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ii. Abstract

Bacteria rely on different motility mechanisms to explore their surroundings and
interact with them. Key forms of motility, swimming and swarming, are dependent
on a complex macromolecular system called the flagellum, which functions as a
rotating molecular motor. This structure is highly relevant for a variety of processes
that involve bacterial cells, such as biofilm formation, pathogenesis and chemotaxis.
The primary focus of this thesis is the flagellar system of the model organism
Shewanella putrefaciens CN-32, which possesses a single primary polar flagellum. To
further delineate how the flagellum is assembled and positioned, the interactions of
two highly conserved proteins were investigated. These proteins are the MinD-like

ATPase FIhG, and the flagellar secretion system component FIhB.

This work has demonstrated that FIhG functions as a switch in the assembly of the
flagellar C-ring. It is capable of binding, through an overlapping binding site, both the
C-ring component FliM, as well as the transcriptional regulator FIrA. The switching of
interaction partners depends on the dimerization state of FIhG, and the presence of
the nucleotide ATP. FIrA interacts strictly with dimeric, ATP-bound FIhG. Upon
binding of FIhG, FIrA can no longer act as a transcriptional activator, and the
production of flagellar building blocks is halted. Furthermore, it has been
demonstrated that a lack of interaction between FIhG and FIrA in vivo results in

hyperflagellation.

Additionally, this work shows the structural characterization of the polar FIhB with
the help of X-ray crystallography, and identifies a new C-terminal motif, termed the
Proline-Rich Region (PRR). A removal of this region results in a decrease in flagellar
filament and hook formation in vivo. With the help of further in vitro experiments

involving FIhB, FliM was for the first time identified as a binding partner.



iii. Zusammenfassung

Flr Bakterien ist es wichtig sich flexibel in ihrer Umgebung zu bewegen und auch mit
dieser Umgebung zu interagieren. Swimming und Swarming sind die zentralen
Bewegungsformen bei Bakterien und beruhen auf der Rotation eines
Makromolekiilkomplexes Namens Flagellum. Das Flagellum wird fiir einige wichtige

Prozesse bendétigt wie unteranderem Biofilmbildung, Pathogenitdt and Chemotaxis.

Im Fokus dieser Arbeit steht das Flagellum von dem Modelorganismus Shewanella
putrefaciens CN-32, welches nur ein einziges Flagellum am Pol besitzt. Um zu
verstehen wie das Flagellum gebildet und positioniert wird, wurde die Interaktion von
zwei konservierten Proteinen, die MinD-ahnliche ATPase FIhG und dem Bestandteil

des flagellaren Sekretionsystem FIhB, untersucht.

Es konnte gezeigt werden, dass FIhG eine regulierende Funktion beim Aufbau des
flagellaren C-Ring spielt. Es kann durch eine tberlappende Bindestelle, sowohl FliM
(Bestandteil des C-Ringes) als auch den Transkriptionsfaktor FIrA binden. Der
Wechsel des Interaktionspartners hiangt davon ab, ob FIhG als Dimer oder Monomer
vorliegt und ob ATP vorhanden ist. FIrA kann nur mit FIhG interagieren, wenn dieses
als Dimer vorliegt und ATP gebunden hat. Woraufhin FIrA nicht mehr als
Transkriptionsfaktor agieren kann und die Bildung von Flagellumbausteinen zum
Erliegen kommt. Des weiteren konnte gezeigt werden, dass eine in vivo
Deregulierung der Interaktion von FIhG und FIrA zu einer Hyperflagellierung fiihren

kann.

AuBerdem konnte die 3D Struktur von dem polarliegenden Protein FIhB mittels
Rontgenstrahl Kristallographie charakterisiert und ein neues C-terminales Motiv mit
der Bezeichnung Prolin-Reiche Region (PRR) identifiziert werden. Das entfernen
dieser Region flihrt zu einer verringerten Bildung von Flagellen in vivo. Durch
weiterfiihrende in vitro Experimente wiirde FliM als neuer Interaktionspartner von

FIhB entdeckt.
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1. Introduction

1.1. Bacterial locomotion and surface interaction mechanisms
Overall, a variety of movement techniques exist for different bacterial species, some

employing flagella for this endeavour, and some not. The two forms of locomotion
that involve bacterial flagella are swimming and swarming; the former refers to
movement in solution (planktonic form). Twitching, gliding, sliding and spreading
occur without flagellar involvement; twitching is caused by another macromolecular
structure, called the (type IV) pilus 2. These four movement types, together with
swarming, are important for interaction with surfaces, and will be further discussed

in this chapter. A graphical summary of the movement types is shown in Figure 1.
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Figure 1: graphical summary of the five bacterial locomotion types. Inspired by
reference 2. A — swimming B — swarming C — twitching D — gliding E — sliding. Grey
zones represent surfaces.
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1.1.1. Swimming and swarming
When cultivated in a lab, swarming is more likely to occur in high-nutrient and high-

agar concentration media, but different species will switch to swarming mode in
response to different degrees of environmental/nutrition triggers. It has also been
observed that cells transferred from a liquid culture medium to a solid surface fall
into a period where they are non-motile, before they can switch from swimming to
swarming motility 2. In the context of surface colonization, both biofilm formation
and swarming feature a closer proximity of bacterial cells and higher cell density, but
are differently regulated (where biofilm formation leads to a repression of motility-

related genes) 3.

Swimming, on the other hand, refers to the movement of a single bacterium in free
(liquid) space, powered by its flagellum (or multiple flagella), whereas swarming
refers to the movement of several closely associated bacteria over a solid surface,
powered by their flagella 2. To summarize: swarming, in contrast to swimming
motility, is therefore a more complex and synchronous mode of movement, which
requires coordination between adjacent cells, and occurs when local cell density is
high, on surfaces and when nutrients are abundant. The switch from swimming to
swarming is often conditioned by the formation of an increased number of flagella,

particularly when the organism otherwise only has a primary polar flagellum.

Swarming has been linked both to a higher expression rate of virulence factors —such
as extracellular proteases and type lll secretion system components - as well as
greater resistance of bacteria to the effects of antibiotics, compared to free-
swimming cells (in P. aeruginosa, for example). Additionally, in P. aeruginosa,
swarming-defective mutants were also found to have disruptions in biofilm
formation ability, which indicates that a degree of common control over both is

present 4°.

Swarming bacteria are known to move side-by-side to each other in large structures
called rafts, which are changing dynamically; new cells regularly associate with a raft,
becoming motile themselves, while other cells are lost, temporarily becoming non-

motile. Studies in Proteus mirabilis have shown that swarming bacteria can also form
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repeating layers, associating with each other by forming bundles of flagella that are
interwoven between swarming cells that are located next to each other ®. Proteus
mirabilis, which is also a human pathogen responsible for urinary tract infections
through colonizing the surface of inserted catheters, was found to depend on
swarming for pathogenicity. Upon detection of different dissolved compounds in
human urine, especially in presence of the amino acid Glutamine, the organism

initiates swarming, and more effectively associates with surfaces ’.

Overall, the presence of lateral flagella (or the ability of a bacterium to form lateral
flagella) seems to be linked to better swarming ability, and a large proportion of
bacteria that can swarm are peritrichous. There are also species that possess a
primary polar and secondary/inducible lateral flagellar system, which are also

capable of swarming; these include Vibrio, Aeromonas and Pseudomonas species 2.

An alternative to both swimming and swarming, which occurs under extreme
nutrient depletion, is a complete lack of active motility. It has been discovered that
after flagella have already been formed, and a bacterial cell was previously motile, it
can (in the case of gammaproteobacteria) simply remove or eject their flagellum to
conserve energy. This occurs at the bottom of the flagellar hook, leaving the rest of
the flagellum intact and still embedded within the membrane. This has been

observed in polar flagellates such as P. aeruginosa, V. cholerae and S. putrefaciens °.

