATGGCGAAA  overhang for Stoakes
AG Gibson reaction
with pC46-fdxA
vector
pC46-fdxA_rev GTTTTAATTTATCTTTAGC vector construction, Emily
AAAAGTAG amplifies pC46- Stoakes
fdx A vector, stepl
pC46-fdxA_fwd GTTTTCTCCTTTTTAATAT  vector construction, Emily
TAAGATTTAAAAG amplifies pC46- Stoakes
fdx A vector, stepl
fliF + native_promo | acattatttaaagctaggccggccgTTA  vector construction, Emily
ter_fwd AGATAGATAAATCAAATA anneals to fliFF with  Stoakes
AAAATATGTAAAATTC native promoter,
overhang for
Gibson reaction
with vector step2
fliF + native_promo | tttcgattggcgegectgagggattTCA  vector construction, Emily
ter_rev TCACATATCCTTTTCG anneals to fliF, Stoakes
overhang for
Gibson reaction
with vector step2
pC46_fdxA_apramyc | CGGCCGGCCTAGCTTTAA  vector construction, Emily
in_rev ATAATG vector Stoakes
amplification for
Gibson reaction,
step2
pC46_fdxA_apramyc | AATCCCTCAGGCGCGCCA  vector construction, Emily
in_fwd vector Stoakes
amplification for
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porA_fwdll

porA_rev

pC46aprafliFnative

rev

pC46aprafliFnative

fwd

natFliF _fwl

natFliF revl

pC46 F

pC46 R

PCRF Cat

PCRR Cat

Apramycin46 out

acattatttaaagctaggccggccTTA
AAACAACTATATATTACT
TCTCGTTTAC

gatgaagcatatttttaaaatccatGAG
AATTCTCCTTGTCAAAAA
TTAATAAAAC

AGGCCGGCCTAGCTTTAA
ATAATG

ATGGATTTTAAAAATATG
CTTCATC

TTAAGATAGATAAATCAA
ATAAAAATATGTAAAATT
C

TCATCACATATCCTTTTCG

GCTCCAAATCCTTTGGTG

GCCCAAAGCTCCAG

CCTTCAAAGCTTGTCCAC
GG

ACGGACAGGTAGGCGTTT
T

GACAGGTGGCTCAAGGA
G
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Gibson reaction,
step2

vector construction,
anneals to porA
promoter,

overhang for
Gibson reaction
with vector step 3
vector construction,
anneals to porA
promoter

overhang for
Gibson reaction
with vector step 3
vector construction,
vector
amplification for
Gibson reaction,
step3

vector construction,
vector
amplification for
Gibson reaction,
step3

Sanger sequencing
for vector
verification

Sanger sequencing
for vector
verification
Sanger sequencing
for vector
verification
Sanger sequencing
for vector
verification
Colony PCR,
anneals to Cat®
casette

Colony PCR,
anneals to Cat®
casette

Sanger sequencing
of apramycin
insertion site

Modified
from Emily
Stoakes

Emily
Stoakes

Emily
Stoakes

Emily
Stoakes

Emily
Stoakes

Emily
Stoakes

This study

This study

Charlotte

Dixon

Charlotte
Dixon

This study



Apramycin46 in

FliF46 out

FliF46 in

27F

1492 R

Downstream FIliF 2

R

Cj0046 F

Cj0046 R

Apra screen F

Apra screen R

porAseqR

prom_seqR

GCTGACCGATGAGCTCG

CTTTAGAGAAATTTAATG

CAGCAA

TAAAGTTGCCCAATTTGA

TGAAG

AGAGTTTGATCMTGGCTC

AG

CGGTTACCTTGTTACGAC

TT

CTACTGCTCTTGGGCCG

GAGCCAATCCTATTIT

CATCAG

GTTAAAACTCCACTAATC

AACACC

TCAGCCAATCGACTGGCG

ATGCAATACGAATGGCGA

AAAG

GAGAATTCTCCTTGTCAA

AAATTAAT

CATATCCATTATTTGCATT

ACTACAC

Sanger sequencing
of apramycin
insertion site
Sanger sequencing
of fIiF insertion site

Sanger sequencing
of fIiF insertion site

Screening for 16S
rRNA
contamination
Screening for 16S
rRNA
contamination
Sanger sequencing
and insert detection
in Cj0046

Sanger sequencing
and insert detection
in Cj0046

Sanger sequencing
and insert detection
in Cj0046

Sanger sequencing
and insert detection
in Cj0046

Sanger sequencing
and insert detection
in Cj0046

Sanger sequencing
and porA insert
detection

Sanger sequencing
and porA insert
detection

This study

This study

This study

(Jiang et

al., 2006)

(Jiang et

al., 2006)

This study

This study

This study

This study

This study

This study

This study

Plasmids were extracted with the QIAprep Spin Miniprep Kit (Qiagen) or

Monarch Plasmid Miniprep Kit (NEB) according to manufacturers’ instructions.

Vectors for amplification in E. coli were transformed as follows: 5-10 ng of plasmid

were gently mixed with 50ul competent cells (pre-thawed on ice). Transformation mix

kept for 30 min on ice, then heat-shocked for 30s in 42°C. 950l RT LB medium added,



incubated at 37°C for 1h while rotating. Plated on LB plated (50ul, 100ul and 150ul to

achieve different colony densities).

Table 2.4. Plasmids used in this study.

Plasmid Description Origin
pC46-fdxA Vector containing Cj0046  Created by Emily Stoakes
sequence for homologous  from pC46 (APPENDIX E)

PMK-RQ del FIiF
(GeneArt construct)

pC46-fdxA-AprR

pC46-fdxA-AprR-natfliF

pC46-fdxA-AprR-porA-
SfliF

pC46-fdxA-AprR-
natfliFuo1

recombination, Cat®
cassette under native
promoter, fdxA promoter
with no ORF

Deletion of fliF' in C.
jejuni with homologous
recombination, Cat®
cassette

Vector containing Cj0046
sequence for homologous
recombination, Cat®
cassette under native
promoter, fdxA promoter
with Apr® casette

Vector containing Cj0046
sequence for homologous
recombination, fdxA
promoter with Apr®
cassette, Cat® cassette
replaced with f7iF" under
native promoter

Vector containing Cj0046
sequence for homologous
recombination, fdxA
promoter with Apr®
cassette, Cat® cassette
replaced with fliF' under
porA promoter

Vector containing Cj0046
sequence for homologous
recombination, fdxA
promoter with Apr®
cassette, Cat® cassette
replaced with f7i Fvoor
under native promoter
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pC46-fdxA-AprR-porA- Vector containing Cj0046  This study
SliFmoor sequence for homologous
recombination, fdxA

promoter with Apr®

cassette, Cat® cassette

replaced with f7iFmoor

under porA promoter

2.2.4. Transformation of Campylobacter jejuni

C. jejuni cells of the necessary genotype (NTCTC11168, AflhF, AfliF or
AfIhFAfIiF) were grown on an MH plate overnight and scraped off the plate with a loop,
dislodging in 100 pl of ice-cold wash buffer (272mM sucrose, 15% glycerol (v/v)). The
cell suspension volume was made-up to 1 ml with wash buffer and cells were washed
by 20 min 4000 g centrifugation and gentle resuspension 3 times with the same buffer.
The final suspension was aliquoted in 100 pl and frozen in liquid nitrogen or used fresh

for the following steps.

One cell-aliquot was mixed with 700 to 900 ng of plasmid in ice-cold
electroporation cuvette (0.2 cm) and electroporated at 2.5 kV, 200 Q, 25 pF (Bio-Rad
Gene pulser 0.2). The cells were plated out on antibiotic-free MH plates using either
90 ul of cells or 10 pl mixed with 90 pl of MH broth. After overnight incubation at 37°C
under microaerophilic conditions (VAIN), plates were washed with 2 ml MH broth and
cells were dislodged with a loop. 100 pl of the cell slurry (or a 10x dilution: 10 pl+
90 ul MH broth) was plated on reduced antibiotic plates (10 pg/ml chloramphenicol or
26 pg/ml apramycin). Incubation in microaerophilic cabinet (VAIN) at 37°C for
3-5 days was followed by picking single colonies and streaking them on standard
antibiotic concentration plates. Clones were screened for the presence of the insert with
GoTaq whole cell PCR, targeting an amplicon within each one of the antibiotic

resistance genes.

2.2.5. Screening and verification of C. jejuni strains
Genomic DNA (gDNA) was extracted with QIAgen Blood and Tissue Kit
(Qiagen) with manufacturer’s modifications for use on Gram-negative bacteria. The

concentration and purity were measured with both NanoDrop (Thermo Scientific) and

as well as the Qubit dsDNA broadrange assay kit (ThermoFisher Scientific). AfliF" and
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AfIhFAfIIF strains were verified by amplifying fliFF and flanking regions encom-
passing the entire homologous recombination region followed by Sanger sequencing to
verify that upstream and downstream genes were not affected. The Cj0046 region
encompassing the integration region could be amplified, but could not be reliably Sanger
sequenced. After gDNA extraction, samples with a low 260/230 absorbance ratio that
indicates organic compound contamination that can potentially interfere with
amplification reactions were further purified performed using QIAamp Mini spin
columns and QIAgen clean-up protocol for QIAamp MinElute columns (Qiagen). DNA
was eluted typically in 30 pl Elution Buffer (EB) even in protocols suggesting 50 pl in

the instructions, to increase the DNA concentration.

Whole genome sequencing was performed to verify correct integration of
sequences in the chromosome and identify any additional mutations that may affect the
phenotype. Uniquely barcoded libraries for Illumina short-read sequencing were
prepared with the Nextera XT library prep kit (Illumina) according to manufacturer’s
instructions. Library quality was checked on select samples with Agilent Bioanalyzer
high sensitivity DNA kit and concentration of all libraries was determined using QuBit
2.0 broad-kit range. Concentration of all libraries were normalise and pooled at
equimolar concentrations and sequenced on MiSeq V2 using 2x250bp PE protocol

(ITlumina).

MultiQC (FastQC analysis for multiple samples) was used for sequencing data
quality checks (Ewels et al., 2016). Bowtie2 was used to map the fastq files to the
reference genome using the “very sensitive” parameter (Langmead and Salzberg, 2012).
Sequencing data was then analysed with mpileup and VarScan2 SNP (single nucleotide
polymorphism) and INDEL tools (Koboldt et al., 2009) . A minimum coverage of 15,
minimum average quality of 30, and minimum frequency 0.9 was selected in VarScan2

search. The Artemis Genome viewer was used to find deletions (Carver et al., 2012).
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2.3. Cryo-electron microscopy and electron microscopy

data collection

2.3.1. Cryo-electron microscopy grid preparation

Sample optimization for CryoEM was performed with fixed and live cells
varying the type of grid and amount of gold particles. C. jejuni was cultured as in section
2.2.2 either until an ODsoo (Optical density) of 1.2 (early stationary) was reached or late

stationary cells were used (collected 2 hours after reaching early stationary phase).

Fixed cells were prepared by fixing a cell amount equivalent to ODsoo=1 in a
final concentration of 2.5% glutaraldehyde/PBS (phosphate-buffered saline) and after
incubation at RT (room temperature) for 30 min, washed and resuspended with cold
PBS twice at 2000 g for 5 min. A varying amount of PBS was used for the final
resuspension to change and assess cell density on grids. Wide bore tips were used for
all steps to avoid breaking flagella structures. Live cells were grown to early stationary
phase and either plunge frozen immediately in liquid ethane, or spun down at 2000 g for

5 min and resuspended in PBS prior to freezing to increase concentration.

Two different kinds of gold particles were tested — 10 nm gold nanoparticles
with OD=1 (Sigma Aldrich) and protein-conjugated gold (Immunogold Conjugate

protein A, particle size 10nm, BII Solutions) in variable ratios to sample volume.

For initial tests, Lacey carbon grids with irregular holes were used; for final
samples regular hole (diameter - 3.5 ul) shaped carbon grids with 1 um interspacing
were used. All grids were glow-discharged for 1 minute before use. Samples were frozen

with a with Leica GP2 rapidplunge-freezing device with 2.5 s blotting time.

Optimization was performed on an EOL 2100Plus microscope with a Gatan
OneView Camera (Advanced Bioimaging Research Technology Platform (RTP),
University of Warwick, and datasets for tomograms were collected at Midlands
Regional Cryo-EM Facility (University of Leicaster) on Thermo Fisher Titan Krios G3.
Tilt series were collected from 50.99 to -59.00 degrees (see APPENDIX B be for rawtlt
values) with SerialEM software with pixel spacing of 3.462 A. Nominal tilt axis angle
84.9, 300KV and 2.7 mm Cs (spehircal abberation). Magnification 42000.
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2.3.2. Negative stain electron microscopy grid preparation

For flagella counting in negative stain electron microscopy, cells of each
complementation strain created as described in section 2.2.6 were cultivated as in
section 2.2.2 to late stationary phase. The amount of cells equivalent to ODgoo=1 was
taken from each sample and mixed with 600 ul 5% glutaraldehyde. These were
incubated for 30 min at RT and spun down at 2000 g for 5 min. They were then washed
with 1 ml PBS using wide bore tips, before being gently resuspended in 50 ul PBS.
Copper grids were glow discharged before use. 10 pl of bacterial cell sample was
applied on the grid with a wide bore tip and excess liquid was removed with filter paper
after 1 min incubation. Uranyl acetate was added to the grid in a similar size drop to the
sample and removed after 1 minute with filter paper. This was additionally dried by
placing face down on another filter paper. All samples were prepared both in the original
concentration and with 10 x dilution in PBS in case the sample would be overcrowded

for counting.

A minimum of 100 cells were observed for each sample in negative stain
microscopy using an EOL 2100Plus microscope with Gatan OneView Camera and
recorded as having flagella or having no flagella. The results were then averaged to
percentage of flagellated cells. One cell end was recorded as one count, but even before
the observation of results, cells with two complete flagella were expected to be

very rare.
2.3.3. Cryo-electron microscopy data analysis

Sub-tomograms were built using Etomo from IMOD 4.11.18 suite (Kremer et
al., 1996). When building the seed model for tracking, 30 fiducials were selected were
possible, however WT C. jejuni samples had low fiducial density, therefore most
samples had a lower number of fiducials. The first seed model was selected
automatically and then manually additional fiducials were added after visual
examination of the tilt series. Positioning tomograms were built with a thickess selection
1200 voxels. A boundary model was created on compressed (binned by 2) sample
tomograms. The final tomogram thickness was around 1100 voxels. No post-processing

cropping was performed.

The completed sub-tomograms were to be used as input for model building in
Relion. CTF estimation was run with CTFfind 4 (Rohou and Grigorieff, 2015).
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In addition sub-tomogram averaging and model building was attempted with
EMAN?2 2.31. Intial runs did not give a result with no symmetry (C1) imposed, therefore
(C39) was selected (see Chapter 5).

The tilt series were imported with apix 3.462A.

The settings for automated tomogram reconstruction were as follows: npk=20
tltkeep=0.9 outsize=1k niter=2,1,1,1 bytile (on) notmp (on) pkkeep=0.9 clipz=-1
bxsz=32 pk mindist=0.125 filterto=0.45. The rawtlt file was specified instead of

selecting tltstep. Boxsize here refers to box used to search for fiducials.

CTF estimation settings were: dfrange=0.2,2,0.1 psrange=60,120,2 tilesize=256
voltage=300 cs=2.7 nref=15 stepx=20 stepy=40

Particles to reconstruct were selected by manually placing the selection circle

over the centre of the motor, with size 168 (later determined to be too small).

Particles were extracted with: boxsz unbin=168 maxtilt=100 padtwod=2.0

wiener (on) shrink=1 tltkeep=1.0 alioffset=0,0,0.

Intial model generation used: sym=c39 gaussz=-1.0 filterto=0.02 fourier (on)
learnrate=0.1 niter=5 applysym (on) shrink=2 (applied because of computational

resource limitations). The obtained model was used as input for 3D reconstruction.

3D model generation used: niter=5 sym=c39 mass=11000000.0 (very rough
estimate) localfilter (on) goldstandard=-1 pkeep=0.8 maxtilt=90.0. The 3D model was

used as input for subtilt refiemenent.
Subtilt refinement used: niters=4 padby=2.0 keep=0.5 maxalt=90.0

Upon specifying symmetry C33 or C39, low resolution models were obtained.
Model building was limited by computational limitatations (RAM size). C33 models
were reconstructed with apix 0.3462A instead of 3.462A and resulted in wrong size
models, not directly comparable with other data and are thus not further presented. The

boxsize used for particle selection was later determined to be too small.

Reconstruction in newer version (2.91) of EMAN2 was performed similarly, but

some options are change dor updated. Symmetry was varied (C37, C39, C42).
The tilt series were imported with apix 3.462A.

npk=20 tltkeep=0.9 outsize=1k niter=2,1,1,1 bytile (on) notmp (on) corretctrot

(on) pkkeep=0.9 clipz=-1 bxsz=32 patchtrack (on) filterres=40.0. The rawtlt file was
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specified instead of selecting tltstep. Boxsize here refers to box used to search for

fiducials.

CTF estimation was first run with handedness check on, that indicated that
correction is mnecessary and tomogram reconstruction was re-run specifying

tltax=-275.0.

Final CTF estimation settings after handedness correction were:
dfrange=0.2,2,0.1 psrange=60,120,2 tilesize=256 voltage=300 cs=2.7 nref=15 stepx=20
stepy=40

Particles to reconstruct were selected by manually placing the selection circle

over the centre of the motor, with size 336 (larger than before)

Particles were extracted with: boxsz unbin=336 maxtilt=100 padtwod=2.0

curves=-1, curves_overlap=0.5 shrink=1 tltkeep=1.0

Intial model generation used: sym=c39 (or ¢37, c42) filterto=0.02 fourier (on)
learnrate=0.1 niter=5 applysym (on) shrink=1. The obtained model was used as input

for 3D reconstruction.

3D model generation used: niter=5 sym=c39 (or ¢37, c¢42) mass=11000000.0
(very rough estimate) goldstandard=-1 pkeep=0.8 maxtilt=90.0. The 3D model was used
as input for subtilt refiemenent. Always received warning in afterwards that
nomalization to mass is not possible, but solution proceeded better when providing

mass.

Subtilt refinement used: niters=4 padby=2.0 keep=0.8 maxalt=45.0
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Chapter 3 - MD simulations of FliG-N/FliF-C complex

3.1. Introduction

FliG and FIiF protein rings are central to the flagellar rotor structure and
assembly, as the MS-ring (built of FliF) is the earliest assembling structure alongside
fT3SS (Li and Sourjik, 2011; Morimoto et al., 2014). The binding between FliG-N and
FliF-C joins the C-ring (built of FliG, FliM and FliN) below the inner membrane and
MS-ring above it (Lynch et al., 2017; Noreen et al., 1994). FliG also has the crucial
function in the C-ring of transmitting the torque from stator to rotor (Lloyd et al., 1996;
Minamino et al., 2011). FliG has three domains FliG-N, FliG-M and FliG-C (Lee et al.,
2010; Levenson et al., 2012) Interactions between FliG-N and FliF-C have been
extensively studied with mutational studies (Grunenfelder et al., 2003), biochemical
methods (Ogawa et al., 2014), NMR (Levenson et al., 2012) and crystallization (Lynch
et al.,, 2017; Xue et al., 2018) (Introduction, 1.5). These studies have characterized
residues important for binding in H. pylori, T. maritima, V. alginolyticus and
C. crescentus (also described in sections 3.2.3., 1.5). There are two crystal structures of
FliG-N binding FliF-C, one from H. pylori (PDB ID: 5SWUIJ) (Xue et al., 2018) and one
from T. maritima (PDB ID: 5TDY) (Lynch et al., 2017).