1.1.2. Twitching
Twitching depends on extension and retraction of type IV pili, which are located at

cell poles. It is primarily observed in Gram-negative bacteria, and was most
extensively studied in M. xanthus and P. aeruginosa, but also N. gonorrhoeae.
Another term for twitching in the former two organisms is also “social gliding
motility”1°. In addition to motility roles, type IV pili are also important for adhesion
to host cells for pathogenic organisms and for biofilm formation, for mediating
signalling, among others 1. Type IV can be divided into two subtypes, T4A and T4B,
where type A pili come from organisms such as the previously mentioned
Pseudomonas and Neisseria species, and type B pili are found in Salmonella, E. coli

and Vibrio species, for example. The secretion system for type IV pili is itself related
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in many components to the bacterial type Il secretion system, and the flagellar

system found in archaea %12,

The type IV pili are made up of polymers of major and minor pilin proteins, and are
highly dynamic; the extension and retraction of the pili depend on polymerization
and depolymerization of the macromolecular structures, and the process is
dependent on the presence of ATP 314, The pilus itself is held in place and directed
by the so-called alignment and platform protein complexes. With the help of cryo-
EM, detailed structural information could be gathered on assembled P. aeruginosa
and N. gonorrhoeae type IV pili, highlighting that the macromolecular structures have
a hydrophobic filament core. The assembly of the pili depends crucially on a Proline
residue, which allows for a greater degree of flexibility between subunits within the

filament, as well as correct packing of subunits *°.

The twitching of the pili themselves is governed by the assembly and retraction
ATPases, which form active hexamers; the retraction ATPase is universally termed
PilT in the studied organisms, whereas the assembly ATPase is termed PilB/F,
depending on the organism in question . The overall structure of a single pilus
measures between 6 and 9 nm in width and can go up to the length of several
micrometres, which has been investigated with electron microscopy. A single pilus
can generate forces of greater than 100 pN, and can extend or retract itself at a rate
of approximately 0.5 micrometres per second ”*8, The protrusion of the growing
pilus from the outer membrane is facilitated by secretins (also termed PilQ proteins),
and the platform proteins (PilC/G) allow anchoring of the assembly/retraction ATPase
complexes close to the inner membrane. A graphical summary of the structure of the

pilus and retraction machinery is shown in Figure 2.
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Figure 2: Overview of pilus structure and twitching motility proteins. Inspired by
reference 1°

1.1.3. Sliding and gliding
As opposed to being caused by a molecular motor, sliding depends simply on the

expansion of growing bacterial colonies, coupled with a decrease in surface tension,
normally in the absence of pili or flagella. Just like molecular motors themselves,
sliding/gliding motility has been observed in a variety of bacterial species, which will
be discussed later in this section. Sliding/gliding motility is usually (but not
exclusively) related to an increased production of bacterial surfactants, including
lipopeptides and glyco(pepto)lipids “*°. In P. aeruginosa growing on agar plates, a

loss of flagella or type IV pili leads to motility occurring through sliding, which requires
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the secretion of rhamnolipid surfactants 2°. One of the earliest studies on the
relevance of surfactants for sliding motility was performed in Serratia marcescens,

where a surface tension-decreasing lipid serrawettin was detected 2.

In E. coli and V. cholerae, sliding motility was also observed in the absence of flagella
22 |t was additionally discovered that heat, protease and antibiotic treatments (with
chloramphenicol, which inhibits protein synthesis) decrease sliding motility, leading
the researchers to conclude that a protein component, and not a secreted surfactant,
was the cause of the sliding motility. Electron microscopy also did not show the

formation of pili 22.

In Bacillus subtilis, it has been determined that surface motility is enhanced in the
presence of potassium and when the biotenside (extracellular lipopeptide) surfactin
is secreted; this motility type was also identified as being independent of flagellar
motility. This behaviour may assist with the movement of B. subtilis over plant roots,
where it has also been isolated from in the past. This holds true despite B. subtilis

being a soil-dwelling bacterium, not a plant symbiont 23,

More recently in Salmonella typhimurium, an article investigated the motility
behaviour on semi-solid media in the presence of low magnesium concentrations.
They discovered that a protein called PagM is essential for a form of motility that is
not dependent either on flagella or pili-like structures (called “fimbriae”).
Additionally, treatment of cells with Proteinase K showed that PagM, and potentially
another surface protein, were located in the outer leaflet of the outer membrane of
the cells, since proteinase treatment inhibited motility. Inactivating certain
production pathways of different surface wetting agents did not decrease motility,
however. The authors claim that PagM itself may “promote sliding motility”,
especially since replication, as well as degree of motility, was higher in high
magnesium environments. They do not exclude that an undiscovered wetting agent

also plays a role %4,
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1.2. The bacterial flagellum

1.2.1. Overview of assembly and structure
The bacterial flagellum is a large macromolecular structure that is found ubiquitously

in a variety of bacterial species. Despite a significant degree of
conservation/homology, particularly on the structural level, there are still differences
between the flagellar systems and components of different species. Variation is
particularly notable, for example, in the type of ion that powers the motor, how fast
the motor rotates, and in the rotor and stator components . The flagellum contains
roughly 25 different proteins 2° that are organized into substructures serving specific
roles in the flagellum. The process of assembly and the roles of different
substructures that are of particular interest for the topic of this thesis will be

discussed in the next subchapters. Not all components will be covered in detail.

Overall, the flagellum consists of the following components (substructures): 1) the
flagellar filament, 2) the flagellar hook, 3) the flagellar rod, 4) the membrane-
embedded type Ill secretion system, interacting on the cytoplasmic side with the
FlilH) ATPase complex, 5) the membrane-embedded MS-ring, consisting of FliF, 6) the
membrane-embedded motor proteins, MotA and MotB, 7) the cytoplasmic C-ring, 8)
additional accessory proteins that are either transiently associated with flagellar
building blocks, or regulate the flagellar assembly and localization 2-2°. The actual
secretion system (marked earlier as component number 4) involved in flagellar
assembly is strongly related to the injectisome, a structure that injects bacterial

virulence proteins into their target host cells 331, The basal body and secretion
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system components of the flagellum are depicted in detail in Figure 3.

Growing

Flagellum and assembly flagellar hook
agellar hoo

system - cross section

ouT
FIIOPQR CE" '
=T memprane
FIhA-C IN

ATPase

complex
+ - Flagellar
- - secretion
- substrates

Figure 3: overview of an assembled bacterial flagellum. Inspired by references 26%°,

1.2.2. Membrane-bound secretion system and the ATPase complex
The membrane-bound type Il secretion system consists of the proteins FliPQR, FIhA

and FIhB. Of these, FIhA and FIhB are located in the centre of the secretion system,
extending their cytoplasmic domains into the cell and away from the membrane-
bound rest of the secretion system. Until recently, there was no high-resolution
structural information available on the membrane-bound regions of the secretion
system, until it was investigated in several cryo-EM studies in the last two years; see
the next paragraphs 3233, The cytoplasmic regions of FIhA and FIhB were better
investigated structurally, starting with FIhA-C in Bacillus 34, and several FIhB-C
structures that were solved in the past. These include FIhB injectisome homologs
YscU from Y. pestis 3 and Spa40 from S. flexneri 3°, as well as flagellar FIhB from

Salmonella and A. aeolicus ?’.
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The membrane domain of FIhA consists of 8 TM (transmembrane) helices. The
cytoplasmic domain of FIhA is additionally known to interact with FIiD and flagellin
(both late-class flagellar substrates), after they are associated with their respective
chaperones (FIiT and FliS) 3% It has been determined that FIhA can additionally
interact with the MS-ring protein FIiF 38, as well as FIhB itself, through FIhB-C 3.
Another study investigated interactions between a non-cleaver (N269A) FIhB-C and
FIhA-C. The FIhB-C (since the mutant was lacking the ability to cleave) could not
interact with FIhA-C, but the authors speculated that it may require functional

cleavage to do so “°,

Beforehand, it was unknown how many copies of the core secretion complex
components (FIiPQR) would assemble together, until it was determined in S.
typhimurium that the complex has a FliPsFliQ4FliR1 stoichiometry. The study showed
that the core resembles a hexameric shape and contains 5 FliP and 1 FliR subunit,
with which the outer layer of FliQ subunits is associated 32. Additionally, it has been
determined using cryo-EM that a strong structural similarity exists between the S.
typhimurium core secretion complex, and the T3SS export gate complex from Shigella
flexneri #1. This again confirms that the flagellum-specific and the injectisome-specific

T3SS likely evolved from a common ancestor and are highly similar.