For the H. pylori structure SWUJ, the unit cell contains six identical copies of
FIliG-N/FIiF-C complex (Figure 3.1). A single copy of FliG-N/FIiF-C complex is
entirely a-helical and H. pylori FliG consists of seven helices al to a7 while FIiF-C

consists of 2 helices (Figure 3.2).
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FliF-c 7Y gg&

Figure 3.1. Unit cell of crystal structure SWUJ. Unit cell box is shown with
6 FliG-N/F1iF-C complexes, one of which is coloured in red; molecules in neighbouring
unit cells are shown in grey. Unit cell copies and boundary generated in VMD.

MD simulation of known crystal structures can generate otherwise unobservable
new hypotheses and mechanistic insights. MD simulations have so far not been used in
study of FliG-N and FliF-C and could reveal novel insights about these crucial for
motility proteins. FliF unbound FliG structure (Lee et al., 2010) differs in the linker
conformation between F1iG-N and F1iG-M from those seen in FliG-N/FIiF-C structures
(Lynch et al., 2017; Xue et al., 2018) as well as those proposed for alternative models
(Khan et al., 2018; Paul et al., 2011b). In this study MD simulations are used to explore
the conformation of FliG-N and helices that link it to FliG-M in physiologically-

representative and crystal lattice conditions.
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3.2. Molecular dynamics simulations analysis of FliG-N

Prior to simulations, analysis of residues in the SWU]J structure which may have
variable protonation state was performed using the H++ server (Gordon et al., 2005).
E91 was identified as a candidate for which the protonation may change, and potentially
influence the protein structure. E91 is surrounded by other negative charges in the
interface between FliG a6 and a5 and FliF a2, raising the question on whether the
protonation state of this residue could have potential structural effects. To explore this
possibility, multiple MD simulations of the FIiG-N/FIiF-C complex presented
throughout this chapter were performed while testing both possible E91 protonation

states (Method details in sections 2.1.1, 2.1.2).

Figure 3.2. E91 of FliG, surrounded by nearby negative charges. Left - SWUJ crystal
structure. Squared area shown in detail on the right. E91 could have a variable
protonation state according to H++ server test. FliG (cyan), FliF (green). Protein is
shown in cartoon representation while side chains as sticks.

Using visual observation and preliminary RMSD analysis of the proteins
simulated in water, the protein core was defined as consisting of a2 to a5, while a6 and
a7 were distinctly separate. The small al was too flexible and not found in sequences
of many species of model organisms and pathogens (Figure 3.3) and therefore not

included in the core for measurement definition purposes.
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Figure 3.3. FliG sequence alignment and helix positions for H. pylori FliG-N.
Helices resolved in SWUJ crystal structure are shown above the alignment. The figure
was created using Jalview (Waterhouse et al., 2009).

After examination of the structure, the helix boundaries for purpose of RMSD
analysis were set as follows (Table 3.1). Definition of helices is similar to that used in
(Xue et al., 2018), but more stringent in counting a residue as part of the helix as opposed
to being a linker, taking into account behaviour of the protein in simulation, where
residues at the end of helices may appear part of it in the crystal structure, but may be
unstable during simulations. The residue numbering matches both the actual H. pylori
sequence (strain 26695) and the numbering in the structure deposited in the PDB (Xue
etal., 2018):

Table 3.1. Helix boundaries used in analysis of SWUJ.

Protein Helix number Starting residue  Ending residue
FliG a-helix 1 7 15

FliG a-helix 2 17 29

FliG a-helix 3 31 41

FliG a-helix 4 42 56

FliG a-helix 5 60 80

FliG a-helix 6 84 97

FliG a-helix 7 99 111

FlLiF a-helix 1 524 540

FliF a-helix 2 544 559

These boundaries were used throughout subsequent analyses.
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3.2.1. FliG-N conformation in unbound state

A conformation of FliG-N unbound to FliF can be seen in the FliG full-length
crystal structure of A. aeolicus (Lee et al., 2010). FIiF-C has been reported to co-fold
with FliG-N in 7. maritima (Levenson et al., 2012; Lynch et al., 2017) therefore firstly
a simulation with the H. pylori FliF-C removed from the complex was set up for a
simulation of 200 ns in triplicate to observe, if FIiG-N in H. pylori is stable without the
presence of FliF-C. A high overall RMSD (details in Methods 2.1.5.) reflecting
conformational instability was observed in all three runs, with the F1iG core collapsing
and helices 6 and 7 being highly flexible. The protonation state of E91 did not have
any effect on the structural stability. Conformations adopted by the protein core at the
end of the simulation were different and did not converge to a single state

(Figure 3.4).

N-term

—
n

C-term

RMSD (nm)

0.5

C-term

L L | L | L
0 50 100 150 200
Time (ns)

Figure 3.4. Structural drift of FliG in solution. Backbone RMSD of FliG-N in the
absence of FliF after fitting on protein backbone. System used CHARMM36m force
field; different colours represent three independent runs of E91 deprotonated (black,
green, red) or protonated (blue, orange, brown). On the right, snapshots are shown for
the two of the runs (red — E91 deprotonated, orange — E91 protonated) after 200 ns
versus the initial structure (cyan). Box indicates position of helices 6 and 7. Protein is
shown in cartoon representation.

In addition, a 100 ns simulation of 4. aeolicus FliG full length protein was
performed in triplicate (Figure 3.5) to test the stability of the only available FliF-C
unbound F1iG-N structure. Here the N-terminus in the context of the full-length protein
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retained its conformation even in the absence of FliF, unlike the behaviour observed in

F1iG-N only simulations (Figure 3.4).
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Figure 3.5. Structural drift of full-length A. aeolicus FliG (3HJL) in solution.
Backbone RMSD after fitting on backbone of protein core for: core (top left), F1iG helix
2 (top right), elongated helix. System used the CHARMM36m force field, different
colours represent three independent runs. 3HJL structure before (cyan) and after
(orange) 100 ns simulation, aligned over residues 5 to 90 in VMD.

3.2.2. H. pylori FliG-N/FliF-C complex dynamics in solution

Next, simulations of the FliG-N/FIiF-C complex were extended to 500 ns as
convergence was not observed in the first 100 ns. During this time frame, the FliG-N
core (helices 2 to 5) and both FIiF helices showed consistent stability, while helices 6
and 7 remained flexible and did not converge into a fixed position during any of the
three replicas (Figure 3.6). The high RMSDs of helices 6 and 7 contributed to the overall
high RMSD of the backbone, while the core remained stable (Figure A, Appendix A),
showing a distinctly different behaviour between the FliG-N globular part and the

helices that are to serve as linker with FliG-M domain.
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Figure 3.6. Structural drift of SWUJ complex in solution. Backbone RMSD after
fitting against backbone of protein core for: whole protein (top left), FIiG helix 2 (top
right), FliG helix 6 (bottom left), and FliG helix 7 (bottom right). Different colours
represent three independent runs. On the right, snapshots are shown for the three runs
(blue, magenta, orange) after 500 ns versus the initial structure (cyan). Box indicates
position of helices 6 and 7. CHARMM?36m forcefield, E91 deprotonated.

In addition to RMSD analysis, a crossing angle between helices 6 and 7 was
defined using the first and last Co atom of each helix as an additional measure to observe
the dynamics of these elements. For comparison, a crossing angle for helices 3 and 4
was defined in the same way (Figure 3.7). Angles in the crystal structure for the helical
pairs were -49° and -44°, respectively. In the three runs of simulation, the average angle
over the whole simulation for a6 to o7 was -54+10°, -51+14° and -50+19° and for a3 to
o4 it was -42+5°, -414+6° and -42+5°. In the case of a6-a7, the larger standard deviation
reflects higher flexibility, as opposed to a3-a4 that as part of the FliG-N core maintain

the same position.
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FliG a7

FIiF a1

Figure 3.7. Example of dihedral selection and measurement in VMD. Left FliG-
N/FIiF-C complex after first 100 ns (CHARMM36m, E91 deprotonated) in cartoon
representation and first and last amino acid of each helix in VAW sphere representation.
Middle — only amino acids selected shown. Right - rotated view of the same selection
to show all four points of the dihedral measured. Ca of each amino acid used as
measurement point.

The same setup with E91 protonated in three runs produced three different
behaviours and helices 6 and 7 again contributes significantly to the overall backbone

RMSD (Figure 3.8).
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Figure 3.8. Structural drift of SWUJ complex in solution. Backbone RMSD after
fitting against backbone of protein core for: whole protein (top left), FliG helix 2 (top
right), FliG helix 6 (bottom left), and FliG helix 7 (bottom right). Different colours
represent three independent runs. On the right, snapshots are shown for the three runs
(blue, magenta, orange) after 500 ns versus the initial structure (cyan). Box indicates
position of helices 6 and 7. CHARMM36m forcefield, E91 protonated.
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3.2.3. H. pylori FliG-N/FliF-C complex dynamics in tetramer

Investigation of crystal contacts of the SWUJ crystal structure within the unit
cell revealed extensive hydrophobic contacts between helices 6 and 7 of one molecule
and helices 3 and 4 of the neighbouring one (Figure 3.9). The interface is mainly formed
of hydrophobic contacts with a tightly packing hydrophobic core made of T34, L38,
T47, 153, V54, A89, 1.93, 197, V105, L109, flanked by two salt bridges K108-D44,
R39-T96 and possibly E31-R95 given that side chains can rotate in solution (Xue et al.,
2018). In conjunction with the instability of helices 6 and 7 in solution during simulation
as described above, this revealed the possibility that this conformation may be enforced

by crystal contacts.

& o .

Figure 3.9. Hydrophobic crystal contacts between neighbouring crystallographic
unit cells in SWUJ. Helices 6 and 7 of a grey FliG molecule pack against helices 3 and
4 of cyan FliG molecule. Blue lines are unit cell boundaries as in Figure 3.1. Protein is
shown in cartoon representation while hydrophobic residues found in the interface
shown in stick representation.
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Initially, to test this theory a tetramer system was set up from the crystallographic
asymmetric unit assembly (FliG-N/FliF-C'*") (Figure 3.10). This system contained three
copies of a6-a7 against a3-04 interfaces of mainly hydrophobic interactions as seen in
Figure 3.9, but would not directly replicate unit cell periodicity and was performed in a
solution. The outer tetramers of the 4 complex array increasingly destabilized during a
200 ns simulation while the middle interface remained more stable (Figure 3.10). There
was no clear pattern regarding E91 protonation state or the influence of force field (both
CHARMM36m and AMBER14SB were tested) (Figure 3.11 to 3.14). Since all systems
showed an increasing RMSD trend during the runs, this suggested that the tetrameric
array is not stable and is likely to further destabilize over long time scales. Thus, a new
setup was sought in order to test stability in the context of the crystallographic

environment, as described below.

a6+7 o03+4

FLiF N-term

FliG C-term

06+7 o3+4

F1iG N-term

FliG C-term

a6+7  a3+4

06+7 a3+4

Figure 3.10. FiG-FIiF crystal contact tetramer. Top — FliG-N/FIiF-C'*" before
simulation with packing areas between complexes indicated in boxes. Bottom —

72



simulation after 200 ns, using the CHARMM36m forcefield, with E91 deprotonated.
Outer two monomers dark blue, inner two monomers cyan. The core of the outermost
left monomer became destabilized. Protein is shown in cartoon representation.
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Figure 3.11. Structural drift of FliG-N/FliF-C*. Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), F1iG helix2 (top right), F1iG helix6
(bottom left), and FliG helix 7 (bottom right). System used the CHARMM?36m force
field with E91 deprotonated; different colours represent each FliG-FIiF complex in the
system.
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Figure 3.12. Structural drift of FIiG-N/FIiF-C*!. Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), F1iG helix2 (top right), FliG helix6
(bottom left), and FliG helix 7 (bottom right). System used the CHARMM?36m force
field with E91 protonated; different colours represent each FliG-FliF complex in the
system.

74



RMSD (nm)

| ‘M'L .‘ 11 AR
“.“; :‘M‘i?ﬂ”w .IM ‘

(AR

m M;.M.vi', g

50 10 150 200 0

!
50

100 150 200
Time (ns)

o
: M M
AT A

B T T e B

Figure 3.13. Structural drift of FliG-N/FliF-C*. Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), F1iG helix2 (top right), F1iG helix6
(bottom left), and F1iG helix 7 (bottom right). System used the AMBER 14SB force field
with E91 deprotonated; different colours represent each FliG-FliF complex in the
system.
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Figure 3.14. Structural drift of FliG-N/FliF-C*. Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), F1iG helix2 (top right), F1iG helix6
(bottom left), and F1iG helix 7 (bottom right). System used the AMBER 14SB force field
with E91 protonated; different colors represent each FliG-FliF complex in the system.

3.2.4. H. pylori FliG-N/FIiF-C complex dynamics under crystal conditions

A simulation replicating unit cell conditions was set up (in E91 protonated/
deprotonated variations). Unit cell periodicity was fully reproduced and contained six
copies of FliG-N/FIiF-C. Stability was significantly increased overall in the unit cell
setup as compared to the single FIiG-N/FIiF-C copy in solution and the tetramer in
solution and particularly in the previously flexible helices 6 and 7 confirmed this

(RMSD < 0.3 nm) (Figure 3.15).
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Figure 3.15. Structural drift of FliG-N/FIiF-C*"¥*! in the unit cell. Backbone RMSD
after fitting against backbone of protein against whole protein (top left) and backbone
of protein core for: FliG helix2 (top right), FliG helix6 (bottom left), and F1iG helix 7
(bottom right). System used the CHARMM36 force field with E91 deprotonated;
different colours represent each FliG-FIiF complex in the unit cell.

Using the same approach of crossing angle measurement of helix pairs (as for
FIiG-N/FIiF-C complex in solution) under simulated crystallographic conditions, a6 to
o7 had average values of -53+3°, -48+4°, -57+7, -49+3° -5444° -54+6° in each copy of
the unit cell, while the a3-04 pair had average values of -46+4°, -46+5°, -47+4°, -40+4°,
-45+4°, and -48+4° for each copy. Standard deviations were comparable among all
helices, and were minimal, confirming the comparable stability of these structural
elements is due to crystal contacts.

Finally, it is noteworthy that the protonation state of E91 did not have an
influence on stability and the trend remained the same (RMSD < 0.3 nm) (Figure 3.16).
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Figure 3.16. Structural drift of FliG-N/FLiF-C™st, Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), F1iG helix2 (top right), F1iG helix6
(bottom left), and FliG helix 7 (bottom right). System used the CHARMM36m force
field with E91 protonated; different colours represent each FliG-FliF complex in the
unit cell.

Furthermore, to confirm that the force field was not influencing the complex
stability, additional simulations were run for the same system using AMBER14SB in

both E91 protonation states; these again showed very similar trends (Figure 3.17, 3.18).
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Figure 3.17. Structural drift of FliG-N/FLiF-C™¥*, Backbone RMSD after fitting
against backbone of protein core for: whole protein (top left), FliG helix2 (top right),
FIliG helix6 (bottom left), and FliG helix 7 (bottom right). System used the
AMBERI14SB force field with E91 protonated; different colours represent each
FliG-FIiF complex in the unit cell.
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Figure 3.18. Structural drift of FliG-N/FliF-C*™¥*, Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), F1iG helix2 (top right), FliG helix6
(bottom left), and F1iG helix 7 (bottom right). System used the AMBER14SB force
field with E91 deprotonated; different colours represent each FliG-FIiF complex in the
unit cell.

Not all residues that are expressed in a construct appear resolved in the crystal
structure, and often flexible ends that are present in a protein sample are not visible in
the structure. To verify if expressed, but unresolved residues at both ends of the
FIliG-N/FIiF-C complexes may have any influence on the unit cell stability, residues
Ito6and 112 to 115 of FliG, and residues 518 to 523 and 559 to 567 of FliF respectively
(Xue et al., 2018) were built with the ModLoop web server (Fiser and Sali, 2003)
(Figure 3.19. This system performed comparably with the original unit cell system as
generated from data deposited in the PDB:5WUJ entry, in both forcefields
(CHARMM36m and AMBER14SB and protonation states of E91 (Figures 3.20 to
3.23), to check for force-field dependency. The added residues were flexible, but the

rest of the structure remained very similar to the starting structure (Figure 3.19).
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Figure 3.19. FliG-N/FIiF-C**Pr after 100ns. Starting structure — cyan. Copies of FliG-
N/FLiF-C**" in unit cell after simulation — purple, pale green, red, green, yellow, black.
Arrows point to examples of the added residues at the end of both chains. E91
deprotonated, CHARMM36m forcefield.
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Figure 3.20. Structural drift of FliG-N/FIliF-C**?*. Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), F1iG helix2 (top right), FliG helix6
(bottom left), and F1iG helix 7 (bottom right). System used the AMBER14SB force
field with E91 deprotonated; different colours represent each FliG-FIiF complex in the
unit cell.
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Figure 3.21. Structural drift of FliG-N/FliF-C**P*. Backbone RMSD after fitting on
backbone of protein core for: whole protein (top left), FliG helix2 (top right), F1iG helix6
(bottom left), and FliG helix 7 (bottom right). System used the CHARMM?36m force
field with E91 protonated; different colours represent each FliG-FIiF complex in the
unit cell.
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Figure 3.22. Structural drift of FliG-N/FliF-C*P*, Backbone RMSD after fitting
against backbone of protein core for: whole protein (top left), FliG helix2 (top right),
FIliG helix6 (bottom Ileft), and FliG helix 7 (bottom right). System used the
AMBER14SB force field with E91 deprotonated; different colours represent each FliG-
FliF complex in the unit cell.
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Figure 3.23. Structural drift of FliG-N/FliF-C**P*, Backbone RMSD after fitting
against backbone of protein core for: whole protein (top left), FliG helix2 (top right),
FliG helix6 (bottom left), and FliG helix 7 (bottom right). System used the
AMBERI14SB force field with E91 protonated; different colours represent each FliG-
FliF complex in the unit cell.

3.2.5. T. maritima FliG-N/FliF-C complex dynamics in solution and crystal

H. pylori is one of the two presently available FliG-N/FIiF-C structures, the other
coming from 7. maritima, a thermophilic bacterium often used in crystallization studies
due to proteins of thermophilic organisms being more robust (Dalhus et al., 2002; Razvi
and Scholtz, 2006). The T. maritima unit cell of STDY contains four copies of
FliG-N/FIiF-C complex molecules in two conformations (Figure 3.25), one of which is
highly similar to H. pylori (STDYvent) (Figure 3.26), but the other one adopts a different
conformation, forming an extended helix from helix 5 onwards (5TDYein), which is
different from the extended linker conformation in 4. aeolicus (Lynch et al., 2017).

Unlike in 5TDYpent in STDYe1n @ small third helix is seen in the F1iF chain (Figure 3.24).
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Testing behaviour of the same protein in different species is an important comparison

to establish whether the results seen previously are species specific.

FIiF N-term

FlIiF

C-term

FliF C-term

FliG C-term =

Figure 3.24. Asymmetric unit of STDY. Left - 5STDYei, conformation (F1iG — yellow,
FliF-magenta), right - 5TDYpent conformation (FliG-cyan, FliF-green).

For analysis, helical boundaries were defined as follows (Table 3.2):

Table 3.2. Helix boundaries used in analysis of STDY

Protein Helix number
STDYpen: conformation

FliF o-helix 1
FliF o-helix 2
FliG o-helix 2
FliG o-helix 3
FliG o-helix 4
FliG o-helix 5
FliG o-helix 6
FliG o-helix 7
STDYein conformation

FliF o-helix 1
FIliF o-helix 2
FIliF o-helix 3
FliG o-helix 2
FliG o-helix 3
FliG o-helix 4
FliG elongated a-helix
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Starting residue

3
23
41
56
68
85
109
124

136
156
171
183
198
210
227

Ending residue

20
35
54
65
80
101
122
132

153
168
174
196
207
222
265



This numbering corresponds to that found in the crystal structure (Lynch et al.,
2017), but is not reflective of the residue numbering in the 7. maritima sequence, as it
is merely sequential from the first residue in the asymmetric unit and proceeds through

all chains.

Individual residues equivalent to those found in H. pylori may be deduced from
the sequence alignment (Figure 4.2., in Chapter 4.2.). For RMSD measurements,
STDYvbent (STDY with SWUJ-like conformation) core was defined as a2-a5, exactly the
same as in SWUJ (Figures 3.2, and 3.3., in Chapter 3.2., Figure 3.24). In 5STDY i (STDY
with elongated conformation) the core was defined as a2-a4, because part of a5 included
in the elongated helix was subject to different dynamics and could thus artificially alter

the apparent measured RMSD of the core (Table 3.2) (Figure 3.24).

Figure 3.25. Unit cell of crystal structure 5STDY. Unit cell box is shown, containing
4 FIliG-N/F1iF-C complexes; 2 of 4 are depicted in magenta (5WUJ-like conformation)
and yellow (elongated conformation), with remaining ones in cyan. Molecules in
neighbouring unit cells are shown in grey. Protein is shown in cartoon representation.
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Figure 3.26. Comparison of crystal structure conformations for different
organisms. Superposition is shown for the FliG and FliF fragments from H. pylori
(PDB-ID: 5WUJ, cyan) and 7. maritima (PDB-ID: 5TDY, magenta) in their bent
conformations). The conformations are highly similar; RMSD = 2.44 A over 427 atoms
(all atom RMSD).

To verify the behaviour of FliG helices 6 and 7 and confirm it is species-
independent, performed simulations of both isolated conformations as well as the
asymmetric unit in solution and in crystallographic conditions were performed. The
conformation of STDY that is close to SWUJ (5TDYvent) showed identical behaviour,
with a decreased stability of the extended helix in the solution and increased stability in
the presence of crystal contacts, indicating that both variants are artificially stabilized
by crystal contacts and unlikely to be reflective of the conformation in solution

(Figures 3.27 to 3.32).
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Figure 3.27. Structural drift of STDY complex (SWUJ like conformation) in
solution in asymmetric unit. Backbone RMSD after fitting against backbone of protein
against whole protein (top left) and backbone of protein core for: F1iG helix 2 (top right),
FliG helix 6 (bottom left), and FliG helix 7 (bottom right). System used the
CHARMM36m force field, different colours represent three independent runs.
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Figure 3.28. Structural drift of STDY complex (elongated conformation) in
solution in asymmetric unit. Backbone RMSD after fitting against backbone of protein
against whole protein (top left) and backbone of protein core for: FliG helix 2 (top right),
elongated helix (bottom left). System used the CHARMM36m force field, different

colours represent three independent runs.
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Figure 3.29. Structural drift of isolated STDY complex (SWUJ like conformation)
in solution. Backbone RMSD after fitting on backbone of protein core for: whole
protein (top left), FliG helix 2 (top right), FliG helix 6 (bottom left), and F1iG helix 7
(bottom right). System used the CHARMM36m force field, different colours represent
three independent runs.
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Figure 3.30. Structural drift of isolated STDY complex (elongated conformation)
in solution. Backbone RMSD after fitting on backbone of protein core for: whole
protein (top left), FliG helix 2 (top right), elongated helix (bottom left). System used the
CHARMM36m force field, different colours represent three independent runs.
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Figure 3.31. Structural drift of STDY in unit cell (SWUJ like conformation).
Backbone RMSD after fitting on backbone of protein core for: whole protein (top left),
FliG helix 2 (top right), FliG helix 6 (bottom left), and FliG helix 7 (bottom right).
System used the CHARMM36m force field, different colours represent three
independent runs with two molecules in each unit cell.
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Figure 3.32. Structural drift of STDY in unit cell (elongated conformation).
Backbone RMSD after fitting on backbone of protein core for: whole protein (top left),
FliG helix 2 (top right), extended helix (bottom right). System used the CHARMM?36m
force field, different colours represent three independent runs with two molecules in
each unit cell.

3.3. Discussion

Crystal structures are static snapshots of a protein. However, in the cellular
environment proteins can undergo many changes, including individual conformational
changes and changes induced once assembled into larger-scale complexes. MD
simulations can reveal this behaviour in solution or other environments. Here FIiG-N of
H. pylori, T. maritima and A. aeolicus were studied to gain new insights about the
FliG protein.

FIiG-N simulations with FliF-C removed were consistent with previous data
which shows that FIiG and FIiF co-fold and are required for mutual structural stability

(Levenson et al., 2012; Lynch et al., 2017), since they did not converge to a single

conformation and the core part of the domain appeared to collapse. There was also no

94



obvious similarity between the structures after simulation of independent replicas or of
the N-terminus of 4. aeolicus from the full-length FliG structure. Simulations of full-
length FliG structure in the absence of bound FliF maintained stability in each domain
and collapsing was not observed, but instead a structural drift across the entire

molecule occurred.

Despite the high sequence conservation locally, there is a higher number of
negatively charged residues in the A. aeolicus N-terminus that may contribute to this
different behaviour. Further experiments and varied setups would be required to
investigate the conformation and stability of N-terminus in the absence of FliF in these

two species and possibly 7. maritima N-terminus as well.

FliG-N/FIliF-C complex simulations showed distinct instability of a6 and a7 in
solution as opposed to the protein core (helices a2-a5). The initial hypothesis that the
E91 protonation state may have a role in stability of the conformation was not
confirmed. A single replica simulation shown in Figure 3.7 (blue colour) may be seen
as an exception, but it appears to be stochastic as there was still no coherent reproducible
behaviour across extended simulation runs. This was confirmed by the similar behaviour
of STDYbent simulations when treated in both the asymmetric unit in solution or when
both conformations were separated in solution (Figures 3.30, 3.30) in 7. maritima.

Therefore, behaviour of the FIliG-N helices 6 and 7 is species independent.

Interpretation of a protein crystal structure into biological properties of the
protein involves many considerations as crystallographic conditions and artefacts
created during crystallization can alter potential conclusions made. For example, the
crystal environment can change binding properties of a ligand (Sendergaard et al.,
2009), bias sidechain conformation (Arpino et al., 2012) and influence position of ions
(Krah and Takada, 2016). Care must be taken when verifying, if crystal packing contacts
represent a biologically relevant oligomerization interface (Carugo and Argos, 1997,

Dey et al., 2018; Luo et al., 2015; Sardis and Economou, 2010).

The interface between neighbouring FliG-N a3-4 and a6-7 was previously
proposed to be representative of the ring assembly (Xue et al., 2018). The observation
that crystal conditions reduced the structural drift for all elements, but in particular for
a6 and a7 in both H. pylori and T. maritima prompted consideration that this
conformation needed further investigation. In H. pylori, additionally, neither forcefield

nor the E91 protonation state led to any different observations. Simulations of
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FliG-/FIiF-C tetramer arrays in the absence of crystallographic periodicity were
indicative, but not conclusive given potential forcefield specific behaviour or E91
protonation state influence, necessitating simulation in the crystal unit cell. While
mutation of some residues from a3-4 and 06-7 crystal interface, initially proposed to be
biologically relevant, did affect motility of E. coli, (Xue et al., 2018), they could easily
compromise motility through disrupting FliG function in another way leading to the

same macrophenotype.

Additionally, the 5STDYein conformation, which is different from A. aeolicus
likewise was destabilized in solution and shown to be stabilized by crystal contacts,
indicating both conformations, STDYpent and 5TDYein may not represent a conformation

found physiologically during ring assembly (Figure 3.25).

Collectively, the simulation data presented here suggest that based on the
available FliG-N/FIiF-C structures, part of the protein that has to join FliG-M is found
in a conformation that may not correspond to that needed in a ring assembly context and
further modelling is needed to address the question of how the different parts of the
proteins that are enforced in their conformations by crystal contacts that may be found

in vivo.
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Chapter 4 - Integrative modelling of full-length Helicobacter
pylori FliG and complete ring assembly

4.1. Introduction

FliG consists of three distinct domains, FliG-N, FliG-M and FliG-C (Lee et al.,
2010). Investigation of the dynamics of H. pylori and T. maritima FliF-C bound FliG
N-terminal domain in solution and crystal structure in Chapter 3 showed that
conformation of helices that link the N-terminal domain with middle domain is enforced
by crystal contacts. This opened question about the possible conformation under

biological conditions.

When modelling FliG structures, the linker between FliG-N and FliG-M
(NM-linker) has often been omitted and typically indicated with a dashed line (Carroll
et al., 2020; Chang et al., 2020), while multiple proposed models in the literature do not
generally agree with one another (Paul et al., 2011b). The only crystallized NM-linker
in a full length structure is that of the 4. aeolicus FliG (Lee et al., 2010), while in other
species no solved structures of the NM-linker are available. Docking of structures in the
original SWUJ crystal structure paper did not account for the distance that is needed to
join FliG-N and F1iG-M, but instead it simply treats these domains separately (Xue et
al., 2018). Another study suggests a that linker is not present at all, and that FIiG-N and
FliG-M are in a tight interaction, practically forming one domain (Paul et al., 2011b).
An intermediate conformation of FIiG-N is proposed in a co-evolution study, but only

in the context of the separate FliG-N domain (Khan et al., 2018).

The FliG ring assembly has been reported to be a 34 mer (with 33-35 variation
possible) in S. enterica (Thomas et al., 2006, 1999), 34 in V. alginolyticus (Carroll et
al., 2020) and more recently a suprising 46 in B. burgdorferi (Chang et al., 2020). The
FIiF ring has been resolved in high resolution as a 33 and a 34-mer in S. enterica
(Johnson et al., 2020; Kawamoto et al., 2021; Takekawa et al., 2021) and due to the 1:1
binding ratio and co-folding (Levenson et al., 2012; Lynch et al., 2017), it can be

reasonably expected that the F1iG and FIiF stoichiometry in a species should match.

There is no clear agreement about placement of the FliG domains in the low

reslution C-ring densities (Paul et al., 2011Db).
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Therefore MD results were followed up with homology modelling using known
structural data to create a full lenght F1iF-C bound FliG model, and expanded to a whole
FliG ring modelling with addition of the FliM-M, using fitting into cryoET density and
applying MDFF techniques (Figure 4.1).
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Figure 4.1. Model building workflow from a single FliG domain to a ring assembly.
Homology model of FliG-NM was built based on three crystal structures, and
subsequently used to construct two full-length F1iG models (FL1 and FL2). FliM-M was
added to both models. After building rings in all possible combinations, best models
were picked by visual evaluation and subjected to energy minimization in GROMACS

F1iG is mostly conserved and therefore suitable for homology modelling of the

H. pylori FliG/F1iF-C crystal structures (Figure 4.2).

4.2. Modelling of H. pylori FliG/FliF-C
4.2.1. Homology modelling of H. pylori FliG/FliF-C from crystal structures

Simulation data in Chapter 3 indicated that the protein conformation with helices
6 and 7 oriented in the bent conformation (as found in crystal structures SWUJ and
5TDY) is unlikely to be maintained in solution, but are instead artefactually stabilized
by crystal contacts. To address the question of how the H. pylori NM-linker may be

structured in a ring assembly, integrative and homology modelling approaches had to
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be employed, using structural data for separately crystallized domains and a full length

FliG structure from A. aeolicus to build a full length FliG/FliF-C model.
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Figure 4.2. Sequence alignment of FliG from various flagellated bacterial species
representing model organisms and pathogens. FliG sequence is highly conserved
throughout the protein length and of similar total length. Figure created in Jalview

(Waterhouse et al., 2009).

The NM-linker of 4. aeolicus full-length FliG structure (in its unbound state,

i.e., not bound to FliF) adopts an extended state, instead of the two separate helices

observed in other structures. The middle domains from H. pylori, corresponding to
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PDBs 5WUJ and 3USW (Lam et al., 2012) were used as additional input for
MODELLER (Webb and Sali, 2016). Structure of H. pylori N-terminus (SWUJ) and
one of the two 7. maritima crystallized conformations with a very similar fold
(5TDYbent) (Section 3.2.5, Figure 3.26) showed almost identical behaviour and were the
initial motivation to extend F1iG modelling to more than one domain. Simulation results
also showed that the other 7. maritima conformation (5TDYen) that ends with an
elongated helix (Section 3.2.5, Figure 3.24) that is different from A. aeolicus is also
stabilized by crystal contacts. Therefore, STDY.n was used as an input to make an

additional model for comparison (Figure 4.3).
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Figure 4.3. Alignments of H. pylori sequences (FliG/FliF-C) from structures used
in the model building, coloured by species, including SWUJ: H. pylori (cyan)
FliG-N/FIiF-C, 3HJL: Aquifex aeolicus (orange) F1iG and STDY: Thermotoga maritima
(yellow) FliG-N/FIiF-C, to demonstrate the contribution of each structure and species
to the models.

The SWUIJ based models selected by molpdf (Sali, A; Blundell, 1993) and

DOPE (Shen and Sali, 2006) scores were overall structurally similar, as also confirmed

via the QMEAN score (Benkert et al., 2008) from the SWISS-MODEL webserver tool
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(Schwede et al., 2003; Waterhouse et al., 2018). Visual evaluation also came into play
in selecting models where the NM-linker and a5 were joined by a short loop rather than
arigid, but sharply bent helix turn that would be less likely present in an actual structure.
The SWISS-MODEL webserver tool indicated that the helical region has a lower
confidence than the rest of the structure, which is not surprising as FliG-N/F1iF-C and
FliG-M were built with H. pylori sequence based on the H. pylori structure while
NM-linker is based on a different species. STDY e (7. maritima FliG-N/FIliF-C that ends
with an elongated helix) based models were selected by the same criteria, but had lower

QMEAN scores and more Ramachandran outliers (Hooft et al., 1997).

After obtaining these two-domain models, the C-terminal domain of H. pylori
was next integrated. There are two known conformations of H. pylori C-terminus with
part of domain rotating 180° as captured by X-ray structures with PDB IDs: 3USW and
3USY (Lam et al., 2012). Both conformations were added to SWUJ and STDY e based
two-domain models (Figure 4.4, 4.5) and are further referred to as C1 and C2 in the
context of the homology models here. This is because, although their potential
biological relevance for the clockwise (CW) and counter-clockwise (CCW) states is
implied, there is not presently enough information to assign either conformation to a

specific state (Lam et al., 2012).

FliG-M

Figure 4.4. Two H. pylori models based on SWUJ N-terminus with two different
C-terminal domains. Red: FliF-C, dark blue: FL FliG. Left: C1 from 3USW. Right:
C2 from 3USY

Since the middle domain and C-terminus of 5TDY e1n based models are identical

to the SWUIJ based models, certain key differences arise from inclusion of 7. maritima
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N-terminal domain. In particular, the orientation of the N-terminal domain and the
extended helix is opposite when comparing models. The orientation of the FliF-C
domain is inverted in both 5STDY e based models compared to the SWUJ-based models.
FIiF consists of three helices instead of two in the STDY cin-based models, reflecting the

crystal structure.

N-term N-term 4 N-term

S ) . W/g Middle domain ‘ ‘
T &3
C-term @ Sl

Figure 4.5. Comparison of SWUJ and STDYen based models. Left: FliG/FliF-C, C1.
Right FliG/FIiF-C, C2. Light brown — SWUJ based models, light blue — 5TDY cin based
models. FIiF-C coloured in grey in all models.

4.2.2. Modelling of FliG with Alphafold

Finally for comparison, a full length model of FliG was predicted using
Alphafold (Jumper et al., 2021). While manual overseeing of the modelling process as
in the case of MODELLER is preferable to most automated modelling servers due to
“black box” issues, Alphafold excels in its field with its recent breakthroughs. The
Alpahfold FliG conformation (disregarding the absence of FliF-C) partially contradicts
our model and displays a conformation akin to that seen in SWUJ and 5TDYpent

(T. maritima conformation that is similar to SWUJ) (Figure 4.6).
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Figure 4.6. Alphafold prediction of H. pylori. Prediction model overlaid with crystal
structures of individual domains. FIiG-N from 5SWUJ (cyan), FliG-M from 3USW (pink)
and two conformations of FliG-C from 3USW (salmon) and 3USY (yellow).

This prediction is not unlikely per se as Alphafold uses known crystal structures
as part of its prediction algorithm. The similarity of the H. pylori prediction with actual
crystallographic structures for H. pylori is reflected by RMSD values of 7.4 A (over 670
fitted all atoms) for FliG-N and 0.55 A (over 497 atoms) for FliG-M. For FliG-C,
equivalent RMSD values were 0.80 A (over 701 atoms) for 3USW and 0.53 A (over
655 atoms) for 3USY. On the individual domain level, most of the domains are thus
very close to the crystal structures (Figure 4.6). For FliG-N, helices 1 to 5 adopt similar
fold, and the higher RMSD arises from helix 6 which has a completely different crossing
angle relative to al-a5, but could still potentially accommodate FliF-C binding (which
was not included in the prediction). The predicted and actual middle domain structures
are almost identical. The predicted C-terminal domain is closer to the 3USY
conformation than 3USW, as assessed both visually and quantitatively. The overall
model of the complete FliG, however, has two very flexible and open regions compared
to the MODELLER-derived models, where there is only one flexible region between
F1iG-M and F1iG-C that comes directly from crystal structure.

The Alphafold modelling approach gives a very different result for the area of
interest between FliG-N and FliG-M than the step-by-step MODELLER approach.
While Alphafold models individual domains match with the know crystal information

very well on the separate domain level, currently the Alphafold model does not provide
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a better answer on how to link the FliG-N and FliG-M domains with certainty than the

classic homology modelling approach.