Regarding the role of FIhB in this complex; it has been determined using cryo-EM data
from the Vibrio type lll secretion system that the membrane domain of FIhB wraps
around the FliPQR complex with its four transmembrane helices. An FIhB loop is
involved in controlling the gating of the secretion system, where interactions
between FIhB and FliPQR that trigger conformational changes are responsible for

opening the secretion gate 33,

FIhA-C and FIhB-C together form an interface for the FliK interaction, which is
suggested by the fact that an FIhB-C non-cleaver mutation (P270A) is relieved by an
FIhA-C mutation (A489E), which allows FIigK and FliC secretion amounts to be restored
to near wildtype levels 2. Regarding FliK, it is proposed that the conformational
change that happens within FIhB-C after interacting with FliK is the trigger that then

causes the shift from hook export to filament export; this happens together with a
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structural remodelling of the FIhA-C ring (which Minamino et. al %> claim is

responsible for the initiation of filament export).

The ATPase complex, which can interact with the cytoplasmic side of the secretion
system, consists of the proteins Flil, FliJ and FliH. It has been determined that the rate
of ATP hydrolysis by Flil is not coupled to the rate of export of flagellar substrates,
and that even a strongly decreased rate of Flil activity is still sufficient to obtain
functional flagella; evidenced by mutations to E211 and a deletion of the 401-410

region in Salmonella 3.

A brief overview of the role of FliH/1/J in regard to the interaction with FIhB/FIhA was
previously presented as a model by #4. Initially, a FliH/Flil/Fli) complex is formed in
the cytoplasm, which then diffuses closer to the membrane and interacts with
cytoplasmic domains of FIhA and FIhB. This temporary complex is positioned directly
under the middle of the pore of the secretion system. ATP hydrolysis by Flil then
causes substrate translocation, which is then followed by a dissociation of the FliH/I/)

complex from FIhA and FIhB 444>,

Flil itself is brought closer to its final position below the secretion system through an
initial interaction of FliH with the C-ring protein FIiN, as Flil forms a transitional
complex with two FliH molecules. In the next step, FliH interacts with FIhA, which in
turn leads to the formation of a hexamer of Flil, located close to the gate of the
secretion system. A study from 2014 observes that FliH,-Flil functions as a “dynamic
substrate carrier”, whereas the Flil hexamer is a “static substrate loader” for the
secretion system %>, Additionally, FIhB-C has also been found to interact with FliH and
Flil 46,

1.2.2.1.FIhB

This protein consists of two domains, the membrane-embedded TM domain and the
cytoplasmic C-domain (see Figure 7, also for a summary of known FIhB interaction
partners). The cytoplasmic domain itself is further separated into two fragments, the
N-terminal CN and C-terminal CC, after a pH-dependent autocleavage event, which
can be prevented in vitro by a highly alkaline pH #’. This occurs between an asparagine
and proline residue, which are part of the highly conserved NP(T/E)H cleavage

sequence. After the cleavage, the CN and CC fragments retain affinity for each other,
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which allows them to be co-purified 8, also see Figure 4, top left panel. It has been
determined (in Salmonella), that while mutating N269 completely inhibits cleavage,
mutating P270 only reduces cleavage, without completely preventing it. As a result,
both of these mutations cause different phenotypes in Salmonella. The N269A
mutation led to no export of flagellin at all, while the P270A mutation caused reduced
export of flagellin and decreased motility. Both mutants showed polyhooks getting

formed .

The cleavage itself has important implications for the organism, because it prevents
the switch from early to late class flagellar substrates, resulting in a polyhook mutant
(in Salmonella), also observed in FliK deletion strains °°2 (see Figure 4, top right
panel). Despite these discoveries, it is not understood exactly how FIhB and FliK
interact, even though different models/explanations for the regulation have been
proposed. A study investigating the differences between WT (wildtype) and non-
cleaver FIhBs did not find any significant changes in binding behaviour between FIhB
and FliK, when a N269A mutation was introduced. The same study also suggests that
additional proteins (on top of FliK) are likely involved in the regulation of the

substrate switching event >3

In Salmonella, it was additionally determined that several residues from the
LARA(I/L)Y (318-323) motif are involved in hydrophobic interactions. Based on the
information from the 3B0Z 37 S. typhimurium structure and additional experiments
later on *4, the L318, A319, R320 and L322 are involved in hydrophobic interactions —
partly with closely adjacent residues among themselves, partly with a hydrophobic
patch containing A286, P286, A341 and L344. Also from the same paper, a R320A
mutation (among others) has an effect both on hook length (longer but also more
strongly varied length than wildtype) as well as secretion of FlgD and FIgE (flagellin
components, higher secretion than in wildtype). Overall, these effects lead to a
decrease in motility. While the authors also tested L318 and L322, results as
described above were not observed for these residues >*. For a visualisation of the

discussed residues, see Figure 4, right panel.

Additionally, interactions of FIhB-C with rod- and hook-type substrates (FliE, FIgB,
FIgE, and FIgD), and filament-type substrates (FIgK, FlgL, and FIliC) have been
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experimentally confirmed to occur. It was determined that FIhB-C binds more
strongly to early substrates (rod/hook) than late (filament) substrates. These

interactions are FliK-controlled 42.

Additionally, on the topic of the FIhB/FIiK interaction, it was determined that 15
different extragenic suppressor mutations (relative to FliK) exist in FIhB in Salmonella,
which are all located in the C-terminal part of the cytoplasmic domain of FIhB. These
mutations suppress polyhook phenotypes caused by original FliKk mutations. The FIhB
mutants also showed poor swarming ability compared to WT cells; Williams et. al
postulate that this is because the mutants affect not only hook length control but also
ineffectively transition to filament assembly. Such phenotypes were termed as
“leaky”, which means that FIhB is no longer fully relying on a signal from FliK to initiate
substrate switching, but there is still a degree of likelihood that it will switch on its

own °1,

As discussed by references °> and °!, another potential explanation for the roles of
FliK and FIhB lies with the anti-sigma factor protein FIlgM (which is flagellar specific,
as well as an export substrate) >®. A model by Kutsukake et. al > postulates that the
C-terminal domain of FIhB inhibits the export of FIgM; and since FliK would only
interact with FliKk when the flagellum is ready for export of late-class flagellar
substrates, FIgM could then be exported, which relieves the inhibition of expression
of late-class flagellar genes. Williams et. al ®, on the other hand, suggest that FIhB
positively regulates both early and late-class flagellar substrates, with FliK being the
more important regulatory protein. Kutsukake et. al °>, mark the C-terminal region of
FIhB as an inhibitory domain for protein export. Otherwise, in Bacillus, it was
determined that mutations to FIhA, FIhB and FliK (also FIiOPQR) abolish FigM
secretion >/, highlighting their importance for the successful production of export of

late-class flagellar substrates.
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Figure 4: FIhB/FIliK interaction and important FIhB residues (visualised on structure
PDB ID 3B0Z with Salmonella typhimurium numbering used). Top left panel: WT
phenotype, normal FIhB/FliK interaction possible. Top right panel: polyhook
phenotype, with a mutation to the FIhB-C cleavage site or a FliK deletion. Bottom
panel: colour-coded visualisation of identified key residues in FIhB-C; red: residues
involved in stabilizing intra-FIhB-C hydrophobic interactions; orange: residues
identified as participating in the hydrophobic patch interacting with hook/rod
secretion substrates; blue: cleavage site.
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1.2.3. MS-ring and motor proteins
The MS-ring consists of FliF, a membrane protein with a cytosolic domain. The

membrane region envelops the membrane-embedded secretion system, and consists
of 26 FliF monomers °8. The C-ring discussed in the previous chapter is associated
with the MS-ring through a direct interaction of FliG and FliF, which involves the
cytoplasmic domain (=C-terminus) of FliF, and the N-terminal domain of FliG 5%, A
very recent study performed in Vibrio organisms ¢! has shown that FIhF somehow
seems to promote the assembly of FliF into the MS-ring, and that FIhF increased the
amount of FliF present at the pole. Overexpression of Vibrio FIhF and FliF together in
E. coli cells led to a spontaneous assembly/formation of the MS-ring (this did not
occur as effectively if FliF was expressed alone). FliG itself was also determined to

facilitate the formation of the MS-ring ©*.

The MS-ring ring is surrounded by another ring, formed by the MotA and MotB pair,
which are the stators of the flagellar system. MotA and MotB contribute to the
formation of ion channels, where the number of units depends on the species in
question 82, In the case of MotA/B, the function of the stator depends on the flow of
protons, whereas in other cases, where the Mot homologues PomA/B are used,
sodium ions are employed instead. In E. coli, where extensive research has been done
into the roles of MotA/B, they form ion channels with a 4:2 stoichiometry 3. In E. coli,
it has been determined that MotA contains four transmembrane helices, whereas
MotB only has one transmembrane segment, and a large periplasmic domain which
has a conserved peptidoglycan-binding motif; this effectively links the MotA/B
complex to the cell wall. There are conserved clusters of negatively charged residues
on the (cytosolic) C-terminus of MotA, and positively charged residues on the
cytosolic N-terminus of MotB; mutations to either of these regions lead to motility

defects 4.

1.2.4. C-ring
The C-ring is a structure formed through oligomerization of three proteins: FliG, FliM

and FIiN/Y.

Regarding FliG, there is plenty of structural data available, particularly from H. pylori,
T. maritima and A. aeolicus. Overall, structures of different individual domains as well

as full-length FliG, together with partial complexes of FliG-FIiM and FliG-FliF have
27



been structurally determined ©° 6667 FliG is a very flexible protein consisting of three
domains, called the N, M and C domains. The domains are connected with linker
regions of approximately 20 residues. The domains themselves contain only alpha
helices and undergo conformational changes which cause the direction switch of
flagellar rotation (CCW/CW). For this event, the M and C domains of FliG are crucial.
Judging from structural data, helix C5 of FliG contains conserved triplets of charged
residues, which are involved in a reorganization event that brings residues E192 and

A193 close together, after they had previously been located 34A apart ©2.

There are believed to be 24-26 copies of FliG per flagellum (=per assembled C-ring)®°.
The actual torque-generation is mediated by both FliG and MotA — this occurs
through electrostatic interactions of the C-terminal domain of FliG with a cytoplasmic

loop of MotA 7°.

FliM is located one level below FliG in the C-ring, and then followed by FIiN(Y). FliY in
B. subtilis is significantly larger than FliN in S. putrefaciens and contains a domain
homologous to FliN as well as an additional CheC-like phosphatase domain, which is
involved in dephosphorylation of CheY 7272, FliM is, similar to FliG, also divided into
three domains, the N, M and C domain. The C-terminal domain has a high degree of
homology with FliN; the M domain is involved in FliG interactions ®’. The highly
conserved EIDAL motif which allows an interaction with FIhG is found at the end N-
terminal end of the N-domain of FliM in S. putrefaciens, and in FliY in B. subtilis/G.
thermodenitrificans 7374, For a graphical representation of FliM domains and known

interaction partners, see Figure 7.

1.2.5. Hook and hook length control
The control of production and secretion of flagellar components is tightly controlled.

Flagellin production, due to the thickness and length of the filament, is an important
and energy-demanding task for the cell, and the production of flagellin is linked to a
successful assembly of the hook °®. The promotor for transcription of flagellin genes
is controlled by an alternative sigma factor, called FliA (also sigma-28). FliA itself is
inhibited by FlgM, an anti-sigma factor. When hook length reaches a pre-defined
length (controlled/measured by FliK, see next paragraph), FIgM itself functions as a

flagellar secretion substrate, and is ejected from the cell, so it can no longer inhibit
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FliA’'s transcriptional activity. FIgM is also believed to interact with FIhB during this

process 4°°457 This triggers the expression of flagellin.

A key protein identified in the control of hook length regulation that has already been
mentioned in the previous chapter is FliK. Its role was primarily explored in S.
typhimurium, where it was also determined that a deletion of FliK results in a
polyhook phenotype. This phenotype shows that no switch from early to late class
flagellar substrates occurs, and an extended hook is created. Such a hook is longer
than the usual 55-70 nm hooks in Salmonella. 7>. FliK itself is also secreted during

hook assembly.

The only structural information available on FliK was obtained in a solution NMR
study 76, which was later also used to model a FIhB/FliK interaction, based on a solved
crystal structure of FIhB-C from S. typhimurium. The study postulates that preventing
the FIhB cleavage prevents FliK from interacting with the FIhB cleavage site, due to
sterical hindrances resulting from different amino acid positions compared to a

cleaved WT FIhB 7®.

FIiK itself consists of two domains, the N- and C-terminal domain, which are
connected by a flexible linker. The N-terminal domain, which is putatively natively
unstructured, is the region involved in measuring the length of the flagellar hook. The
C-terminal domain, on the other hand, binds to FIhB-C; in addition to the modelling
evidence 8, this has also been experimentally confirmed in recent years in Salmonella
77,78 Using photo-crosslinking experiments, Val302 and lle304, found in a compactly
folded part of the C-terminal domain, called FliK-T354, were shown to bind to FIhB-C
8. Additionally, the FliK linker region was shown to be important for a successful
interaction between FIhB-C and FliK-C, where a deletion of residues 206-265 of FliK
reduced the binding affinity of FIiK-C for FIhB. The linker region itself contains a large

number of proline residues (10) which causes it to be intrinsically disordered as well

77

The overall fold of FliK as a whole was investigated by atomic force microscopy,
revealing that it resembles a smaller and a larger sphere, connected by a string-like
region. The larger sphere corresponds to the N-terminal domain, and the smaller

sphere is the C-terminal region 7°. The Kinoshita et. al paper 77 postulates that as
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soon as the previously mentioned residues Val302 and lle304 of FliK are able to
interact with FIhB-C, the switching event occurs. This, as they propose, is only

possible when the linker region of FliK is fully extended 77 .

1.2.6. Accessory and regulatory proteins
Three different proteins with important roles for the context of this thesis are

covered in this section (FIrA, FIhG and FIhF). FIhG and FIhF are discussed in 1.2.6.
only in the context of domain organization, interaction partners and structural
studies that have been carried out with them. For their specific roles in organisms
with different flagellation patterns and the physiological effects of FIhG and FIhF
mutations, please see chapter 1.4.

1.2.6.1. FIhG

FIhG is an ATPase protein present in many (but not all) flagellated bacteria. It is
alternatively known under two additional names, which are FleN and YIxH. The
protein is labelled as FIhG in C. jejuni, S. putrefaciens and Vibrio species 74881 Y|xH
for example in Bacillus subtilis/Geobacillus thermodenitrificans and Helicobacter

pylori 748283 As FleN it is known primarily in Pseudomonas species 848>,

It is also a known interaction partner (and activator) of the SRP-like GTPase FlhF,
which it stimulates through its N-terminal helix, more specifically through a
conserved DQAxxLR motif 828687 Together, FIhF and FIhG control the number and
positioning of flagella in different ways depending on the species they're located in,
and other accessory proteins. In certain monotrichous species, FIhG has an important
interaction partner called FIrA/FleQ, which is involved in transcriptional control

858883 For more detail on FIrA/FleQ see chapter 1.2.6.3.

FIhG itself is closely related to MinD, sharing with it the conserved regions involved
in the binding of ATP and magnesium, as well as other regions involved in ATP
hydrolysis’#%0,  Like MinD itself®®?, FIhG can undergo ATP-dependent
homodimerization, when it also interacts with the inner cell membrane through a C-
terminal membrane-targeting sequence, which consists of an amphipathic helix
(MTS) 7493, The only structural information available to date on FIhG itself comes from
G. thermodenitrificans, available in both the monomeric and dimeric form (PDB

structure 4rz2 and 4rz3, respectively) 7. Additionally, the P. aeruginosa homolog,
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FleN, has itself been structurally characterized °3%%. For a summary of FIhG
interaction partners and domain organization see Figures 7 and 5.