4.3. Modelling of FliG rings

The next aim was to validate the FliG/F1iF-C models by fitting them into known
cryoET densities of the C-ring and modelling an entire FliG ring assembly using an
approach that combines MDFF and fitting into cryoET density data. To date there is no

high-resolution structural data of FliG ring assembly available.

Initially, the different models of FIliG/F1iF-C or F1iG only were manually placed
into cryoET density in Chimera and correlations were calculated with Fit to Map
function to assess agreement of the ring structures. The EM structure density from
S. enterica for the C-ring and MS-ring solved in 2006 (Thomas et al., 2006) was used
as at the start of the project it was the best available density of such type at the time and
it suffers from non-matching inner and outer “lobe” stoichiometry, where the outer lobe
was refined to 34 proteins of FliG/FIiM/FIiN and inner to 25 proteins of FliF (Thomas
et al., 2006), depicting F1iG and FIiF stoichiometry conundrum (Figure 4.7), which was
not resolved until the recent release of high resolution FIiF ring structures (Johnson et
al., 2020; Kawamoto et al., 2021). It was therefore only possible to work with placing
monomers in the density until V. alginolyticus CW and CCW cryoET ring densities were
resolved (Carroll et al., 2020) opening up the possibility for better ring building. In those
structures, both the inner and outer lobes have a matching 34-mer stoichiometry and
there are clear links between each monomer like shape in the density in the inner and
outer lobes (Carroll et al., 2020), unlike the S. enterica structure (Thomas et al., 2006),
indicating domains of FliG could be joined via these “density bridges” (Figure 4.7).
Notably, before the release of the Vibrio structures other modelling attempts also
suffered from the assumed 34 vs. 25 mismatch, as seen in the papers of which the
FIiG-N structures used in the simulation study come from (Lynch et al., 2017; Xue et
al., 2018) as well as in theoretical models of E. coli and T. maritima (Kim et al., 2017,

Paul et al., 2011a, 2011b).
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Figure 4.7. Densities of S. enterica and V. alginolyticus C-rings. V. alginolyticus has
CW and CCW fixed states resolved. Black arrow shows outer “lobe” and grey arrow
inner “lobe” of each density and indicates stoichiometry that they were resolved with.

Homology models or the crystal structure (in case of 4. aeolicus) were both used
as input for the ring generating script and rings were placed in V. alginolyticus densities.
The script takes an input structure and rotates it for a fixed angle and places it a defined
distance from a centre of a space. It then creates a defined number of copies of the
structure around that centre in the same plane. The ring generating script was repeatedly
used with different input rotation value against the centre until visually reasonable
output was obtained. Angles and corresponding rings were picked based on visual
evaluation (in particular, there were no clashes or overlaps of domains, and the
N-terminal domain was facing the centre of the ring). Upon placing some of these rings
into the cryoET density, an issue was identified whereby the angle of the FliG NM-helix
was very different from the observed “density bridge”, and so these ring models were
rejected as unlikely. While a notably better fit of the FliG homology models over those
from A. aeolicus initially seemed promising, several issues were spotted after careful
consideration that led to a complete re-work of the ring design process. Among them,
the most crucial was the positioning of FliG-M in the density usually attributed to
FliM-M that would make the model irreconcilable with F1iM and F1iN placement. The
flexible appearance of the full-length H. pylori linker between FliG-M and FliG-C
indicated that the domain likely could be positioned to better match the density and

prompted to seek approaches beyond a “simple static” combination of models in a ring.

Therefore, FliM-M was next added to all H. pylori sequence containing models
based on the FliM-M/FliG-M co-crystal structure, namely PDB ID: 4FQO (Lam et al.,
2013). For A.aeolicus FliM, no crystal structure was available and therefore a homology

model was built using a the 4. aeolicus FliM sequence and the H. pylori FliM-M
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structure as a template. Integration of FliM-M to the crystal structure and model-based
rings constructed previously resulted in it being placed partially outside the density and
at an angle that would make FliM interaction with FIiN impossible, again proving the
need for different methodology to reconcile the model with information known for other

C-ring proteins.

4.4. MDFF based FliG/FliF-C/FliM-M ring modelling

MDFF (Molecular Dynamics Flexible Fitting) is a method that used molecular
dynamics simulation to fit a structure into a reference space - an EM, cryoEM, cryoET
density or SAXS envelope. Using this method can help to fit a structural model into
target density, that otherwise, if manually placed, would be partially outside due a
particular linker conformation between domains for instance. Simulation would allow

the linker to adopt a different conformation and guide the structure into density.

Three copies of the FliG/FliF-C/FliM-M models were next manually placed side
by side into the V. alginolyticus cryoET density (Carroll et al., 2020). A trimmed density
matching to three monomers of 34 stoichiometry seen in the density with a trimer of the
FliG/F1iF-C/FliM-M model was subsequently used to perform Molecular Dynamics
Flexible Fitting (MDFF) of 10 to 15 steps. Both clockwise (CW) and counterclockwise
(CCW) motor states representing cryoET densities were used. After the run the middle
copy of the three was chosen for further work, because the copies on the outside of a
multimer can behave differently as well as influence each other. The final middle copy
was finally used as input for the previously described ring-generation process, in order
to generate a full 34-mer ring that was again fitted into the V. alginolyticus cryoET
density (Figure 4.10). The fit to map function from Chimera was used to obtain a final

measure of correlation (Table 4.1).
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Table 4.1. Summary of ring models and correlation with Fit-to-Map function in
Chimera.

Model C-terminus cryoET Correlation
type density type  with
cryoET
map
SWUJ N-terminus based 3USY CW 0.954
model
SWUJ N-terminus based 3USY CCwW 0.996
model
5WUJ N-terminus based 3USW CW 0.935
model
5WUJ N-terminus based 3USW CCW 0.959
model
STDY N-terminus based 3USY CW 0.923
model
5TDY N-terminus based 3USY CCW 0.885
model
5TDY N-terminus based 3USW CW 0.897
model
STDY N-terminus based 3USW CCwW 0.923
model
Agquifex aeolicus FL structure - CW 0.851
Agquifex aeolicus FL structure - CCW 0.844
Alphafold FliG model - Cw 0.942
Alphafold FliG model - CCW 0.952

While correlation below 0.9 could be used as a “first checkpoint” parameter in
rejecting ring models, individual assessment of each post-MDFF monomer was
performed to ascertain which models are structurally most reasonable and make sense
in the context of what is previously known from biochemical and structural studies.
Structures were assessed for properties including: if they maintained structural integrity
(unfolding, particularly of FIiF-C was sometimes observed), domain-domain packing,

and orientation of the domains.

The A. aeolicus models had the lowest correlation with the respective densities,

and in addition, the C-terminal domain completely lost its shape and aggregated with

108



the neighbouring molecule in a manner that is biologically implausible. The STDY cin
conformation-based model with the C-terminal region from the 3USY structure showed
a loss of domain tertiary structure during MDFF in the CW and CCW densities and the
same occurred in the case of the 5TDY extended conformation model with the
C-terminal region based on the 3USW structure in CCW density. All four STDYeln
conformation based models showed partial unravelling of the two FIiF helices from the
ends exposed to the solvent, likely due to their position being opposite of those in models

where the N-terminal region was based on SWUJ (Figure 4.5).

The Alphafold starting model has a conformation reminiscent of the SWUJ
crystal structure (i.e. bent conformation of helices 6 and 7 in H. pylori FliG-N) but
during the MDFF run this opened up into an intermediate conformation (Figure 4.8).
The molecule significantly compacts its middle and C-terminal domains from their
starting positions, which is expected. This is likely indicative of the necessity for linker
to be long between the FliG-M and FliG-C domains. However, as this model does not

have FIiF helices bound, it was only used as a comparative model.

Figure 4.8. Alphafold prediction model and MDFF outcomes. Alphafold
predicted FliG (green) with crystal structure of FliM-M (magenta) added, before MDFF
(left), after 3 copy MDFF run in CCW trimer density (middle) and after 3 copy MDFF
run in CW trimer density (right). The red part corresponds to helices 6 and 7 as seen in
SWUJ crystal structure.

SWUJ-based models that demonstrated the highest correlation were sub-

sequently evaluated via additional features for final selection of the best integrative

models. For both CW variants the helix between the N-terminal and middle domains is
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fully extended, but for CCW variants slightly bent, but individual parts were not packed
against each other (Figure 4.9). For the CW variant, the 3USY based C-terminal region
was selected over the 3USW based model as there were interactions between the
C-terminal and N-terminal regions that have not been experimentally reported and are
likely not biologically relevant. For CCW models the same was true for the 3USW based
C-terminal region, and therefore the 3USY based model was selected, supported by the

fact that it has the highest correlation score.

The resulting C-ring models are in agreement with cryoET densities

(Figure 4.10).

Figure 4.9. Monomers used in building FliG/FliM ring. FliF-C/FliG/FliM-M
complex before MDFF, based on homology modelling and crystal structures (left), after
3 copy MDFF run in CCW trimer density (middle) and after 3 copy MDFF run in CW
trimer density (right). All models have 3USY based C-terminal domain conformation.
After MDFF, individual models were used to build 34 copy ring models. FliG (green),
FliM-M (magenta), F1iF-C (yellow). The red part corresponds to helices 6 and 7 as seen
in the SWUIJ crystal structure.
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Figure 4.10. Full length H. pylori FliF-C/FliG/FliM-M 34-mer model docking into
CCW and CW rotor cryoET density of V. alginolyticus. Top — full length FliG/
FliM-M model in CCW density, bottom — full length FliG model in CW density. The
density is oriented with the FIiN layer at the bottom of the image, and the FliF/membrane
layer at the top.

4.5. Discussion

The question about finding a physiologically relevant linker conformation
between F1iG-N and FliG-M that arose from results presented in chapter 3 lead to the
creation of a workflow that combines, homology modelling, fitting into cryoET density
and MDFF (Figure 4.1). Combing existing crystal structure information via homology
modelling resulted in a reasonable FliG/FliF-C model (Figure 4.4), however it was not

fully reconcilable with known cryoET data. Therefore, MDFF was employed to reach
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the final MODELLER derived FliG/FliF-C/FliM-M models (Figure 4.9). Furthermore,
the final H. pylori models obtained after MDFF are discussed (Figure 4.9).

The compacting of H. pylori C-terminal domain observed after MDFF is
expected since in previous “static” monomer fitting attempts previously this domain
resided partially outside of the density and MDFF provided the density as a restraint
(Figure 4.9). However, it is also likely to be biologically relevant, because in an
assembled state of such complex machinery, it would be unlikely for FliG-C to remain
as a flexible linker as seen in the crystal structure. It is, though, imaginable that this

linker is flexible under certain conditions, e.g., before or during the assembly steps.

The observation that in the final MODELLER-based F1iG models the CCW state
retains an extended helix and the CW state is in a slightly bent state provides an
opportunity to speculate whether the helix may have a functionality in the switching
between the two states (Figure 4.9). However, further investigation would be needed to

support that.

Observing that the comparative Alphafold model after MDFF “opened up”
compared to the crystal-structure like conformation is encouraging for the hypothesis
that the helix has to be extended or partially extended to bridge FliG-N and FliG-M
domains across the space between the inner and outer lobes of the C-ring density

(Figure 4.8).

Based on both the final MODELLER-based integrative homology model and the
Alphafold-based model, following MDFF, it is clear that FliG-N and FliG-M are likely
linked by an extended linker. The precise behaviour of the two models during MDFF,
however, differs. Thus, in the CCW state fitting of the homology model the linking helix
is slightly bent, but fully extended in the CW state. In contrast, in both the Alphafold
CCW and CW models, after opening up the bent state, helix 6 is observed to pack against
FIiG-N due to being flanked by flexible linkers and likely unable to assume an extended
helical state because of that. It should be noted that a search of the Alphafold database
showed the recent addition of an independent H. pylori model for the protein, which is
very similar to the Alphafold model created in this study, and interestingly, low-
confidence scores were present in areas surrounding the FliG helices 6 and 7 show; thus,
while individual domains are indeed able to reproduce their crystallographic
counterparts, the linkers between them should be subject to caution and/or may adopt

different structures under different states of function or assembly (Figure 4.11).
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Figure 4.11. Alphafold H. pylori FliG model confidence score. Left H. pylori FliG
Alphafold model from database, coloured by confidence score from Alphafold
webpage. Comparison between Alphafold model crated with Alphafold script (dark
green) and model currently available in Alphafold database (magenta), that has
confidence scores available for comparison.

FliM is the protein that receives signal for rotation-switch and passes it upwards
to the FliG (Minamino et al., 2019), which will result in flagellar rotation changing
direction from clockwise (CW) to counter-clockwise (CCW). This process involves
major structural rearrangements as seen from differences in cryoET densities (Carroll et
al., 2020). FliM-M was added to all FliG/FliF-C models as part of the MDFF based

modelling approach.

While A. aeolicus does contain a sequence that by homology is identified as
FliM in the Uniprot database (Bairoch et al.,, 2004; Bateman, 2019) (entry
AOA7C5QKNS), it should be considered putative only. Annotation of the original
genome sequence of A. aeolicus did not identify a fliM (Deckert et al., 1998) and this
has therefore been accepted in schematic depictions of the A. aeolicus flagellum
(Takekawa et al., 2015). The possible absence of FliM is not addressed in the rotational
switching model in the context of the A. aeolicus FliG crystal structure, where analysis
of F1iG and F1iM interaction is part of the discussion (Lee et al., 2010). It is nevertheless

likely that it must at least have a functional homologue, since the entire rotational
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switching mechanism is difficult to imagine without any corresponding component in
place. Indeed, search of SMART database (Letunic et al., 2015) also identifies the
typical domains in 4. aeolicus FliM. Due to some remaining uncertainty of FliM status,
homology modelling based on H. pylori with the most similar A. aeolicus sequence
available may be a sub-optimal choice. The A. aeolicus homology model also had lower
quality in all scores than other homology models built in this study. The use of the
FliM-M domain here, however, had a secondary importance in preventing FliG-M from
falling into the FliM-M “space” during MDFF simulation runs. The A. aeolicus
FliM-M model therefore should not be used to draw any conclusions about the FliM
ring in this species or interactions with F1iG that have a high chance to differ from those
of the H. pylori motor. The A. aeolicus FliG/FliM-M ring has thus served in this study

as a comparative model.

The final CCW monomer model still has part of the of the C-terminal domain in
proximity of the extended helix (corresponding to helices 6 and 7) (Figure 4.9), although
the C-terminal domain is not directly interacting with the N-terminal domain like in the
other rejected models (APPENDIX D). This interaction is likely artificial and simply a
by-product of the fitting of the structure into the density. Extended runs of MDFF and/or
more extensive sampling to equilibrate the structures may reveal a more optimized
CCW monomer model. The MODELLER-based MDFF models (Figure 4.9) seem
slightly more physiologically feasible than MDFF processed Alphafold models (Figure
4.8), because there are no structural “breaks”- loops even, if the helical linker bends

unlike in the Alphafold derived model.

None of the FliG models in this study, before or after MDFF, bring the two
residues that cross-link in a study that argues there is no extended linker between
FIliG-N and FliG-M (Paul et al., 2011b). FliG protein in the cross-linking study was
overexpressed without presence of FliF, but 1:1 binding and folding is important for
both proteins (Levenson et al., 2012; Lynch et al., 2017), therefore the state FliG is
found in the cross-linking experiment may represent transport, assembly or other

intermediate state in a process involving FliG, other than final functional ring assembly.

Both final ring assemblies (Figure 4.10) have high correlation coefficients with
the cryoET densities (>95). The CCW density model in this regard demonstrates the
possibility that the loops on the outside of FliM-M may interact with neighbouring

FliM-M copies in a dynamic setting. MD simulations of the entire ring complex may be
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needed to demonstrate this. The conformation of FliM-M in the CW ring, although
fitting well, may not necessarily be reflective of the most optimal variant as the subunits
are oriented more vertically leading to a greater distance between them compared to the

CCW counterpart.

It should be noted that while an optimized process was developed to generate
the best models, there are potential drawbacks of the work, and additional work that

could be done, as outlined below:

Firstly, the issue of initial FIiG placement in the cryoET density prior MDFF
must be addressed. FliG C-terminus can either interact with FliG-M of the same
monomer (termed “C° position” in this study), or the FIiG-M next to it (“C"! position™)
(1.6., Figure 4.9.) The placement of the FliG/FliF-C/FliM-M trimer during MDFF was
by default in C° position and the effects of trimming a different C™! starting position

could also be explored. In this regard, a bias has been created in the modelling process.

In addition, the results that favour an extended helix joining FliG-N and FliG-M
do not exclude the possibility that the bent conformation may be present in some other

conditions, such as during intermediate states of assembly.

Finally, the H. pylori ring was modelled here using the best available cryoET
density that comes from V. alginolyticus and has a 34-mer stoichiometry. However, low
resolution data shows that different species can have a variable C-ring diameter (Beeby
et al., 2016) while newly released data shows the B. burgdorferi C-ring ring has 46-fold
symmetry (Chang et al., 2020). Since there are no large differences in FliG length
(Figure 4.2) it is more likely that different diameters are achieved with varying subunit
number. A low resolution cryoET study of H. pylori shows it has a wider diameter (Qin
et al., 2017) than the S. enterica motor resolved before, therefore it is possible that the
H. pylori ring may have a stoichiometry larger than 34-fold that was modelled in here.
Importantly, the B. burgdorferi flagellum is unusual as it is a periplasmic flagellum
(Chang and Liu, 2019) instead of a flagellum where the propeller is in contact with the
outside environment, and therefore vastly different stoichiometries may be a functional
adaptation that sets B. burgdorferi apart from other types of flagella. The full density of
B. burgdorferi was not available in the database at the time of model building.
Interestingly, however, the figures in the paper indicate that in the authors’ attempt at
modelling F1iG, FliM and FIiN in the C-ring density, the N-terminal domain is placed a

considerable distance apart from FliG-M and FliG-C, and this distance could only be
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conceivably achieved by an extended, straight connecting helix (Chang et al., 2020).
Future availability of this density and the authors’ model could possibly deliver

additional support to the H. pylori extended helix model.

While the modelling using this methodology creates a theoretical possibility that
may reflect how the FIiG ring looks, it can, however, be used for generation of other
experiments and hypotheses; these range from further use in MD experiments, to cross-

linking experiments in vitro.

As a direct continuation of the results in Chapter 3, here a F1iG model compatible
with the MD data obtained has been constructed. To fill the void of a FIiG ring structure
that is not currently solved, unlike that of its binding partner FIiF (Johnson et al., 2020;
Kawamoto et al., 2021), two possible C-ring models corresponding to CW and CCW
states using an improved FliG/F1iF-C/FliM-M model have been created. Further studies
of FliG domain interactions are needed, while many aspects remain uncovered to be
explored in the future, such as the influence of the C-ring stoichiometry which likely

differs between species.
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Chapter 5 - CryoET and EM studies of Campylobacter jejuni
flagellar motor

5.1. Introduction

C. jejuni is a model organism in flagella research that represents the
amphitrichous mode of flagella placement, and it is used to explore flagella transcription
regulation and mechanisms that govern flagella biosynthesis and placement (Balaban
and Hendrixson, 2011). FIhF is a regulatory protein, primarily associated with bacteria
characterised with polar flagella placement. Evidence suggests that it has different
functions in different bacterial species; deletion of fIhF makes cells aflagellate, but the
mechanism of how it is involved in flagella regulation and assembly remains unclear
(Ren et al., 2018; Stoakes, 2017). In C. jejuni in an AfIhF background pseudorevertants
arise to restore motility by SNP mutations directly in the genes coding for the flagella
motor structural components fliF, fliG and fliH (Stoakes, 2017). In some
pseudorevertants, a single non-synonymous SNP in fliFF was sufficient to restore
motility. Among the best characterized mutants is a strain containing fliF99;
(Table 1.1.); characterization of this pseudorevertant (FliFmoor) revealed vast changes
across the transcriptome in a growth-phase dependent manner (Stoakes, 2017). One of
the aims of this project was to further confirm that the single f/iF mutation is responsible
for the phenotypes observed by Stoakes (2017). We will therefore aim to characterise
C. jejuni constructs in which a gene expressing FliFmoor at varying levels is re-introduced
back into the chromosome (see Methods Chapter, Section 2.2.2., Table 2.3, and also
Introduction Chapter, Section 1.7., Table 1.1) in both AflhFAfliF background and a AfliF’
background. Effects of fliF o9 in the presence of fIhF have not so far been observed.

For a long time, an S. enterica low resolution EM map (Thomas et al., 2006) was
the single source of information of the C-ring, until the recent release of V. alginolyticus
maps (Carroll et al., 2020). No structure at any resolution is available for the C. jejuni
C-ring, nor is there an established stoichiometry for the C-ring in this species, making
it hard to ascertain the effect of the SNPs observed in the pseudorevertants. In this part
of the project we aimed for a a low resolution cryoET reconstruction of WT and
pseudorevertant (AfIhF fliFmoor) C. jejuni flagellar motors (see Methods Chapter,
Section 2.2.2., Table 2.3, and also Introduction Chapter, Section 1.7., Table 1.1) to
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determine the stoichiometry and size of the C. jejuni motor as well as check for large

scale structural rearrangements in the pseudorevertant macromolecular structure.

There are two different approaches explored in this chapter. A microbiology
approach is used to create a set of complementation strains to explore the fliFmoor
phenotype. Sequencing is performed to verify the deletion and integration process.
Subsequently, cryoET datasets are collected of WT C. jejuni and fliF'moo1 containing
pseudorevertant to gain additional structural insights. Results will be presented in

separate subsections.

5.2. Campylobacter complementation strain construction

C. jejuni NCTC11168 strain is a laboratory strain obtained from Prof. Charles
Penn, University of Birmingham. NCTC11168 was first sequenced in a published study
(Parkhill et al., 2000), but the isolate was later found to be non-motile. A motile isolate
was sequenced later (Gaynor et al., 2004), but the NCTC11168 variant used in this study
comes from the original clinical isolate and is different from both of published isolates.
Differences between the NCTC11168 strain used in this study and the sequence
published have been identified by Emily Stoakes (Stoakes, 2017). C.jejuni NCTC11168
strain cannot express heterologous vectors, and therefore, only suicide vectors can be

used for complementation and overexpression studies.

Construction of the C.jejuni NCTC11168 AflhFAfIiF strain previously carried
out in our laboratory (Emily Stoakes and Charlotte Dixon) utilized the promoter-less
antibiotic cassettes expressing kanamycin and chloramphenicol resistance respectively.
In this project, the C. jejuni NCTC11168 AfIiF strain was constructed using the same
suicide vector (GeneArt Gene Synthesis, Thermo Fisher Scientific), enabling the
deletion of the fIiF" locus in the wild-type background (Methods, 2.2.3., Table 2.4) that
replaces the fliF' locus with a chloramphenicol resistance cassette via homologous
recombination (Figure 5.1). The plasmid construct enabled the deletion of most of the
fliF locus except 111bp at the 5’end and 49 bp at the 3’end. Homologous recombination
was achieved via 427 bp- and 498 bp-long regions targeting the upstream and
downstream regions of the fIiF’ locus that include parts of the hisC and fliG genes

respectively.
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Figure 5.1. fliF deletion vector scheme. Top: Vector contains kanamycin resistance
and del FIiF contains full chloramphenicol cassette that integrates in fliF locus. Below:
detailed del FliF sequence. HR denotes regions that engage in homologous
recombination. FIiF — remaining fragments of FliF, Cat — chloramphenicol resistance
cassette, HisC upstream gene fragment in HR region, FliG downstream gene fragment
in HR region.

Putative mutants were subjected to Sanger sequencing using primers that
annealed outside the recombination sites to check for any mutations and scar-less
recombination sites. Those clones that were correct were carried forward for further
analysis. The same analysis was also applied to the already available C. jejuni
NCTCI11168 AflhFAfliF for which the recombination sites were not checked before.
Analysis focused on verifying that the flanking genes were not compromised and the
downstream fIiG RBS (ribosome binding site) (AGGA) remained intact, ensuring that

FliG transcription would not be compromised in the newly created AfliF strain. A single

AfliF clone was selected for further work.
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The C. jejuni vector pC46 (APPENDIX E) is widely used for complementation
studies and was also utilised for the construction of strains expressing FIiF and FliFwmoor.
The vector allows for the integration of the gene of interest in the Cj0046 pseudogene
locus (Reuter and van Vliet, 2013; Thomas et al., 2011). However, selection for a
successful insertion is based on a chloramphenicol resistance cassette. Therefore, a
modified pC46 had to be created that allowed for selection of successful
complementation with an alternative antibiotic cassette. Apramycin is one of the few
used and characterized resistance cassettes used for C. jejuni genetic manipulation
(Cameron and Gaynor, 2014). Using Gibson assembly, a pC46 plasmid was first
constructed in which aparamycin under the control of the native C. jejuni promoter fdxA
was inserted divergently from the chloramphenicol cassette (Shaw et al., 2012)
(Figure 5.2, Step 1). Successful constructs were selected on agar plates with both
chloramphenicol and apramycin. The existing chloramphenicol cassette was then
replaced, using Gibson assembly, with either wild-type fIiF" or fliFmoor under the control
of the wild-type fIiF’ native promoter or the C. jejuni porA prmoter. The latter is a strong
promoter that is expected to constitutively overexpress fliFF (Jervis et al., 2015)
(Figure 5.2, Steps 2-4)). This time successful constructs were first selected for their
resistance to apramycin, and then screened for their sensitivity to chloramphenicol.
Putative clones were screened by whole cell PCR; plasmid DNA was extracted from

positive clones, followed by Sanger sequencing (Figure 5.2).
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Figure 5.2. Cloning scheme to create pC46 integration vector with apramycin
resistance and FliF ORF. Step 1. pC46-fdxA (modified pC46 with fdxA promoter
inserted (created previously, Table 2.4., APPENDIX E). Step 2. Apramycin resistance
inserted under fdxA promoter. Step 3. Chloramphenicol resistance is exchanged to FIiF
under its native promoter. Step 4. Native FliF promoter is exchanged to porA promoter.

AfliF or AfIhFAfIiF C. jejuni cells were then transformed with the pC46-AprR
plasmids and positive recombination clones were identified with colony PCR, using
primers targeting upstream and downstream regions of the Cj0046 insertion site, as well

as primers targeting the inserted sequences.
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AfliF fliF AiF-porA-fliF ‘ AfIhF AfliF-fliF AfIhF AfliF:porA-fliF
AfliF fliFM991 AiF-pord-fiiFmoo]  AE AHFflFEMI9I AfIhF AfliF:porA-fliF M99I

Figure 5.3. Lineage of C. jejuni strains created and sequenced. Green — strains created
in this study. Grey - previous origin (see Methods 2.2.2). NCTC11168 and AfIhF were
not sequenced and are shown to depict the lineage of strains only.

5.3. Sequencing of complementation strains

Although loci in the immediate vicinity of insertion and deletion sites in the
chromosome were checked during the construction of the new strains through PCR and
Sanger sequencing, whole genome sequencing was also carried out on all new and
parental strains to eliminate possibility of other loci having been affected during the
genetic manipulation steps and while passaging the strains afterwards (Figure 5.3). At
least two different clones from each strain constructed in this project were sequenced

(Table 5.1).

Genomic DNA was extracted, and sequencing libraries were prepared as
described in Methods (2.2.5); all samples were pooled and sequenced using a single
MiSeq V2 cartridge. Analysis of the fastq files using MultiQC (Ewels et al., 2016),
revealed that although the duplication rates were 30-40% due to the high coverage per
sample, the sequencing data was of good quality, with good distribution of reads
amongst the pooled samples. All sequenced strains were mapped to the NCBI C. jejuni
NCTC11168 (Accession Number: NC 002163.1); all samples had above 95% reads

mapping to the C. jejuni chromosome, and above 170x coverage.

Analysis of the sequencing data showed that the deletion of fliF in the

AfIhFAfIIF strain  created previously by (Stoakes, 2017) was successful. It also
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confirmed that the integration of wild type fIliF’ or fliFa99:1n all complementation strains

was at the expected location in the Cj0046 pseudogene and all AfIAF strains contained

the fIhF deletion.

Table 5.1. Whole genome sequencing. Table includes information on GC content,
reads and coverage. Reference genome - NC 002163.1
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AfIhRFAfIF _S21 36 1167363 147 1127089 200 209 159 2208
(96.55%)

AfIWFASGF :natfliF 38 1331738 116 1291386 179 242 121 2252
moor S13 (96.97%)

AfIhFASIF - natfliF 35 1333815 168 1274060 260 256 195 3662
810 (95.52%)

AfIhFAfliF :natfliF’ 37 1026438 135 992566 162 207 148 2551
Sl (96.7%)

AfIRFASLF - natfliF 37 1052629 149 1009366 181 234 163 2521
moor S14 (95.89%)

AfIhFAfliF :natfliF’ 37 1260776 125 1225348 184 230 130 1005
812 (97.19%)

ARFAfliF-natfliF | 37 1365957 139 1312002 219 270 149 2716
moor S15 (96.05%)

AfIhEAfliF:pordfl | 36 897874 164 857200 170 182 182 2867
iFyor S18 (95.47%)

AfIhFASLF :porAfl 36 1197731 135 1157008 188 190 148 2626
iF S16 (96.6%)

AfIhEAfliF:porAfl | 37 1200815 135 1158907 188 252 141 1874
iF S17 (96.51%)

AfIhFAfliF:porAfl 36 1053132 155 1006584 189 189 174 2743
iFmoor S19 (95.58%)

AfLiF 820 36 1197248 145 1160971 203 214 153 1121
(96.97%)

AfliF:natfliF S1 36 1963291 160 1882796 363 447 177 2246
(95.9%)

AfliF :natfliF S2 37 1955322 141 1890014 321 410 152 2306
(96.66%)

AfliF :natfliF o 36 2475400 146 2389504 423 439 160 2449
S3 (96.53%)
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AfliF:natfliFyor | 37 2348536 138 2272913 378 467 147 1561
54 (96.78%)

AfliF:porAfliF S5 | 37 1816964 152 1745012 319 412 170 2961
(96.04%)

AfliF:porAfliF | 37 1313886 157 1260674 239 299 179 3092
_S6 (95.95%)

AfliF:porAfliF | 36 1048123 178 995926 214 260 212 3668
57 (95.02%)

AfUiF:porAfliF yoor | 37 1022903 176 971349 206 276 202 3732
S8 (94.96%)

AfliF:porAfliF voo; | 36 873008 174 829969 175 186 204 2813
59 (95.07%)

SNP and INDEL analysis was carried out on all strains with respect to the NCBI
C. jejuni NCTC11168 (Accession Number: NC 002163.1) sequence. In comparison
with the reference strain seven point mutations were identified in all samples. The same
mutations had been identified in the previous study in the NCTC11168 C. jejuni strain
used in the laboratory (Stoakes, 2017) and most of them have been found to arise
commonly during the domestication of this strain. Exception to this are the SNPs in
cipA, coding for an invasion protein, and hisG coding for an ATP
phosphoribosyltransferase, both of which are unique to this laboratory strain (Pascoe et

al., 2019).

INDEL (insertion and deletion) analysis, which was not carried out previously
by Stoakes (2017), revealed two deletions and one insertion present in all strains and
parent strains. The insertion is present in an intergenic region between two divergent
genes, nalD (a nicotinate-nucleotide adenylyltransferase) and gapA (a glyceraldehyde
3-phosphate dehydrogenase). The region is characterised by a string of six A
nucleotides, that with the insertion becomes a string of seven A nucleotides. Although
it may potentially have an influence on the expression of the surrounding genes, it is

difficult to speculate.
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Table 5.2. Mutations and insertions/deletions present in all strains created in this
study in comparison with the reference genome (NC 002163.1). PR6a and PR6b are
not included.

Gene Position Change Amino acid change  Deletion and
in complementation
reference strains

Point mutations

mreB 253191 AtoG DtoG all

cheA 262345 Ato G [toT all

Cj0431 393542 Tto A *to K all

Cj0455¢ 420550 Ato G all

cipA 638796 AtoG Vito A all

Cjo807 760188 Ato G Kto E all

hisG 1525525 Gto A GtoD all

Insertions/deletions

Cj0031 48995 AGto A poly G10to 9 all!

Cj0184 180705 TACtoT Vtol all!

dcuA 97896 TTTCA to Sto* AfIhFAfIF and

T derivatives
Intergenic
1338383 CtoCA all!

lin some samples reads of both alleles are present, but due to cut-off do not
appear in VarScan2 analysis. This means that cell population was heterogeneous.

The other two deletions were found in the Cj0031 and Cj0184 genes. The Cj0031
deletion is found in a poly-G region and is present in all strains (Table 5.2). It encodes
a putative Type IIG restriction-modification system that encodes endonuclease and
methyltransferase activities in one protein and is among a series of phase-variable genes
in NCTC11168 (Aidley et al., 2017; Anjum et al., 2016). These genes are activated by
stochastic replication errors and selective pressure that creates a heterogenous
population (Aidley et al., 2017). Activation of Cj0031 changes methylation and

expression pattern and confers resistance to some, but not all C. jejuni phages (Aidley
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etal., 2017; Anjum et al., 2016). A polyG tract of 9 G nucleotides is thought to be in the
ON (activated) state for this Cj003! (Anjum et al., 2016).

One additional deletion was identified AfliF and AfIhFAfIiF strains. The dcuA
gene deletion creates a premature stop codon in this gene, encoding a C4-dicarboxylate
transporter (Table 5.2) creating a truncated product of 134 aa instead of 445 aa. C. jejuni
NCTC11168 has five different C4-dicarboxylate transporters (Wosten et al., 2017).
Expression of dcuA is repressed under limited oxygen conditions and in the case of its
deletion dcuB can partially compensate its function (Wosten et al., 2017). No growth
impairment in Heart Infusion broth (a rich growth medium) between AdcuAd and WT
C. jejuni 81116 has been reported before (Wosten et al., 2017), which explains why
despite an effective loss of a functional protein, normal growth was seen during
cultivation of the AfIhFAfIiF and AfIhFAfliF based complementation strains, although
MH (standard medium for C. jejuni) was used. It is reasonably safe to assume that this

genome difference should not impact the flagellation phenotype.

Analysis of the complementation strains revealed that there are multiple
mutations upstream and downstream the integration site in Cj0046 pseudogene,
however it is not a coding sequence therefore they are not predicted to have a direct
consequence on the phenotype. Surprisingly, for 10 of 19 strains sequenced, the
mutations extend into the gene, Cj0053c¢ — mnmA(trmU), which is downstream of
Cj0046 (Table 5.3) but the sequence of which did not form part of the targeted
recombination sequence. The product of this gene is not associated with flagella or
motility and encodes a tRNA-specific 2-thiouridylase. In nine of the strains the mnmA

has acquired the same non-synonymous mutation — I309T (Table 5.3).
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Table 5.3. Sequencing overview of unique mutations in C. jejuni complementation

strains and parental strains.

<
= Q
g S 3 ¥ 25
S = S = = =
AfliF :natfliF D/S1 yes 2
AfliF :natfliF F/S2 Cj0053c 68623 A G no 9
AfliF natfliF (M99]) J%/S3 yes
AfiF natfliF (M99]) L*/S4 no
AfliF:porAfliF A/S5 yes
AfliF:porAfliF B/S6 no
AfliF:por AfliF D/S7 no 2
AfIiF :por AfliF (M99]) B*/S§  Cj0053c 68623 A G no 4
fliF 288482 A C
AfIiF :por AfliF (M99]) C*S9  Cj0053c 68623 A G yes 9
fliF 288482 A C
AfIRFAfIF -natfliF 3/S10 yes
AfIRFAfIF natfliF 4/S11 no
AfIRFAfIF natfliF 7/S12 no
AfIRFAMiF natfliF(M99) | 2%/S13  Cj0053c 68623 A G yes 6
AfIRFAMiF natfliF(M99) | 6%/S14  Cj0053c 68623 A G no 9
AWFAfliF:natfliF (M991) | 7*/S15  Cj0053¢ 68623 A G no 6
AfIRFAfIiF :por AfliF 3/S16  Cj0053c 68623 A G no 8
AfIRFAfIiF :porAfliF 4/S17 yes
AfIRFAfiF :porAfliIF(M99D) | 1%/S18  Cj0053c 68623 A G yes 9
AfIRFAfiF :porAfliIF(M99D) | 5%/S19  Cj0053c 68623 A G no 9
AfliF BB/S20 no
AfIhFAfliF E1/S21 no

Despite not being found in parental strains and having appeared in independent

batches of complementation strains, blast searches indicated that the I309T mutation in

the mnmA gene is also found in other C. jejuni strain sequences suggesting that it is

probably a natural variant. Presence of other synonymous mutations in the mnmA part

closer to Cj0046, albeit still outside the targeted recombination area that would have

been directly involved in homologous recombination during integration, indicates that

it is still likely a side effect of the integration (Table 5.3). In pC46-Apr the target
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recombination sequences are 765 and 644 nucleotides long on either side of the Cj0046
integration site and practically involve almost the entire Cj0046 locus. Cj0053c is

outside this direct homologous recombination site.