1.2.6.2. FIhF

FIhF has been structurally characterized only in Bacillus species. It is an SRP-like
GTPase with similarities to both Ffh and FtsY, the other members of this class.
Additionally, it has been discovered that the GTPase activity of FIhF is stimulated by
FIhG, specifically via the N-terminal activator helix 822, FIhF possesses a natively
unstructured basic domain (B-domain) at its N-terminus, which has been directly
implicated in flagellar assembly; this domain is involved in the recruitment of FIiF to
the pole in V. cholerae °. From a structural point of view, FIhF can be present either
as a monomer (inactive, apo state/GDP bound) or a dimer (active, GTP bound). The
GTP hydrolysis induces a dissociation of the homodimer (which is promoted by the
interaction with the activator helix of FIhG). The NG domain of FIhF is the catalytically
active one (with the GTPase motif), and also the one with SRP homology 822¢. The
domain architecture of FIhF and FIhG is shown in Figure 5 below. For an overview of
the role of FIhF in different organisms, and the establishment of different flagellation

patterns, please see section 1.4 of the thesis.
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Figure 5: Structure and interplay of FIhF and FIhG Top panel: domain architecture
with conserved regions indicated. Bottom panel: nucleotide, dimerization and
membrane-dependent interactions of FIhF and FIhG. Inspired by references 2°°¢ .

1.2.6.3 FIrA
FIrA is an enhancer-binding protein (EBP), which is a master regulator for the

transcription of flagellar assembly genes, and accomplishes this by binding to
promoters of flagellar and biofilm-related genes %78, FIrA belongs to the broad family
of NifA/NtrC EBPs °%1% but possesses significant differences to the typical member

of this protein family. It does not have a corresponding sensor kinase protein, and it
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lacks two strongly conserved residues that are typical for NtrC family proteins; these
are Asp54 and Lys104. FIrA (FleQ) was first investigated as a protein that controls

adhesion and flagellar assembly-relevant proteins in P. aeruginosa *°° .

The DNA-binding interaction of FleQ/FIrA has primarily been explored in P.
aeruginosa, where a consensus sequence for promoter binding has been identified,
and a model for binding to DNA has been proposed. In this organism, FleQ is essential
for switching between free-swimming (planktonic) and biofilm-based lifestyle
changes °71%1, FleN (FIhG) and the second messenger cyclic-di-GMP are important
factors in this. Overall, high cyclic-di-GMP levels lead to a decrease in
transcription/expression of flagellar genes, and an increase of production of genes
from pel/psl operons, which contains biofilm genes °2. Figure 6 below shows how
FIrA/FleQ binds DNA — conformational rearrangements occur in the presence of c-di-
GMP and absence of FleN/FIhG, which allows the FleQ hexamer to unblock one of the
two DNA sequence “boxes” located in a given promoter region. The FleQ hexamer
basically bends DNA between the two binding regions when it is bound to both of
them, and then straightens it again when it is interacting with only one of the regions.

The model investigated the binding of FleQ to biofilm genes in P. aeruginosa (see

Figure 6).
FIrA/FleQ

FIrA/FleQ-binding REC
promoter region

AAA+

N N—
Box 1 Box2
HTH

—>

Rise of c-di-GMP
concentration

Absence of FIhG/FleN, Conformational
absence of C-di-GMP; rearrangement,
transcription from Box transcription from Box
2 blocked 2 possible

Figure 6: model of the FleQ/DNA binding interaction. Diagram inspired by
references 101103,
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FIrA itself is made up of three domains (see Figure 7), the FleQ-like domain (also
called Rec), the AAA+ ATPase middle domain, and the C-terminal DNA-binding HTH
domain. The Rec domain is primarily involved in mediating dimerization %4, The
ATPase domain is capable not only of ATP hydrolysis, but also of cyclic-di-GMP
binding. The binding of this signalling molecule has been shown to have a regulatory
function in P. aeruginosa, where it affects the FleN/FleQ interaction 02193, The S.
putrefaciens homologs of FleN and FleQ would be FIhG and FIrA, respectively. On top
of this, the AAA+ domain is involved in a hexamerization interaction 3. The last of
the three domains, the HTH domain (helix-turn-helix) is involved in the binding of

DNA, which enables FIrA/FleQ to carry out its role as a transcriptional activator.

In P. aeruginosa, FIhG reduces the intrinsic ATPase activity of FIrA; the effect is even
more prominent when both cyclic-di-GMP and FIhG are both present 102103105
Additional research demonstrates that FIhG decreases the ATPase activity of full-

lengh FIrA, and that the initial ATPase activity of FIrA is 5-fold higher than that of FIhG

93

Structural information is only available so far on the P. aeruginosa homolog FleQ,
which itself is missing the HTH domain (example PDB ID structures include 4wxm,
5exx, 6jdi, and others 88103104 |t has previously been shown that the interaction of
P. aeruginosa FleQ and FIhG(FleN) is ATP dependent, and that FIrA binds to
promoters of FleSR and FIhA 8102 A combination of structural and biochemical
methods have allowed a better understanding of how FIrA might bind DNA, and how
this is related to its oligomerization state. The Figure 6 previously shown indicates

how FIrA hexamers (in the presence and absence of c-di-GMP) bind DNA.

Overall, it has been determined that FleQ/FIrA is found only in species of
gammaproteobacteria that have polar flagellation patterns
(monotrichous/lophotrichous species). This is a clear contrast to FIhG, which is, for
example, also present in Bacillus, Helicobacter and Campylobacter species %°.
Interestingly, a single point mutation in the FIrA homolog FleQ in a pathogenic
Pseudomonas aeruginosa strain is enough to completely abolish flagellar formation
(G240V), highlighting the essential role of the protein in flagellar biosynthesis, and is

located in a conserved Mg?* binding site 106,
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Figure 7: Overview of domains and known interaction partners for key proteins of

interest - FIhG, FIrA, FliM and FIhB.

1.3. Chemotaxis

Bacteria base their movement upon detection of different compounds in the

environment — with a biased random walk, they will move towards nutrients or other

chemicals they require (together called chemoattractants), and away from toxic and

harmful chemicals (together called chemorepellents). Changing the direction of
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movement depends on the direction of flagellar rotation (alternating between
clockwise (CW) and counterclockwise (CCW)); in E. coli, CCW rotation of flagella leads
to forward movement, while a switch to CW rotation causes cells to tumble. The

overall process and its regulation are together called chemotaxis 197719,

In addition to the role of moving towards nutrients and away from toxins, which is
particularly important in low nutrient and inhospitable environments, chemotaxis
has more recently (2019) also been suggested as a tool promoting proliferation of
cells in high-nutrient surroundings. According to 1%, chemotaxis also allows bacterial
cells (in the case of this study, E. coli) to spread further out in soft agar conditions
(using what they named “navigated range expansion”), and to already navigate
towards more profitable areas, even before the nutrients in their current position are

fully depleted *1°,

Additionally, and in a more applied context, chemotaxis is an important system to
consider when investigating the usability of bacteria to degrade toxic compounds
themselves, to be used in a bioremediation role (e.g., environmental cleanup and
restoration of damaged ecoystems)!~113, |t has been discovered that different toxic
compounds can still be used as energy sources or nutrients by specific and adapted
bacterial species %, Examples include toluene and chlorinated ethenes that are
chemoattractants for Burkholderia cepacia and different Pseudomonas species 1>116,
Overall, such adaptations allow different bacteria to survive in highly inhospitable
environments, or in specific ecological niches, to gain advantage over other

organisms.

Despite the vast variety of chemoattractants and chemorepellents themselves, the
signalling system that controls chemotaxis is almost ubiquitously present in
prokaryotes, and it has been determined that it likely evolved from a less complex

two-component system, similar to those that control bacterial transcription 7.

Despite being so common, there is a high diversity within the signalling proteins
involved in chemotaxis, particularly in the receptor proteins themselves (likely due to
the significant substrate variety, as discussed). This is particularly true for the ligand-
binding domains (“LBDs”), where close to a hundred different ones have been

discovered to date 8. In this context, experiments were additionally performed
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showing that a chimera/hybrid receptor assembled from components of different
species can still possess functionality, and enhance the chemotaxis pathway of the
original organism; this approach, utilizing components from Pseudomonas putida and
Bacillus subtilis chemotaxis systems that detect amino acids, was successfully used in

combination with E. coli receptors 19,

The whole chemotaxis system possesses a high degree of complexity, with many
more different proteins involved. The most well studied, and one of the least complex
in comparison with other species, is the E. coli chemotaxis system. Briefly, chemotaxis
depends on the detection of chemical compounds through integral membrane
receptors called methyl-accepting chemotaxis proteins, which are associated with
CheA, a histidine kinase, and CheW, an adaptor protein 10719 CheY controls the
switch of the direction of flagellar rotation in response to chemical gradients. It is
active in its phosphorylated form (and triggers clockwise rotation), and it is
dephosphorylated by the CheZ phosphatase (which triggers counterclockwise
rotation) 1. CheY itself is also a known interaction partner of the C-ring proteins FliM
and FliN; in E. coli, a GFP-CheY did not bind to flagellar motors that lacked FIiM/FIiN,
and association of CheY-P directly with FliM and FliN was also observed in the same
organism 120121 After the rapid initial response to the detection of a chemical
gradient (and the CheY/CheZ interplay), four conserved glutamate residues in the
MCPs are methylated and demethylated, respectively, by CheR and CheB, which
modulates the response. A graphical summary of the chemotaxis system is shown in

Figure 8.

The MCPs themselves are not distributed overall across the cell surface but are rather
arranged in bundles or clusters — this allows much faster response due to the rapid
enhancement of the signal by the accessory and interaction proteins discussed in the
previous paragraph. MCPs also interact with each other in a cooperative manner,
which leads to better integration of the signals received by the cell. During ligand
binding and methylation of specific residues, conformational changes and
displacements within the receptors occur, particularly in the so-called “HAMP”
domain, which contains several amphipathic helices and is also involved in

dimerization interactions 122123,
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Figure 8: Overview of chemotaxis-involved proteins. Inspired by references %8117,
R-CheR, B-CheB, Z-CheZ, P-phosphorylated site, W-CheW, A-CheA, MCP-methyl
accepting proteins.

1.4. Bacterial flagellation patterns and the importance of the FIhF/FIhG pair
Flagellation is essential for bacterial cells that are freely swimming, whether this is in

a pathogenic context of a bacterium targeting a host cell, or bacteria migrating
together to form a surface-attached biofilm. Depending on the bacterial
environment, interaction with its surroundings, and the evolution of different
species, a flagellated bacterium can have a variety of different flagellation patterns.
Overall, the structure of the flagellum is relatively well conserved, although
differences particularly in regulation of number and positioning, as well as other
components, can exist. Despite the enormous variation in the factors outlined above,
only four main types of flagellation patterns exist (with some exceptions discussed
later in this chapter): peritrichous, monotrichous, lophotrichous and amphitrichous

(see Figure 9), 22124125 Qverall, an increased number of flagella is better suited to a
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more viscous environment. Regarding different bacterial species, examples for
peritrichous flagellation would include B. subtilis or E. coli, H. pylori for lophotrichous
flagellation, P. aeruginosa, C. crescentus and S. putrefaciens for monotrichous, and C.
jejuni for amphitrichous flagellation 2° . In many organisms with different flagellation
patterns, a very important regulatory system involves the proteins FIhF and FlhG.
Their importance is discussed later in this chapter, particularly in terms of their
effects on the flagellar number and positioning, as well as their role in pathogenicity,
if applicable. Structural and organizational aspects of FIhF and FIhG have already been

discussed in the chapter 1.2.6.
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Figure 9: overview of different primary bacterial flagellation patterns. A —
monotrichous flagellation B — amphitrichous flagellation C — lophotrichous
flagellation D — peritrichous flagellation

1.4.1. Peritrichous, gram-negative (species lacking FIhF and FIhG)
E. coli and S. typhimurium are important model organisms which have been used in

a number of studies on flagella, motility in general and chemotactic processes. Both
of these organisms share the lack of FIhF and FIhG as regulatory proteins for flagellar
positioning and number, as well as a peritrichous flagellation pattern. Both organisms
normally possess 5 to 6 flagella. There are no identified “landmark” proteins that
would control the positioning of flagella in these organisms, based on the current

understanding 2°.
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In Salmonella species, the presence of the flagellum is essential for pathogenesis, and
a lack of motility significantly reduces or abolishes virulence 25?7, |t has additionally
been determined that even upon encountering a surface (and transitioning to
swarming mode), Salmonella cells do not increase the “density” of flagella. This
means that they do not produce more of them while maintaining the same cell size,
they rather increase the cell length while inhibiting cell division, which leads to the
formation of new flagella as the cell grows, linearly proportional to the increase in

cell length. The flagellation pattern therefore stays unmodified 28,

In E. coli, flagella are distributed non-randomly and unevenly on the lateral sides of
the cell. It has been observed that a greater proportion of flagella is located at the
side corresponding to the old cell pole after cell division, leading to an asymmetric
distribution; the same is true for chemotactic receptors, which accumulate at cell
poles continuously. Hence, an uneven distribution of flagella may be beneficial for
chemotaxis 2. In E. coli it has also been observed that the movement of individual
flagella in the same cell occurs in a coordinated manner, where a switch of rotation
direction (from CCW to CW) in a single flagellum introduces a tumbling motion of the
cell. This is termed the “simple veto model” , and has such a strong effect because a
group of flagella are normally bundled together to push the cell forward 3. Using
further analysis and with the help of mathematical modelling, it is now known that a
tight relationship exists between the presence of phosphorylated CheY (CheY-P) and
the switching of flagella to CW rotation. At high concentrations of CheY-P, several
flagella can actually switch their rotation direction at once, which increases tumbling

even more 131,

1.4.2. Monopolar flagellation (dependent on FIhF and FIhG)
As opposed to E. coli and Salmonella species discussed in the previous chapter, gram-

negative species with monopolar flagellation depend strongly on FIhF and FIhG, as
well as other accessory and regulatory proteins for the control of the number and

positioning of flagella 2°:°¢,

In monotrichous polar flagellates (see chapter 1.5 for more details on S. putrefaciens),
FIhF and FIhG are joined by two additional proteins that coordinate flagellar

positioning and their number. One of these proteins is HubP, which was initially
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discovered in Vibrio species, where it functions as an important interaction partner
of proteins involved in different cellular processes by recruiting them to the pole.
These include proteins that are involved in binding of the chromosomal origin,
chemotaxis machinery and, finally, the flagellum. HubP is polarly localized for most
of the cell cycle, but migrates to the middle of the cell before cell division occurs 32,
While HubP was determined to interact with FIhG and recruit it to the pole in V.
alginolyticus 33, it interacts primarily with FIhF in S. putrefaciens, as well as the
phosphodiesterase PdeB 134135, Additional interaction partners of HubP still need to
be identified. The second protein of key importance in monotrichous polar flagellates

is FIrA (FleQ), which has been discussed in more detail in chapter. 1.2.6.3..

Returning back to FIhF and FIhG themselves, their roles performed in monotrichous
polar flagellates are strongly conserved; FIhG usually controls the number of flagella,
and FIhF controls their positioning. In Pseudomonas and Vibrio species, respectively,
an FIhG deletion results in a hyperflagellation phenotype, which in Pseudomonas
leads to a flagellar bundle at the pole. A deletion of FIhF in Vibrio alginolyticus causes
loss of flagella 887, Historically, FIhF was first identified roughly 20 years ago in
Pseudomonas putida, where it was determined to have a role in flagellar positioning,
as well as stress response. A lack of FIhF resulted in a delocalized, random flagellar
positioning, and its role was further hinted at due to its location in the motility gene

cluster 136,

1.4.3. Peritrichous, gram-positive (dependent on FIhF and FIhG)
Flagellation in peritrichous, gram-positive species has been most closely studied in

Bacillus organisms. In B. subtilis, the arrangement of flagella is non-random; the
structures are positioned in a grid-like pattern, and absent from the poles. Mutations
to FIhF lead to an increased amount of flagella being present at each pole, while
mutations to FIhG result in an aggregation of basal bodies, and several flagella
growing out of the same position 37138 Compared to, for example, monotrichous
flagellates, FIhG does not regulate the number of flagella. In B. subtilis, this is
accomplished by inhibiting the degradation of SwrA, which is a key regulator of
flagellar genes in this organism. More specifically, this pathway is regulated by the
AAA+ protease LonA, which can only degrade SwrA together with another protein —

swarming motility inhibitor A 13°
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In another Bacillus organism, B. cereus, FIhF has been implicated in pathogenicity,
since levels of different virulence factors are altered (both positively and negatively,
depending on the factor) in the absence of FIhF 9. For example, a component of the
BL hemolysin (L2) is recruited by FIhF to the plasma mebrane, where it gets secreted,
and a lack of FIhF significantly reduces the secretion of the L2 component 41, This
would suggest that FIhF could possess a role in indirectly coordinating infection
behaviour (swarming motility and secretion of virulence factors), and not only
flagellation and flagellar positioning in B. cereus 140-142,

1.4.4. Other

In addition to the common patterns discussed in the above chapters, there are also
bacterial species which possess flagella at both poles, have periplasmic flagella, or
even a single primary lateral flagellum. An example of an organism with a single
lateral flagellum (also called a “medial flagellate”) is Rhodobacter sphaeroides, a
purple photosynthetic bacterial species 143144, This is a highly unusual flagellation
system since a single lateral flagellum normally carries out a secondary role, and is
not constantly present (see the chapter on S. putrefaciens’ dual flagellar system, for

example).