Interestingly, there is an additional non-synonymous mutation in fliF" in both
AfliF:porAfliF(M99I) clones sequenced (Table 5.3). This involves changing residue Q9
to proline, which is a non-conservative mutation (a mutation that replaces the previous
amino acid with different physicochemical properties). Analysis was carried out to
determine how conserved this amino acid is in FliF sequences from other bacterial
species. Using FliF sequences from the same motile bacterial species used in Chapter 4
(4.2.1., Figure 4.2) for the FliG analysis, sequence alignment showed that it is not
conserved (Figure 5.4). Interestingly a sequence alignment carried out at an earlier stage
of the project (APPENDIX C), that contained a few additional FliF sequences from
species that are not known to be motile, but do encode a protein with homology to FliF
indicate that this residue could be partially conserved, increasing the importance of the

uncovered mutation in this site.
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Campylobacter_jejuni/1-560 219 v EQEAYED - K 282
Helicobacter_pylori/1-567 220 E EiD ILEN - v 285
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Figure continued on next page
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Figure 5.4. Sequence alignment of FIiF from various flagellated bacterial species
representing model organisms and pathogens. The FliF sequence is highly conserved
in the transmembrane domains (approximately residues 20-50 and 450 to 482 in
S. enterica), moderately conserved in the RMB1 (approx. 5-103 in §. enterica) and
RBM?2 (approx. 125-218 in S. enterica) domains, and has variable conservation in other
parts (approx. 230 — 435 for split RBM3 with B-collar, 525 to 560 F1iG binding domain
in S. enterica).
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According to Bergeron (2016), Q9 of the FliF N-terminus is predicted to be part
of the protein’s secretion signal (Bergeron, 2016) although a search of the Signal IP
server 5.0 (Kihara, 2010) does not show that FliF would have a typical secretion signal

and it has not been verified as a secretion signal in any molecular biology studies.

Despite the small mismatch between the expected genotype and sequencing
results in several loci the complementation strains were otherwise found suitable for a
preliminary phenotypic characterization with electron microscopy. Selection of the

complementation strains characterised above was carried out as identified in Table 5.3.

5.4. Negative stain electron microscopy of complementation strains

Previous studies by Stoakes (2017) showed that AfIAF is completely aflagellate
in both exponential and stationary growth phases, while AfIhF pseudorevertant with
SfliFmo9r mutation has ~33% of unipolar flagellated cells. Only NCTC11168 strain has
fully flagellated cells on both ends in exponential (~10%) and stationary (~45%) growth
phases. In order to confirm the extent of regain of function in our complemented strains,
in this case correct and timely assembly of flagella structure, the number of flagella and
their placement was quantified. As mentioned above, several of our complemented
strains  contained additional SNPs. For the  AfIhFAfliF: natfliF (M99]),
AfIWFASTF :porAfliF(M991) and AFLF:porAfliF(M991) strains all sequenced clones
contained the I309T mutation in mnmA (Table 5.3) and all AflhFAfliF derived
complementation strains have a dcud truncation and potentially all observed strains
have a phase-variable Cj0031 locus (Table 5.2). It is not known, if these SNPs have any

influence on phenotype, although they do not seem to be directly connected to motility.

Prior results it was expected that AfliF:natfliFF and AfliF:porAfliFF would be
flagellated and differences between these two would show if availability of FIiF is a
limiting factor for flagella assembly. Likwise AfliF:natfliF(M99]) and
AfliF :porAfliF (M991) would show, if the SNP has any effects in presence of FIhF and,
if it is modulated by the amount of FliF. AflhFAfliF:natfliFF would not be flagellated as
it should be equivalent to AfIhF strain. If AfIhFAfliF:porAfliF was flagellated it would
show that amount of fliF" limits flagella assembly. AfIhWFAfliF :natAfliF(M991) should
reproduce original pseudorevertant phenotype AfIhFAfIiF:porAfliF(M991) may have

increased flagellation.
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Figure 5.5. Flagellation rate of the C. jejuni complementation strains. Colour coding
denotes the strains where the sequenced genotype does not fully match the desirable
genotype and is different between the compared strains. Red — mnmA 3097 and truncated
dcuA present; purple — only truncated dcuAd present; green — mnmAzoor and fliF pop
present. In addition, fliFuoe; is present where integration was expected in strains where
it is denoted in brackets in the strain name. Flagellation rate was calculated from n>100
cell ends (in one technical replicate).

For each strain, a small amount of C. jejuni cells from late stationary phase was
deposited onto an electron microscopy grid after being negatively stained using uranyl
acetate. Grids were then analysed using electron microscopy where at least 100
individual cells were counted for each genotype/clone. All the strains examined, but
one, had either no cells with flagella or a very small number. It was disappointing to see
that complementation of the fliF’ wild-type deletion in the Cj0046 locus did not work,
regardless of the level of FIiF expression. There was no clear trend, but strains in which
FIiF or FIiF mo01, were overexpressed in the absence of FIhF tended to have some cells
with flagella. But numbers are too small to make any confident predictions.
Interestingly, in the strain in which we identified an additional mutation in the
N-terminal region of FliFmoor, and where the protein was overexpressed, we observed

that 30% of the cells were flagellated (Figure 5.5). In this strain, the FliFmoor protein is
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overexpressed in the presence of FIhF. On the contrary, the respective strain with wild-
type FIiF overexpressed in the presence of FIhF, and in which we did not identify any
spontaneous mutations, we very rarely observed any flagellated cells. A few cryoEM
images collected from two strains (AfliF:porAfliF and AfliF:porAfliFuoer) separately
from negative stain EM show that non-flagellated cells not only do not express or
assemble flagella, but the entire motor apparatus and the characteristic crater like shape

at the cell pole is completely absent (Figure 5.6).

Figure 5.6. Cryo-electron microscopy images of AfliF:porAfliFF and
AfliF:porAfliFue9r. No motor insertion is visible at the cell pole and cell ends are
completely rounded. Some flagellation is present in AfliF:porAfliF 991, in cell counting
experiments, but the image shown has captured non-flagellated cells in this case.

5.5. In silico analysis of mutations in FliF structure

Although as described in the Introduction, there is no crystal structure available
for C. jejuni FliF, in silico studies predict that it contains 3 RBM domains, RBM1,
RBM2 and RBM3, intersected by the B-collar (Introduction 1.5., Figure 1.8). And even
though, there are now new high resolution structures of FIiF from other bacterial species,
no structure has been predicted for the very N-terminal end of FliF (Johnson et al., 2020;
Kawamoto et al., 2021). But recent expansion of the Alphafold database offers structural
prediction of the entire C. jejuni F1iF (although it should be noted that confidence score
in many parts of the model is low (Figure 5.7)).
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Model Confidence:

W Very high (pLDDT > 90)
Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

W Very low (pLDDT < 50)

AlphaFold produces a per-residue confidence

score (pLDDT) between 0 and 100. Some

regions below 50 pLDDT may be unstructured

in isolation

Figure 5.7. C. jejuni FliF Alphafold predictions from the database. Three models
were selected from database, that match the sequence used in this and previous FliF
revertant study. The models have variable confidence across different areas.

Before the availability of these Alphafold structures, a Robetta server prediction
(Kim et al., 2004) of S. enterica F1iF N-terminus was made for the unresolved part of
S. enterica FIiF (because available FIiF ring structures are of S. enterica, for easier
comparison). Unlike Alphafold, the Robetta server prediction was carried out without
the use of any templates and is solely a folding-based prediction from an input sequence

(Figure 5.8).
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Figure 5.8. Predictions of FliF-N and transmembrane helix. Left — Alphafold
structural prediction fragments of first 125 amino acids in C. jejuni FliF sequence
(3 models overlaid and aligned). Right — Robetta structural prediction of first 125 amino
acids in S. enterica FIiF sequence (5 models overlaid). Q9 in C. jejuni and K12 (its
equivalent in S. enterica) are shown in red, in stick representation. Transmembrane helix
is labelled. Residues known to be mutated in pseudorevertants from previous study
M99, A102, S103, E104 (in C. jejuni), are also shown in red and in stick representation
in the RBM1 domain above transmembrane helix. Equivalent residues in S. enterica
structure are depicted the same way.

There are enough similarities between the between C. jejuni and S. enterica
predictions from two different sources, although only the transmembrane helix and parts
of the RBM1 domain have good confidence scores; the very N-terminal part, that would
be cytoplasmic, is with low confidence scores. The area with the mutation of interest
(Q9P) in both models is alpha helical and in the case of S. enterica unstructured right
after the equivalent (K12) residue. S. enterica models found in Alphafold database also
have an unstructured region after a short helix at the very N-terminus of FliF, similar to
the one seen on Robetta prediction. In both cases the FliF fragment in the cytosol below
the transmembrane domain could potentially interact with the membrane above it,
serving as an anchor. How exchange of Q to P would affect this, it is difficult to estimate,
but the amino acid in this position would lose its charge, and proline can introduce a

kink in the helix, so it could be structurally significant.

Recently available structure of 4. aeolicus FliF (Takekawa et al., 2021) was used
to try and map the C. jejuni pseudorevertant mutations that are located in a hotspot
region: M99, A102, S103, E104 (according to sequence alignment of FIiF, Figure 5.4.).
Highlighting these residues in the predicted structure shows that they are all in structured

parts of the protein (Figure 5.8, 5.9). In the A. aeolicus FliF crystal structure
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(Figure 5.9C) and in the C. jejuni predictions (Figure 5.9A) these mutations localize in
the RBM1 domain, in a-helix.
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Figure 5.9. Overview of C. jejuni FliF predictions, known solved FIiF structures
and locations of pseudorevertant mutations. A — three overlaid C. jejuni FIiF
predictions, from two opposite views. Novel Q9P mutation is denoted separately.
B — two conformations of S. enterica 34-mer ring structure. C — crystal structure of
RMBI1 and RBM2 of A. aeolicus. All domains are labelled. In red are shown all
previously identified C. jejuni pseudorevertant mutations or their equivalent residues in
other species structures.

The other area of location of pseudorevertant mutations identified by Stoakes
(2017) V177, S214 and P220 was are also mapped and were found to be located in
RBM3, either in the B-sheet or adjacent linker. Placement of the MS-ring above the
membrane and RMB2 placement shown in (Johnson et al., 2021) likely puts these
residues in direct proximity of the inner membrane and likely to interact with T3SS
components or the secreted proteins. In addition V177 (equivalent V176 in S. enterica)
is part of the A-S-V-X-V motif, where A175 and V175 are shown to be crucial for
interaction with FIhA (Kihara et al., 2001). Likewise in C. jejuni deletion of AA175-

AS176 have the same effect (Boll and Hendrixson, 2013).
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5.6. Sample creation and cryoET data collection

CryoET reconstruction could yield insight in C. jejuni motor appearance and
stoichiometry as well as reveal if there are any large structural rearrangements in the
fliF 991 carrying pseudorevertant. In order to do that a way to prepare samples had to be
established.

Samples for cryoET data collection were optimized empirically testing two types
of grids (lacey carbon irregularly shaped hole grids and regular hole shaped carbon
grids), two types of gold particles (gold nanoparticles and Immunogold Conjugate
protein A), use of wide bore tips to prevent mechanical damage to flagella and including
additional washing steps resulting in the final protocol described in 2.3.1 to prevent

clustering of cells and particles distribution seen in early samples (Figure 5.10).

Figure 5.10. Examples of issues that had to be addressed during sample
optimization. Left — lacey carbon grid and gold particles sticking to the grid. Also, a
coccoid cell with multiple flagella indicating stress to the cells, prompted change in
culturing conditions. Arrow points to flagellum and a motor at the pole of the cell. Right
— two normal shaped cells in even hole grid and some flagella potentially broken by
mechanical force. Gold particles are sticking to the grid and some are clustered. In both
images cells are adhering to each other as well.

First samples were prepared using lacey carbon grids. As gold particles tended to
stick the grid and not be evenly distributed across the whole surface of the grid, we
tested regular (even) hole grid. But even this resulted in the gold particles concentrating
on the grid. A decision was therefore made to swap to immune-coated gold and this
resulted in significantly improved fiducial distribution. Collecting bacterial cells at an
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earlier time point in the growth curve, optimising the cell density and adding additional
washing steps after collection to minimise cell clumping allowed us to prepare grids
suitable for cryoET analysis. Sets of 8 grids with wild type and 8 grids of AfIhF fliFy9or
psucodrevertant were prepared. Data collection initially was done just for wild-type
cells which were used to test our methodology and set up the analysis workflow. AfIhF

SfliFugor psueodrevertant data was collected in two later, separate sessions.

Collected tilt series images clearly showed that most bacteria have a clearly
visible flagellum and ring in at least one of the poles, even before sub-tomogram
reconstruction (Figure 5.11). The immuno-coated gold particle amount observed on the
grids in the view in each image throughout the tilt series is variable and often below
desirable number of 30 beads but still sufficient for sub-tomogram reconstruction in
both IMOD and EMAN2. Not all samples have evenly distributed particles and in some
there was a tendency for more particles on grid hole edges than in the ice surrounding
the bacterium in the grid hole. Data was collected from the final optimized grids only
and 44 tilt series were collected from these WT grids. In most tilt series there is only
one cell end per view, except in three tilt series there are two cells/motors per imaging

area, indicating that additional washing included in the final preparation protocol

reduced cell clumping.

Figure 5.11. Examples of final tilt series images. A single cell is found in most tilt
series. A motor and flagellum are clearly visible, gold particles are found in ice and on
grid, and are evenly distributed (< 30 beads). Arrows point toward a motor embedded
in the cell pole and flagella attached to the motors.
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It was decided that the images collected for the wild-type sample were of
sufficient quality for processing and motor reconstruction. Even though, samples were
prepared, processed and images were also collected for the pseudorevertant strains, time
limitation meant that focus had to remain on the wild-type sample with the aim to use

in the future for comparison to the motor structure of the pseudorevertant.

5.7. Analysis of cryoET data

Sub-tomogram reconstruction was done in IMOD (Kremer et al., 1996) with the
intention to build the final model in Relion (Bharat and Scheres, 2016). In parallel, a
unified approach of sub-tomogram reconstruction and model building was

independently attempted in EMAN?2 (Galaz-Montoya et al., 2015).
5.7.1. Sub-tomogram reconstruction in IMOD

44 tilt series were reconstructed in IMOD one by one. 30 fiducials were selected
when available. The maximal number of fiducials was achieved by manually adding
additional ones, that had not been identified in the automated search function. Fiducial
tracking and alignment were carried out via multiple iterations of finding missing points
in tracking or when misassigned to a different bead or feature, until no more gaps (in
following each point throughout the tilt series) or large residuals in the tracked bead
model could be found and the residual error could not be further reduced.

Table 5.4. High quality manual sub-tomogram reconstruction in IMOD statistics.
Many of the sub-tomograms have less than 30 fiducials.

Tilt #of Ratio of total Residual error mean
series points  measured values  and sd (nm):
to all unknowns

series4 19 491 0.209 0.127
series6 25 8.01 0.823 1.889
series7 14 5.34 0.566 0.429
series8 27 8.51 0.458 0.257
series9 22 7.44 0.468 0.364
seriesl( 30 9.09 0.336 0.206
seriesl] 30 9.09 0.449 0.257
series2 21 7.2 0.698 0.559
seriesl3 30 9.09 0.476 0.287
seriesl5 19 6.71 0.569 0.330
seriesl6 24 7.75 0.473 0.280
seriesl7 22 7.44 0.386 0.226
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seriesl8 30 9.09 0.542 1.239
series19 30 9.09 0.405 0.259
series2() 30 9.09 0.478 0.305
series21 18 6.46 0.461 0.293
series22 14 5.36 0.380 0.223
series23 14 5.36 0.469 0.282
series25 24 7.89 0.541 0.343
series26 30 9.09 0.414 0.239
series27 28 8.71 0.308 0.172
series28 16 5.79 0.354 0.211
series29 22 7.44 0.792 0.484
series31 16 593 0.379 0.214
series32 23 7.67 0.462 0.270
series33 19 6.66 0.505 0.426
series34 30 9.09 0.399 0.232
series35 17 6.2 0.435 0.395
series36 19 6.72 0.672 0.454
series37 18 6.46 0.778 0.660
series38 18 6.46 0.338 0.212
series39 19 6.72 0.409 0.231
series40 20 6.97 0.683 0.524
series41 30 9.09 0.472 0.271
series42 15 5.65 0.588 0.377
series43 29 8.65 0.495 0.321
series44 30 9.09 0.347 0.200
series45 29 8.9 0428 0.251
series46 17 6.09 0.657 0.500
series47 21 7.21 0.309 0.193
series48 23 7.67 0.356 0.205
series49 25 8.1 0.342 0.204
series50 27 8.5 0.405 0.310
series51 14 5.31 1.363 1.644

5.7.2. Preliminary CryoET reconstructions of C. jejuni motor with EMAN2

Due to issues with installation of software packages and access to servers,
parallel reconstruction of the same dataset was done in EMAN2 completely
independently. This software cannot use IMOD created sub-tomograms for input due to
format incompatibility. Sub-tomogram reconstruction is fully automated in EMAN2 and
no manual improvement of tracing fiducials takes place like in IMOD. EMAN?2 creates
an initial model that is used to guide the 3D model reconstruction. After that, subtilt
refinement takes place to create the final model. Two versions were used, EMAN2 2.31
and 2.91. Firstly, the reconstructions attempted with EMAN 2.31 (older version) are

discussed. Results from EMAN 2.91 follow subsequently.
140



In case of a large dataset running reconstruction without symmetry (C1) can
reveal the underlying symmetry, however this time it was not possible to get a result
with C1 symmetry enforced, therefore different symmetries had to be pre-defined to
obtain a result. As previous work in S. enterica suggested that motor ring had C34
symmetry with sub-populations of C33 and C35 (Thomas et al., 2006), the first attempts
at building the model used C33 and C34 symmetries. Unfortunately for these a wrong
pixel size input value (0.3462 instead of 3.462) was used and therefore had to be rescaled
in Chimera by changing pixel size there. These models can therefore only be used for
preliminary comparison only, because they cannot be used for building models in them.
Several C39 reconstructions were attempted. C39 symmetry was selected based on a
simple calculation, that the larger diameter of C. jejuni (52 nm), determined from low
resolution cryoET, would require more subunits than S. enterica (44 nm) (Beeby et al.,
2016). Currently there is no biological data that can definitively establish the
C. jejuni motor stoichiometry.

C39 reconstructions obtained with EMAN 2.31 should be regarded as very
preliminary and are potentially poorly reproducible as each run gives a different result
(Figure 5.12). Reconstruction runs that did run until the end suffered from too small a
box size that results in an edge cutting off part of the rings (Figure 5.12). Box size would
need be optimized by trial and error and starting point was a smaller box due to
computational memory limitations at the time. 3D reconstructions of two independent
runs with the same symmetry appear vastly different (Figure 5.12) and it is not clear
why. In addition, two earlier runs with C33 and C34 symmetry are shown for
comparison. They do however show that C33 and C34 symmetry fits the dataset worse
as the reconstructions come out less detailed, therefore C39 is closer to the true
physiological stoichiometry than C33 or C34. The initial model generation step that
comes before the 3D reconstruction shown in Figure 5.12 is obtained, is made based on
random references in the EMAN2 2.31 reconstruction approach (used in results shown
in Figure 5.12) and then used to search all particles, potentially leading to different

outcomes.
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Figure 5.12. 3D reconstructions of WT C. jejuni motor using EMAN2 from four
independent runs. Top view and side view of respective models, processed with
different pre-defined stoichiometries: C33, C34, C39 (two different runs).