A representative organism for amphitrichous flagellation (one flagellum at each pole,
see Figure 9B) is Camplyobacter jejuni. The amphitrichous flagellation pattern
provides the organism a distinct motility type, called “darting motility”; this is
essential for its colonization of human and animal hosts #°. This organism contains
both FIhF and FIhG, although the ATPase domain of FIhG is not involved in the control
of flagellar number, as in monotrichous flagellates like certain Vibrio and Shewanella
species. FIhG regulates flagellar number with distinct regions not found in homologs
from monotrichous flagellates. In C. jejuni, a deletion/mutation of both the C- and N-
termini of FIhG result in hyperflagellation, although the effects are more pronounced
when the N-terminus is altered 2. Additionally, FIhG also interacts with FtsZ, and
represses its role in the triggering of cell division; it also acts together with
components of the flagellar motor to prevent cell division starting at cell poles. In the
absence of FIhG, cell division can therefore start at cell poles, rather than in the

midcell region, as is commonly observed 4.
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In C. jejuni, FIhF has been found to play a key role in pathogenesis. An inactivation of
FIhF affects various abilities of the bacterium that are essential for successful host
colonization, such as formation of biofilms, adhesion to host cells, and the ability to
invade host cells. Furthermore, FIhF has been determined to have an increased rate
of expression throughout the process of infection, and a lack of its function also
results in the downregulation of different genes which are not involved in flagellar
biosynthesis, such as the Fed group of proteins (“flagellar coexpressed
determinants”)!®. In C. jejuni, FIhF has also been determined to be an important
factor in the initiation of flagellar assembly, since FIhB, a component of the fT3SS’s

core secretion system, no longer localizes to the poles in the absence of FIhF 147

While possessing a single polar flagellum, Caulobacter crescentus is controlled
completely differently than the monotrichous polar flagellates covered in 1.4.3.
(which belong to the gammaproteobacteria). Being an alphaproteobacterium, C.
crescentus does not regulate its flagellation through FIhG and FIhF, but rather the
TipN and TipF protein pair, which are both membrane proteins 148150, TipN is a so-
called landmark protein which is transferred from the old to the new cell pole during
the cytokinesis stage of the cell cycle, which signals that the flagellum should be

assembled at that position. When TipN is lacking, flagellar delocalization occurs 14151,

Regarding TipF, it is a cyclic-di-GMP binding protein that responds to an increase in
the levels of this second messenger (this occurs at the transition from the G1 to the
S phase of the cell cycle). TipF can then localize to the pole where the TipN landmark
protein is already present. TipF, in turn, can recruit flagellar building blocks to the cell
pole. TipF is then removed from the relevant pole as soon as the c-di-GMP levels start

do decrease 10,

Borrelia burgdorferi (the causative agent of the deer tick-transmitted Lyme disease)
belongs to the spirochete class of bacteria, and possesses between 7-11 periplasmic
flagella. Such flagella contain a structure called the “collar”, not observed in any other
type of bacteria. A deletion of the collar protein FIcA causes a decrease in flagellar
number, length and angle relative to the cell body *>2. The periplasmic flagella are
also highly unique because they serve a role not only in motility, but also in

maintaining cell shape, being involved in external stress resistance and having a
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cytoskeletal role %3, Recently, it has been discovered that flagellation in B.
burgdorferi is even controlled by an FIhF homolog, which has an overall similar
structure and enzymatic properties as counterparts from other organisms. A deletion
of FIhF leads to a decrease in flagellar number, as well as a lack of normal cell
morphology, the flat-ribbon shape. FIhF in B. burgdorferi has been implicated in the

localization of FliF, and in the number and positioning of flagella *>4.

1.5. Shewanella putrefaciens, the organism

1.5.1. Living environments and pathogenicity of S. putrefaciens and Shewanellaceae
Shewanella putrefaciens is a gram-negative, rod-shaped bacterium, with a variety of

living environments, closely related to Shewanella alga. It is chiefly found in different
water bodies (seawater, but also freshwater, as well as sewage), and was
additionally found to exist in the vicinity of oil and natural gas deposits 1> 28, It was
the first Shewanella organism to be discovered, already in the early 20t century

(1931), but was initially named Pseudomonas putrefaciens.

The Shewanella genus contains roughly 40 different bacterial species, all of which are
monotrichous polar flagellates, together belonging to gamma-proteobacteria,
classified as facultative anaerobes 7. A characteristic of Shewanella organisms is that
they have a strong tolerance of cold temperatures; most species are able to grow at
temperatures under 5 degrees Celsius, although the temperatures for optimal
growth exceed 16 degrees '>’. The species S. frigidimarina, S. gelidimirina and S.
livingstonensis have even been isolated from coastal areas of the Antarctic, and are

particularly resistant to cold temperatures 158159,

S. putrefaciens specifically is not usually pathogenic to humans in its own right,
although different cases have been reported where infections of soft tissues, eyes
and skin can occur 1%°-162_ Additionally, the bacterium is problematic in industrial-
scale food production because it causes spoilage of seawater fish 3, as well as
different types of meat products 1°%13 |t has also been identified in biofilms on
stainless steel surfaces, and contributes to food spoilage by secreting trimethylamine

and volatile sulfides 164.

44



Different Shewanella, including S. putrefaciens, are capable of using a variety of
different final electron acceptors in the electron transport chain, as alternatives to
oxygen. S. putrefaciens is capable of iron reduction %> as well as manganese
reduction %, Regarding the potential use of S. putrefaciens for radioactive cleanup,
experiments have shown that Technetium 99 can be reduced by the bacterium, which
removes the material from solution, as the reduced form is much less soluble and
primarily stays associated with cells after it is used as an electron acceptor 7. S.
oneidensis is also capable of using Technetium 99 as an electron acceptor, where
results show that a reduction of Tc(VIl) to Tc(IV) by the bacterium leads to the
formation of black aggregates on the surface of colonies, which contain the reduced,

insoluble Technetium 168,

1.5.2. Dual flagellation and its control
S. putrefaciens is a polar monotrichous bacterial species, but it also has an inducible

lateral flagellum, which is encoded in a separate gene cluster, and primarily contains
proteins unique to it 7>1%°, Also other species, in addition to a variety of Shewanella
organisms, have a closely related polar/lateral flagellar system: these include

Aeromonas, Vibrio, Azospirillum and Rhodobacter bacteria 8170,

In Shewanella, the polar and lateral components have high sequence similarity, but
are still distinct. Whether and to what extent some of the components can undergo
crosstalk interactions, or are interchangeable, is still being explored. Only the polar
flagellum is chemotaxis-controlled 1. The first (=polar) flagellar gene cluster contains
genes 2556-2605, among those a number of additional genes compared to the lateral
cluster, hence being longer (see Figure 10, top panel). Among other genes, FIhF and
FIhG, for example, are not found in the second (=lateral) gene cluster, which
otherwise contains genes 3447-3485 (see Figure 10, bottom panel) 73. This is an
indication that the positioning and number of the lateral flagellum are not controlled
in the same manner as those of the polar flagellum (with the FIhFG pair), and the

control of lateral flagellation in general is less strict.