Only one sub-tilt refinement of a 3D reconstruction was achieved with the
EMAN?2 2.31 version using the C39 symmetry model (Figure 5.13). It greatly elongates
the model and shows multiple unidentified structures. The final sub-tilt refinement

likewise suffers from too small a box size.
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Figure 5.13. Sub-tilt refinement of a C33, C34 and C39 EMAN2 run. Top view
(left), side view (right).

A lack of resolution at the centre of the top view of the C39 reconstruction
indicates that structures there have a stoichiometry very different from the C39 imposed.
For comparison, C33 and C34 runs are added (Figure 5.13) that are very different. An
exhaustive process employing multiple runs with different stoichiometries would be
needed to employ this approach and find a stoichiometry best matching each area. It is
impossible to assign proteins to the many rings seen. In addition, visual comparison

depends a lot on the representation settings selected in Chimera.

Additional processing attempts were later attempted in EMAN2 2.91. Sub-
tomogram reconstruction was started from scratch and unlike in version 2.31, where in
each run a few sub-tomogram reconstructions would fail to due to memory limitations,
all tilt series were successfully processed in version 2.91, so no unnecessary data loss
occurred (Table 5.5).

Table 5.5. Sub-tomogram reconstruction statistics with EMAN2 2.91.

Tilt series  Number of particles loss defocus
seriesb 1 0.5 1.3
series7 1 118 1.4
seriesS 1 0.51 1.4
series9 1 0.49 1.3
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seriesl( 1 0.49 1.4
seriesl ] 1 0.44 1.3
seriesl2 2 0.64 14
seriesl3 1 0.48 1.3
serieslS 1 0.69 1.4
seriesl6 1 0.39 1.3
seriesl7 1 0.73 1.2
seriesl8 1 0.46 14
seriesl9 1 0.55 1.2
series2() 1 0.39 1.2
series21 1 0.91 1.2
series22 1 0.8 1.2
series23 2 0.92 1.3
series25 1 0.52 1.5
series26 1 0.5 1.1
series27 1 0.76 1.3
series28 1 0.87 1.3
series29 1 0.72 1.3
series31 1 0.99 1.6
series32 1 0.72 1.7
series33 1 0.81 1.4
series34 1 0.42 1.8
series35 1 0.84 14
series36 1 0.57 1.3
series37 1 0.86 1.4
series38 1 0.88 1.3
series39 1 0.58 1.3
series40 2 0.57 14
series41 1 0.55 1.3
series42 1 0.9 1.2
series43 1 0.41 1.3
series44 1 0.38 14
series45 1 0.56 1.4
series46 1 0.64 1.4
series47 1 0.62 1.5
series48 1 0.39 14
series49 1 0.42 1.2
series50 1 0.49 1.4
series51 1 0.75 1.2

Version 2.91 of EMAN2 incorporates new approaches for initial model
reconstruction and 3D and subtilt-refinement are joined in a single step, but previous

options are also available and upgraded since version 2.31. While the new approach did
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not yield good results, running the older two step setup type (with separate 3D
refinement followed by sub-tilt refinement) but in version 2.91 gave the best results.
After varying input settings, several runs on the initial model appeared similar and

therefore much more reproducible.

In addition, C39, C42 and C37 symmetries were applied, to explore the probable
range of stoichiometries between known smaller (minimum 33)(Thomas et al., 2006)
and larger (maximum 46)(Chang et al., 2020) diameters and stoichiometries currently
known in other species. By careful examination of the structures obtained at various
density representation cut-offs in Chimera and comparison with cryoET images from
earlier studies, putative structures could be assigned to the inner architectures (Figure
5.14), such as the characteristic conical C. jejuni basal disk and the C-ring (Beeby et al.,
2016). The rings below the basal disk likely correspond to the medial and proximal disks
(Beeby et al., 2016), though they cannot be identified with absolute certainty. These
disks are found in C. jejuni and are among additional structures that, unlike the C-ring
and MS-ring, seem to have diversified during evolution between different species and
are not found in all motors (Beeby et al., 2016; Chaban et al., 2018). In this case, these

additional structures serve as landmarks to identify parts of the motor.
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Figure 5.14. Different density representation cut-offs of 3D reconstruction of WT
C. jejuni motor with C42 symmetry. At maximal representation the reconstruction is
limited by the spherical mask used (bottom right image). Deeper behind the outer
circular structures, the motor structure is visible — in which the C-ring and basal disk,
and possibly median and proximal disks — can be identified in comparison with previous
low resolution data from C. jejuni (Figure 11 from (Beeby et al., 2016) shown upper left
for comparison). C42 is presented as representative example.

The outer structures present in the density cannot at present be identified; they
could be scaffold protein structures, or potentially even noise. Unlike the results from
EMAN 2 version 2.31, version 2.91 produced similar results irrespective of the different

stoichiometries (Figure 5.15).
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Figure 5.15. Comparison of C. jejuni motor solutions in C37, C39 and C42.
Identifiable and likely ring structures are denoted with arrows. Structures are similar
between the two independent runs.

The diameter of what is highly likely to be the C-ring is 49.5 nm, which is
smaller than the previously reported 52 nm derived from a low resolution cryoET study
(Beeby et al., 2016) and is actually closer to that of V. alignolyticus (Carroll et al., 2020).
It is noteworthy that the spherical mask applied seems to actually limit the density and
could be changed in future runs for potential further improvement (Figure 5.14). There
is no discernible symmetry at the C-ring area and imposed symmetries seem to rather
fit the basal ring and other structures than the C-ring. Encouragingly, reconstructions of
C39 and C42 with the same parameters seem very similar and show the same C-ring

size (Figure 5.15).

5.8. Discussion

C. jejuni is an amphitrichous organism with a single large flagellar motors placed
at each of the two ends of the cell (Muller et al., 2014) making it an attractive model
organism for research into the flagella macromolecular assembly, structure and
placement. On the other hand, unlike research in E. coli or S. enterica flagella, C. jejuni
research is limited by the lack of genetic tools available for genetic manipulation and
expression of heterologous proteins. A previous study of C. jejuni motility
pseudorevertants opened intriguing questions about how mutations in motor

components restore motility due to loss of a regulator protein FlhF (Stoakes, 2017).

FIhF is a protein with a signal recognition particle (SRP) domain and GTPase

activity (Balaban et al., 2009) whose precise role and interactions with the structural
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flagellar proteins (if any) remain unknown (Stoakes, 2017). The project focused on two

different lines of investigation.

Firstly, we aimed to acquire confirmation that the FliF protein versions that
spontaneously arose in the absence of FIhF were sufficient to restore motility. Stoakes
(2017) observed that even though C.jejuni pseudorevertants were building flagella, the
assembly was at a much slower pace than in the wild type cells. We therefore also aimed
to test, if FIiF availability was the limiting factor and whether the pseudorevertant FIiF
still had the ability to interact with FIhF and consequently conferring motility closer to
wild-type levels. A microbiology approach was undertaken of creating a set of
complementation strains expressing WT or mutant FliFmeor versions from an external

locus at different levels, with or without the presence of FIhF in the cells.

Secondly, cryoET data was collected to further refine the available structures,
and to elucidate the stoichiometry in wild-type C. jejuni C-ring and MS-ring
components. Stoakes (2017) had speculated that the FliFmeor mutation might induce
structural changes to the MS-ring, changing its interaction with the C-ring and other
flagellar export components. Acquiring the wild-type structure would enable us to

compare it to the pseudorevertant structures.

5.8.1. Complementation strain creation and phenotypic characterization
in C. jejuni

Creation of complementation vectors and strains was verified by Sanger
sequencing at each stage before proceeding with whole genome sequencing. QC
analysis and high coverage obtained in all samples enabled calling of SNPs and INDELSs
with confidence (Table 5.1). Analysis of the whole genome data, confirmed the Sanger
sequencing data, that the deletion of fliF’ from within its operon and insertions of the
various fliF’ constructs in the Cj0046 pseudogene were all successful. Unfortunately, a
number of different mutations, either distal to the target sites on the chromosome, or
close to the recombination regions were identified, arising at different times in the

lineage (Figure 5.16).
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Figure 5.16. Timeline of C. jejuni mutations discovered. In red novel
mutations are marked, showing at what stage they would have likely appeared.
mnmAj309T mutation is present in some, but not all clones of the complementation strains.

All the strains sequenced contain the Cj0031 phase-variable gene which has
likely been switched to the ON (activated) position (Anjum et al., 2016) due to a single
nucleotide deletion in the homopolymer region (Figure 5.16). It would potentially affect
the methylome of C. jejuni as the gene encodes a protein with putative endonuclease
and methyltransferase activities; even though this is impossible to evaluate at present
time, previous studies have suggested that the Cj0031 regulon does not involve motility
associated genes (Anjum et al., 2016). Re-analysis of this data (Stoakes, 2017) could
yield additional insight on how often activation of this phase variable gene occurs in
this wild-type C. jejuni strain and the associated mutant and pseudorevertant strains of

that study.

All AfIhFAfIiF strains have inherited a severe truncation of the dcud gene, a
C4-dixarboxylate transporter, that must have arisen due to a point mutation in AfIhF
creation or passaging even before creation of AfIhFAfliF (Figure 5.16). Known data
however indicates that it is at least partially redundant in C. jejuni and loss of DcuA
does not compromise growth (Wdsten et al., 2017) which is consistent with the normal
growth observed during my work with AfIhFAfIiF and complementation strains derived
from it. Going back to the Stoakes (2017) sequencing data, revealed that the dcuAd
truncation is present in the AfIAF strain from which the pseudorevertants and all

subsequent lineages were derived (Constantinidou, personal communication).
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An extensive range of mutations in Cj0046 upstream of the insertion site and in
Cj0053c downstream of the insertion site shows that the homologous recombination

process had more side effects than anticipated.

Additionally, in 9 out of 19 sequenced strains, non-synonymous mutation [309T
was observed in the mnmA (Cj0053c) gene, downstream of the Cj0046 pseudogene,
where sequenced for the complementation were targeted (Figure 5.16). While a
multitude of synonymous mutations in mnmA speaks to likely side effects of the
integration (Table 5.3), the I309T mutation itself is found in other deposited C. jejuni
sequences in NCBI, so likely it does not have a severe phenotype effect and may have
originated stochastically. The synonymous and non-synonymous mutations in mnmA
have arisen in complementation strains derived from both AfliF’ and AfIhFAfliF strains,

while not being found in the parent strains themselves.

Last, but not least, a novel mutation Q9P was identified in FIiF alongside the
original pseudorevertant M991 mutation; the Q9P mutation only occurred when FliF oo
was expressed from the porA4 strong promoter, in AfIiF’ genetic background. It is unlikely
that this would be created by an integration defect, as the flif" part of pC46 constructs
does not engage in homologous recombination itself and therefore it is likely an effect
of the environmental pressure (stress and lack of flagella). Although interestingly, this
mutation did not arise in the AfIhFAfIiF :porAfliF (M991) constructs, that used the same
pC46-porAfliFmoor construct for recombination, but this time in the AfIhFAfIiF genetic
background. Identifying such SNPs highlight the importance of obtaining full
sequencing data of the entire genome when creating a strain. Sanger sequencing of the
area targeted with inserts or deletions will not reveal any distal SNPs arising due to the
stress imposed on the organism during the genetic manipulation process or during
subsequent subculturing. Whole genome sequencing is an invaluable tool to accompany

any phenotypic characterization (Figure 5.16).

Complete absence of flagella in almost all complementation strains was initially
an unexpected observation. Whole genome sequencing of the fliF" locus showed that the
promoter region upstream of fliF" driving expression of the operon was not disturbed and
neither was the ribosomal binding site upstream of fliG (the gene immediately
downstream of fIiF)). But it strongly suggests that FIiF function cannot be complemented
with expression from a distal locus. Previous studies have shown that FIiF is likely to

co-fold with FliG for maximum stability (Levenson et al., 2012; Lynch et al., 2017).
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Genes expressing both proteins belong in the same operon and are co-expressed, but our
data suggests that they are probably co-translated and therefore co-targeted to the cell’s
poles for effective MS-, C-ring assembly and flagella production in C. jejuni. This
inability to FliF and FliG to co-fold and efficiently assemble when expressed and
translated distally from each other, is supported by the cryoEM images of AfliF:porAfliF
and AfliF:porAfliFueer (Figure 5.6) that were prepared alongside WT grid testing
samples for the optimisation of the cryoET data collection (Section 5.5) that show that
cells are not only aflagellate, but do not have motors inserted in the cell poles and the
typical “crater-like” membrane indentation in the cell pole as a result of motor presence,
as typically seen in WT cells (Figure 5.8). Because these grids were not intended for
flagella counting, but qualitative observation only, cells used to prepare them were late-
stationary phase, where we expect the majority of the cells to be bipolar with fully

formed flagella (Stoakes, 2017).

Although randomly selected cryoEM images of AfliF:porAfliFuoeor did not have
flagella (Figure 5.6), in the negative stain EM cell counting experiments, this was the
only strain with detectable motility restoration (to 30%) (Figure 5.5). This was also the
only strain carrying the novel additional mutation in F1iF, Q9P, in an area that is possibly
the secretion signal (Bergeron, 2016), but there is no experimental proof. If that is the
case, a mutation in this partially conserved residue could have an effect upon FIliF
secretion efficiency. The proline (P) residue, however, is found in other species in this
position, and therefore further studies on this variant would be needed to make a
definitive conclusion (Figure 5.4). Indeed, not all proteins use canonical secretion

signals.

SRP pathway is a system that consists of Fth protein and a small RNA complex,
that targets transmembrane proteins during their translation, to protect their
transmembrane domains from misfolding in the cytoplasm and by binding FtsY, guides
the unfolded protein to SecYEG channel that is a part of general secretion system (Green
and Mecsas, 2016). Coincidentally FIhF homodimer also contains a putative SRP
function, as it shares a structural and sequence similarity the signal sequence binding
protein Fth bound to the SRP-receptor FtsY (Bange et al., 2007). Therefore, it is possible
that Q9P mutation may have an effect on secretion efficiency of FIiF indirectly through
FIhF. A tentative speculation could be drawn that this mutation increases the secretion

efficiency and together with an overexpression promoter porA, in the presence of
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functional F1hF, can partially overcome the lack of motor assembly induced by lack of
FIiF-FliG co-folding. The flagellation rate is comparable to that of PR2 (containing the
FliFmoor mutation) in the late stationary phase from an earlier study (Stoakes, 2017),

therefore this Q9P containing strain could even be referred to as a novel pseudorevertant.

While our evidence that C. jejuni FIhF interacts with FIiF directly is
circumstantial, in a recent study Kojima et al (2021), demonstrated using FIiF
N-terminal deletions in V. alginolyticus that localization and assembly facilitated by
FIhF is dependent on the presence of first 30 amino acids in FliF (Kojima et al., 2021).
Since the Q9P mutation only arose in the presence of FIhF, which in fact is a protein
with a putative SRP domain (Balaban et al., 2009; Bange et al., 2007), raises the
possibility that this adaptation facilitates the interaction of the N-terminal FliF region
with FIhF resulting in a more efficient targeting and translation of the FliF distally
expressed and translated from F1iG. This adaptation does not seem to be sufficient when

lower levels of FIiF are produced under the fliF native promoter.

The discovery of genetic changes during the creation of our C. jejuni strains
demonstrates how difficult it is to maintain constant genetic background for comparable
studies in this organism, especially for phenotypic assays, where multiple passaging
rounds of a strain are necessary and where any genetic manipulation may induce
unintended side effects. Appearance of a novel pseudorevertant mutation shows the high
importance of motility in C. jejuni and high adaptability to restore it. Given its presence
in the FIiF part that has been associated with FIhF (Kojima et al., 2021), it may bring
the elusive relationship of FIhF and C. jejuni motor proteins (Stoakes, 2017) one step

closer to resolution.
5.8.2. CryoET reconstruction of C. jejuni WT motor

For a long time, the S. enterica EM map (Thomas et al., 2006) remained the only
available input for C-ring modelling, until the recent structural resolution of
V. alginolyticus (Carroll et al., 2020) and B. burgdorferi rings (Chang et al., 2020). Full
B. burgdorferi ring is not deposited in publicly available database. The V. alginolyticus
structures were the best available option and they were used in the C-ring modelling
presented in Chapter 4; however, the question about stoichiometry differences of the

MS- and C-rings between species and even within the species remains open.
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Low resolution cryoET results show that the C. jejuni C-ring diameter is
estimated to be 52 nm in diameter, while for S. enferica it is 44nm and for Vibrio fischeri
46 nm (Henderson et al., 2020). Thomas et al (2006) reported populations of different
stoichiometries in the S. enterica C-ring with 33mer, 34mer and 35mer C-rings having
maximum diameters of 46.5 nm, 47.8nm and 49.0 nm (Thomas et al., 2006). In the
V. alginolyticus the 34mer C-ring in the CCW conformation is 46.2 nm at top, 46.6 nm
at the middle, and 49 nm at the bottom, while the CW conformation is 49 nm at the top,
46.6 nm at the middle and 48.3 nm at the bottom; this demonstrates that the
conformational state of the structure has a key influence on the diameter even
throughout the ring (Carroll et al., 2020). The largest known stoichiometry to date of 46
subunits is found in the 62 nm wide B. burgdorferi C-ring (Chang et al., 2020). There
might be a naturally varying stoichiometry in C-rings within the cell, but the distribution
may be different from rings overexpressed and purified separately, so it is difficult to

estimate.

C. jejuni C-ring stoichiometry is unknown, but during this project the first
reconstructions carried out in EMAN2 were made with the known 33 and 34
stoichiometry from S. enterica, these were the only stoichiometries available at the time
when the first reconstructions were run. It soon became clear that an approximation or
an educated guess would have to be made for C. jejuni to accommodate the fact that it
has a larger diameter. Simple proportional calculations based on the ring size of
S. enterica and C. jejuni, number of known monomers in the S. enterica structure and
assuming that the C. jejuni and S. enterica folded monomers were of the same size
suggested that stoichiometries of 39 or 40 seemed like a reasonable starting point;
therefore, further EMAN2 reconstruction attempts were made with C39 assumption.
That did prove to deliver more detailed solutions (Figures 5.12, 5.13). However, later
runs where recognizable C. jejuni structures were identified, with C39 and C42
stoichiometry, showed that it has an impact on the level of overall detail, but not on the
now-identified C-ring part (Figures 5.14, 5.15). After the emergence of V. alginolyticus
and B. burgdorferi structures, it is worth noting that the relationship between the number
of subunits and the diameter is likely not entirely linear, so the actual C-ring
stoichiometry in C. jejuni could be anywhere between 34 and 42 and multiple runs
would be needed to obtain a more accurate model. Furthermore, not all parts of the

motor share the C-ring stoichiometry, while MS-ring would be expected to match,
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structures like stators associated with the motor or the periplasmic cage/scaffold
structures can have an entirely different stoichiometry (Beeby et al., 2016; Qin et al.,

2017), but only one symmetry can be enforced per run.

There could be also some particles with naturally varying stoichiometry in the
dataset. Utilization of IMOD allows the reconstruction of high-quality sub-tomograms
that could be used for model building in Relion. Features available in this software may
allow to solve this and other issues issue by sorting motor particles into classes and
utilizing the strength of Relion which is building the final reconstruction from all 2D

images, not averaging of sub-tomograms.

C. jejuni like H. pylori is known to have additional scaffold structures surrounding
the motor (Beeby et al., 2016; Qin et al., 2017; Zhou and Roujeinikova, 2021). What
seems like the previously reported C. jejuni basal disk is seen in the best reconstructions
as well as a part that matches the expected location of C-ring (Henderson et al., 2020).
Its diameter is smaller than reported for C. jejuni before (Henderson et al., 2020). A lot
of optimization options in Relion and EMAN2 reconstruction approaches remain,
however, the preliminary reconstructions made in this study do show that the data
collected is of sufficient quality to achieve a 3D reconstruction. Whether it will be
successful with more powerful software (Relion) or by verifying stoichiometry with
other experiments and then using that information in future to impose a stoichiometry

on the EMAN2 reconstruction remains to be seen.

During this project we have also collected a significantly larger pseudorevertant
fliF 991 dataset (44 for wild-type vs hundreds of tilt series for the pseudorevertant). That
data is still to be analysed, but it should yield an even better outcome. It was not possible

to engage with the pseudorevertant dataset reconstruction due to time constraints.

Further work with the cryoET dataset collected in this study should help with the
identification of a more accurate stoichiometry for the C. jejuni structure, as well as
creating a good reconstruction that could be used to model C. jejuni FIiF and FliG rings
with the methodology used in Chapter 4, to better understand the interactions between
these two proteins. Complete ring reconstructions can also be used to explore the effects
of the pseudorevertant mutations identified in FIiF (Figure 5.9) and FliG (T33A)
(Introduction 1.14, Table 1.1.) may finally be explained.
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Chapter 6 - Final discussion and Future work

6.1. Insights into H. pylori and C. jejuni flagellar motors

The bacterial flagellar motor is an intricate nano-machine, many finer aspects of
which remain unknown; therefore, it continuously remains a fascinating study subject.
From the differences in flagella numbers and placement between bacterial species, to
stoichiometry differences in the composition of the flagellar rings of different species,
to structures of individual proteins and conformational changes occurring when
changing rotation direction — questions remain to be further investigated. In this study a
combination of computational, structural, and molecular biology methods is used to
address some of the missing pieces in the depiction of bacterial rotor we have today

(Figure 6.1.).
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Figure 6.1. Summary of issues addressed in this study. MD and integrative
modelling were used to study conformation and ring assembly of FliG; genetic
manipulation, sequencing, and EM were used to study the relationship between motor
components and FIhF; and cryoET data was collected to study the stoichiometry and
shape of the rotor.
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Recent advances in cryo-electron microscopy are allowing an unprecedented
insight into the structure of the flagellar motor that were previously unresolved, for
example FliE and FliF (Johnson et al., 2021, 2020; Kawamoto et al., 2021). However,
the structure of FliG in a ring assembly is currently unavailable. In this study, a
combination of simulations, integrative/homology modelling, MD flexible fitting and
cryoET densities was used to make the journey from MD studies of a single F1iG domain

in H. pylori to the prediction of the FliG/FliF-C/FliM-M ring arrangement.

The modelling process also illuminated the possible influence of stoichiometry
composition differences between species (Carroll et al., 2020; Chang et al., 2020) that
currently cannot be addressed due to a limited available number of cryoET maps of
C-rings. CryoET datasets of the C. jejuni motor have been collected as part of this study,
to attempt to elucidate the motor component stoichiometry in these species. The work

in this study lays the groundwork to continue this line of investigation in future.

Motility is extremely important for bacteria, especially pathogens, and therefore
targeted disruption of motility is often restored upon occurrence of pseudorevertants, in
which mutations in another protein arise to compensate or bypasses the disruption. In
C. jejuni, when motility is abolished through the deletion of the key motility gene fIhF,
a set of pseudorevertants with mutations in rotor components FliF, FliG and FliH have
been found to arise (Stoakes, 2017). Collection of one of the pseudorevertants, C. jejuni
AfILF fliFmoor cryoET data alongside the WT was aimed at identifying any possible
macroscopic conformational changes. Although, samples were prepared and cryoET
images were collected, this goal remained out of reach due to complexity of the

reconstruction process and time constraints.

A set of complementation strains were generated with the aim to confirm the
compensatory effect of the M991 mutation in FIiF in restoring motility to the C. jejuni
AfIhF strain and further explore how this mutation affects flagellar assembly and
motility. The complementation strains created, demonstrated the dependency of FliG
and FliF on being co-transcribed and co-translated and the proteins being spatially co-
located for efficient motor assembly. A complementation strain expressing FliFmoor, in
this AfThFAfIiF background unexpectedly showed that the relationship of FliG and FIiF
also identified a new mutation in FIiF Q9P that likely contributes to ring assembly
efficiency increase alongside M99I again testifying to ability of this species to restore

motility under pressure.
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6.2. Improvement and validation of FliG/FliF-C/FliM-M ring
models in H. pylori

Although the FliG/FIiF-C/FliM-M ring structure models obtained in this study
are a good starting point for further investigation in a number of directions, including

those outlined below, there are improvements that could be explored.

Firstly, more repeats or alternative strategies for MDFF could be run, to sample
a larger conformational space of models that fit into the cryoET density. For example,
cascade MDFF is a promising refinement to standard MDFF that can help to overcome
energy barriers and improve the fitting process (Dodd, 2017). More starting positions
should be explored in MDFF setup as well, as discussed in 4.5., to explore effect on

FliG C-terminus packing.

Secondly, it would be desirable to perform similar approaches using another
cryoET density data set that has been solved (of B. burgdorferi) (Chang et al., 2020),
but not as yet deposited in full in the EMDatabse (and was not been made available by

the authors at the time of writing).

Thirdly, these ring models are based solely on the best fit in the map while
retaining structural integrity. However, they differ in terms of the FliG-N/FliG-N
interface prediction made with ClusPro (Comeau et al.,, 2004) server, using
FliG-N/FliG-M/F1iF-C model as input, that is not presented in the thesis (part of ongoing
work). Output dimers or tetramers obtained were not reconcilable with the cryoET map,
however they presented viable interaction interfaces. Perhaps applying MDFF to an
alternative, interface focused trimer would yield an improved result (or alternative

functional conformation).

In fact, initial coarse grained (CG) simulation runs based on the Martini force
field of a FliG/FIiF-C tetramer derived from the ClusPro prediction indicated possible
alternative modes of packing between FliG-M and FliG-C domains and two different
setups were used, representing both crystallized conformations of C-terminus (Lam et
al., 2012). This line of enquiry was not completed due to technical difficulties in
obtaining, exporting and analysing a matrix of all interacting residues efficiently;

however, the information generated could be used to finetune future ring models.
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In addition, the constructed ring models should also be compared with known
information on interactions between FliG-N, FliG-M and FliG-C domains, mainly
available from co-evolution and crosslinking experiments. They may show which of the
previously known data represents clockwise (CW) or contraclockwise (CCW) rotation

state of the motors and the C-ring, or which indicate shortcomings of the model.

There are multiple issues to consider when creating an all-encompassing model
ring and joining together optimal fitting into the cryoET density, and uncovering
detailed interaction interfaces between separate domains. It is a complicated task that
requires novel approaches. A Martini-based CG study of FliG/FIiF-C in the complete
34-mer assembly was designed to try to simulate the packing between domains similar
to the CG tetramer work, but failed as the ring either deformed (instability of the CG
assembly was presumed to be due to the absence of surrounding proteins in the C-ring
complex), or remained too rigid in the case where restraints were introduced in a vertical
plane in an attempt to account for missing components of the complex. In future, CG
simulation could be applied to the rings derived from MDFF and more realistic
interactions between domains could potentially be observed, but only if the issue with
restraining the protein ring without compromising relevant domain movements could

be solved.

6.3. Sequencing of C. jejuni complementation strains

Pseudorevertants in C. jejuni AfIhF strain hold the key to the relationship
between the obviously important, but mechanistically unclear function of FIhF along
with the motor assembly and its positioning in the cell. To verify the phenotypes
characterized before, it was necessary to complement AfIhFAfIiF strains with the mutant
FliFmoor variant to restore the phenotype as well as to observe the behaviour of FliFwmoor
in presence of FIhF by creating and complementing a new AfIiF’ single deletion strain.
Unexpectedly, it was discovered that complementation from an external locus does not

allow for restoration of motility and flagella fail to assemble completely.

Additionally sequencing showed that insertion and deletion analysis should be
performed on all previous pseudorevertant data, as analysis of the strains used in this
project and simultaneous resequencing of two other pseudorevertants (not included in

results, but performed in the same sample preparation and run) from Stoakes (2017)
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study, suggests that a mutation resulting in the premature end of the C4-dicarboxylate
transporter protein DcuA has originated during the construction of AfIAF and carried
over to all mutants and strains derived from it. While there is no direct link between this
gene and motility, in general metabolism is linked to the ability of bacteria to utilize
nutrients to synthesise the proteins they need; flagella synthesis is resource demanding.
It is therefore important for future studies to further explore the effect of this mutation,
particularly since transcriptome characterization of pseudo-revertants has revealed vast

changes in metabolic landscape (Stoakes, 2017).

A novel mutation had occurred in FIiF (Q9P) during the creation of the
AfliF :porAfliF (M99]) strains and was found in both clones that were sequenced, further
implying that it is giving the C. jejuni cells a selective advantage in a background in
which FIiF already has the M99 mutation and is overexpressed. One of these two
clones that was used in negative stain EM was the only strain that showed some
restoration of motility (30%). To discern the contributions of M99I and Q9P, further

characterization and the creation of a strain with only Q9P would be needed.

Because complementation of wild type FIiF did not work as planned from an
external locus, the type of experiment that was originally intended to show restoration
of phenotype would require devising a new strategy. NCTC11168 strain to express
protein from heterologous plasmids, however it could be possible to delete both fIiF and
fliG together and perform the complementation in Cj0046 with an operon containing
both genes and variable (native or porA) promoters. Alternatively, genes could be
targeted in their original operon via homologous recombination accompanied by high
risk of additional mutation introduction in the process. Perhaps another C. jejuni strain
that can express plasmids could be used; however, the overall phenotype differences
between strains would introduce additional variability and difficulties in comparison
with previous data. Discovery of the severe truncation of the dcuAd gene in AfIhF derived
strains showed that for future work, in new lines of investigation, a new AfIAF may have

to be created.
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6.4. MD simulations and pseudorevertant mutations in C. jejuni

MD simulation was initially considered as a tool to answer the questions that
arose by the emergence of pseudorevertants in motor components FliF, FliH, and FliG
in C. jejuni in the AfIhF strain (Stoakes, 2017). However, the lack of structural
information on FliF and low conservation level of FliH sequences at the start of the
study led to alternative research directions. Instead, MD simulations were
advantageously applied to study the conformation of FliG, as described in Chapter 3.
The main difficulty of applying this method to studying pseudorevertant mutations is
that — unlike disruptive mutations that most likely lead to destabilization of a structure
or disruption of a binding interface — function-restoring mutations result in a WT (or
WT-like) phenotypical outcome, and therefore their effects are not as easy to rationalize.
For example, if the FliG T33 A mutation in C. jejuni (T34 in H. pylori) confers a change
to complex as a whole and has effects on multiple proteins, then this mutation could
best be studied in a ring assembly context, not a single domain in solution. The ring
assembly is now available (created in Chapter 4), however initial attempts at CG
simulation of the whole FliG ring were not successful. Further optimization of restraints

and setup is necessary.

Upon release of the FliF cryoEM structure (Johnson et al., 2020) one of the three
mutations in the RMB2 domain (V177 in C. jejuni, V176 in S. enterica) was identified
as conserved and suitable for simulation of an S. enterica structure. However, it was not
certain how to define the environment around the domain, as it is likely in contact or
partially embedded in the inner membrane. Therefore, trial CG simulations of the
S. enterica FliF ring and the membrane were set up, but suffered from numerous
shortcomings, like collapse of the ring and heavy influence of the starting setup.
Rigorous optimization must be performed to create suitable CG simulation trials for the
FIiF ring, tackling the problems already identified. Together with the availability of the
FliF RBMI crystal structure and combination of prediction techniques for the
transmembrane domains, it may now be possible to add missing information to anchor
the FIiF ring into the membrane. This would create a fairly large system that would be
computationally costly even at the CG level. Some effects of single amino acid
replacement could also be lost at the CG resolution (Introduction 1.9.1., Figure 1.14).
Homology modelling of a C. jejuni sequence-based FliF ring remains challenging due

to the stoichiometry issue — there are differences even between C33 and C34 solutions
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in S. enterica (Johnson et al., 2020), which could be important due to C. jejuni larger
diameter compared to other species (Beeby et al., 2016), depending on the role of the
VI177L mutation. In addition, binding of FIhA (fT3SS component housed in the
MS-ring) with FliF (MS-ring) has been localized to the region spanning A175-S176 in
FliF in C. jejuni (Boll and Hendrixson, 2013). Addition of FIhA would add additional
complexity to simulations of such a system and interaction interfaces between FIiF and

FIhA are not structurally studied.

Most pseudorevertant residues between C. jejuni and S. enterica are conserved,
which would be a pre-requisite to model them for S. enterica, given that introducing
additional mutations in silico creates an additional level of uncertainty, which would
mean FliF V177L and A102T and FliG T33A are the best candidates for simulation
study (Table 6.1). However, all of these mutations are conservative — they replace an
amino acid with one of similar charge and size. With the emergence of more structural
information of FIiF and optimization of simulation setups, MD could be utilized to look
into the potential significance of the mutated residues in C. jejuni pseudorevertant

strains.

Table 6.1. Conservation of known and novel pseuodrevertant mutations in FliF and
FIiG. In green is marked the mutation discovered in this study.

Protein Mutation Conservation in  Has the same
sequence residue in a species
alignment with a structure

available

FliF V177L Yes S. enterica

FliF M99I Yes no

FliF A102T Yes A. aeolicus

FliF E104K Yes no

FliF S214T Yes no

FliF S103R No no

FliF P220L Yes no

FliF Q9P Partial* no

FliG T33A Yes H. pylori

*-see Chapter 5.7.1
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6.5. CryoET reconstructions of C. jejuni flagellar motor

Optimization of cryoET samples for plunge freezing led to collection of a
cryoET dataset in WT C. jejuni and AfIhF fliF 99 pseudorevertant. Reconstruction of
the WT dataset was not accomplished to its full potential within the time allocated to
this study, though key new structural insights were resolved. The test reconstructions
show that the dataset is of sufficient quality to reach a 3D model. The most important
future goal is to perform particle sorting without symmetry restraints and then
reconstruct each class, if there are multiple, separately, in Relion. With the
comparatively small WT dataset this may not be feasible, but certainly possible with the
AfIWF fliF)y00r dataset.

While the FliF/FliG stoichiometry cannot be verified with the reconstructions
currently obtained with EMAN2, some of the ring parts can be identified by similarity
with previous structures; however, the C-ring part appears as a uniform ring with too
little detail. In case the AfIhF fliF)9r dataset, if a higher resolution reconstruction is
obtained, it will be possible to model C. jejuni FliG and possibly FliF rings using
homology modelling, fitting in map and the MDFF methodology as described in
Chapter 4.

Results described in Chapter 3 and 4 have resulted in a peer-reviewed

publication (Tupina et al., 2022).
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APPENDIX A
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Figure A. Core stability of SWUJ complex in solution. Backbone RMSD after fitting
backbone of protein core (helix 2 to 5) against core (helix 2 to 5) in FliG-N/FIliF-C
system. Different colours represent three independent runs, system used CHARMM36m
forcefield.
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APPENDIX B
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APPENDIX C
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Figure C. FIiF sequence alignment with various FIliF sequences. Species that are not
typically flagellated are also included unlike the alignment presented in the main text.
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APPENDIX D

Figure DI. MDFF outcomes of simulating H. pylori complexes with C2
conformation of C-terminus. FliF-C/F1iG/FliM-M complex after MDFF in CW (left)
and CCW (right) densities. Arrows point to the extensive contacts between FliG-C and
FIiG-N that served as basis for rejecting these models in final selection.

Figure D2. MDFF outcomes of simulating A. aeolicus complexes. FliF-C/F1iG/FliM-
M complex after MDFF in CCW (left) and CW (right) densities. Arrow points to severe
distortion and flattening of FliG-C (more apparent in trimer setting) that served as basis
for rejecting these models in final selection.
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Figure D3. MDFF outcomes of simulating H. pylori complexes with STDYemn based
N-terminus and C1 conformation of C-terminus. FliF-C/FliG/FliM-M complex after
MDFF in CCW (left) and CW (right) densities. Arrows point to unravelling of FliF-C,
FIiG-N and F1iG-C that served as basis for rejecting these models in final selection.

Figure D4. MDFF outcomes of simulating H. pylori complexes with STDYen based
N-terminus and C2 conformation of C-terminus. FliF-C/FliG/FliM-M complex after
MDFF in CCW (left) and CW (right) densities. Arrows point to unravelling of FIiF-C,
FIliG-N and FliG-C, NM helix, and contacts between unravelled FliG-N loop and NM-
helix that served as basis for rejecting these models in final selection.
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APPENDIX E

(3876) BsmBI - Esp3I

Avall (282)

(3335) Rsal - Scal BspEI (481)
(3334) CviQI
(3333) Tatl

(3276) BstBI

(3238) Mfel

(2949) BfuAI - BspMI
(2946) PstI - Sbf
(2938) HincII
(2937) Accl
(2936) Sall
(2931) Ndel
(2925) Sacl
(2923) Eco53kI

BseRI (614)
BspDI - ClaI (629)

AscI - BssHII (723)

AfIII (1000)
BsmFI (1038)

(2912) Mlul pC46_original FaqI (1039)
(2907) NsiI 3880 bp BsrDI (1123)
(SP6 promoter) BStAPI (1146)
(M13 rev) BspHI* (1432)

achoqer;:;lr BclI* (1435)

Nhel (1461)
BmtI (1465)

BpulOI (1668)
SaclIlI (1746)

(lac promoter)
(2765) BanI

CAP binding site

(2626) BspQI - Sapl ¥ Ncol - StyI (1752)
(2613) TaqlII (Kozak sequence)
(2509) Pecil SphI (1771)
BsaHI (1774)
(2407) DrdI Zral (1775)
(2311) BciVI AatIl (1777)
PspOMI (1779)
(2209) PspFI
(2205) BseYI , Apal (1783)
(2195) ApalLl (T7 promoter)

Figure E. Plasmid map of pC46 plasmid. This plasmid was used as basis for
pC46-fdxA constructed by Emily Stoakes (Table 2.4) subsequently used to construct
FIiF containing variants for complementation (Table 2.4, Figure 5.2). Figure created in
SnapGene Viewer (www.snapgene.com).
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