A small number of genes are also found as “orphans”, meaning that they are located

outside of their main designated flagellar cluster. These genes are PomAB (related to
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MotAB, and motor components of the polar flagellum), as well as MotXY. For S.
putrefaciens specifically, the gene expression from the polar cluster is controlled
primarily either by FIrA/RpoN, or by FliA (in the context of FIgM). There are, however,
still a number of flagellar genes the control of which is unknown, or has not been

experimentally determined 3.
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Figure 10: Primary and secondary (polar and lateral) flagellar gene clusters in S.
putrefaciens (based on 73, Supplemental information). Start and end basepair counts
are indicated for both clusters, rounded to the nearest kbp value. Colours indicate a
general classification of the role of the proteins; grey — motor proteins, blue — FIrA-
mediated transcription control, green — spationumerical regulation and FIhAB
proteins, brown — chemotaxis, yellow and orange — various roles from C-ring, rod and
hook proteins, T3SS.

46



In the past, the conditions leading to the expression of both flagellar systems were
investigated, using FliF1 and FliF2 proteins as reporters. It was determined by
Bubendorfer and coworkers 73 that it is not only the swimming mode, but also the
nutrient availability that determines the expression of the lateral flagellar system, as
a clear expression of FliF2 was still occurring in free-swimming (planktonic) cells. In
nutrient-rich media such as LB, the lateral flagellum is induced in the exponential
phase of planktonic growth. Up to three lateral flagella can form, which are randomly
distributed over the cell surface. It should be pointed out, however, that a deletion
of the first (polar) flagellar cluster also resulted in significantly decreased expression
of the lateral flagellar components 73. There is a significant difference when it comes
to the role of the lateral flagellar cluster in minimal versus nutrient-rich medium —in
minimal medium, mutants lacking the lateral flagellar cluster showed no difference
in terms of motility to WT strains, whereas in nutrient-rich medium, motility was

decreased when the lateral flagella could not be expressed 73.

In a second study investigating S. putrefaciens flagella 1%, it was shown that another
difference between strains with both flagellar clusters and those with only the polar
one, is that those with both can spread further on soft agar plates and in medium-
filled channels. The study showed that wildtype cells have higher “directional
persistence”, which is caused by them needing to introduce smaller corrections to
their angle of movement (realignment angle), compared to cells lacking lateral
flagella 8. It is therefore the polar flagellum that is the key driving motor for the
locomotion itself, while the lateral flagellum’s main role is to control the swimming

direction and assists in viscous environments.

There has been another key protein discovered in Shewanella, which is a homolog of
V. cholerae HubP 3>, The flagellar localization depends on FIhF, but the chemotaxis-
controlling system (and the chromosome segregation machinery) is localization-
controlled by HubP. The chemotaxis machinery, containing 37 methyl-accepting
sensor proteins (MCPs), was found to localize to the pole in fluorescence microscopy

experiments. 13,

In S. putrefaciens it was shown that FIhG stimulates the ATPase activity of FIhF (3-5

fold), and it was additionally discovered that a deletion of the first 20 residues of FIhG
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(the N-terminal activator helix) in S. putrefaciens results in hyperflagellation, believed
to be due to a decrease in FIhG stimulation of FIhG GTPase activity 13>, FIhF itself has
been shown to localize to the pole without any additional flagellar components being
present in V. cholerae *, while FIhF from Vibrio alginolyticus expressed in E. coli was
also found to localize to the pole &’. The data from Vibrio, which is closely related to
Shewanella and Pseudomonas, therefore hints at the intrinsic ability of FIhF to
localize to the cell pole. Back to FIhG, only the polar FliM contains an EIDAL motif,
which allows an FIhG/FliM interaction, and allows polar localization of FliM 74, A
graphical representation of the flagellar positioning/number regulation system

discussed in this chapter, relevant to S. putrefaciens, can be found in Figure 11.

FliG1

Polar
flagellum
(cluster 1)

*EIDAL motif on
polar FliM (allows
FIhG interaction)

Chemotaxis

Lateral
flagellum

(cluster 2)
FliG2
Figure 11: overview of
control of the flagellation
Flim2 pattern in S. putrefaciens
FIiN2 The diagram depicts the

polar (top) and lateral (bottom right) flagella in S. putrefaciens. C-ring proteins and
the cell itself are shown in grey, FIhF in green, FIhG in red. The polar determinant
HubP and its FimV domain are shown in yellow. Chemotaxis array shown in blue.
Only the polar flagellum is shown to be under control of FIhF/FIhG.
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Shewanella putrefaciens has also been an important model organism for the
investigation of how the composition of flagella (e.g. the flagellins themselves) can
affect bacterial motility in different environments 71, The research on this topic has
shown that two flagellins in S. putrefaciens, called FlaA and FlaB, are arranged
differently depending on which region of the flagellar filament they are located in.
FlaA, which is used in the part of the filament closest to the cell, confers rigidity and
stability to the filament (and is suitable for a variety of environments), while FlaB is
used in the top of the filament, and confers more flexibility, allowing the filament to
wrap itself around the cell, which is useful in complex and obstacle-rich areas (such
as in soil or mucus for pathogenic bacteria). Such a wrapping event allows cells to
“reverse” out of tight pockets or traps, which has been studied with Shewanella cells
171172 The coiling of flagella around the cell is not unique to Shewanella, though, and
has also been investigated in another class of gram-negative, monotrichous polar

flagellates — Pseudomonas (more specifically, P. putida) *73.
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2. Aim of this work

The main purpose of this work is to build on existing foundations to further delineate
the roles of FIhB, FIhG and their respective interaction partners in S. putrefaciens,
relative to the polar flagellar system. Previously, both FliM and FIrA had already been
identified as interaction partners of FIhG, in S. putrefaciens this was shown in the PhD

thesis of D. Mrusek and the Schuhmacher 2015. et al, PNAS article, reference 74.

This work aimed to structurally characterize FIhB in S. putrefaciens (particularly the
CCT region/PRR motif, which had never before been structurally characterized in any
FIhB homolog) and to investigate the potential differences in binding behaviour of
FIhB interacting proteins upon introducing a non-cleaver mutation in FIhB, or upon a
deletion of the PRR motif, in comparison with WT FIhB-C. On top of this, shining more
light onto the in vivo role of the PRR motif in the context of flagellar assembly was

also a key objective.

Regarding FIhG, this work aimed to further delineate the FIhG/FIrA interaction, in
particular the ATP hydrolysis kinetics of FIhG in the presence and absence of the FIrA-
HTH domain, importance of key regions/residues in FIrA for the FIrA/FIhG interaction
both in vivo and in vitro, and the effects of different nucleotide concentrations on the
ability of the HTH domain of FIrA to bind FIhG. Additionally, the role of FliM in the
context of FIhG nucleotide binding needed to be investigated (fluorescent Mant-ADP

experiments, HDX, FIhG-based ATP hydrolysis kinetics profile in the presence of FliM).

Furthermore, the FIiM/N//FIhG interaction was to be examined in the context of FIhB,
to determine whether concurrent binding of FliM/N to FIhG as well as FIhB is still
possible. Other putative interaction partners of FIhB were also a point of interest, to
further delineate its position in the complex sequence of events that control flagellar
assembly and the production of flagellar building blocks in particular. The C-terminal

(cytoplasmic) region of FIhB was of particular interest.
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3. Results

3.1 FIhG and its interaction partners, FliM and FIrA

3.1.1 Delineating the FIhG binding site on FIrA

A FIhG - bait
HLT -ALT HTH 477
—C

| | e

N - C
o [N N o —
« OO0
Resl |

FIhF

.. N N

Figure 12: FIrA constructs and interaction partners of FIhG identified in Y2H
experiments. A - summary of FIhG interaction partners previously identified with
Y2H experiments (Y2H experiments performed by Dieter Kressler, who kindly
provided the original image. An extended version of part A was also contained in
the thesis of D. Mrusek) B - Overview of the FIrA constructs employed (constructs
were GST-tagged) and a visualization of the loop region between the HTH and AAA
domains.

Pulldowns were carried out to investigate the binding of FIhG to different regions of
FIrA. For this, different GST-constructs of FIrA truncations were used (see Figure
12B.). The pulldowns showed that FIhG D58A (in the absence of any additional
nucleotides) and FIhG WT (in the presence of 1 mM ATP) bound to GST-FIrA-HTH and
GST-FIrA-AAA-HTH, but not to GST-Rec domain (see Figure 13A, B). The binding to
the HTH domain alone appears to be stronger, judging from the FIhG band intensity.
Due to the instability of the AAA domain, constructs of GST-Rec-AAA or GST-AAA

could not be successfully purified or used in GST-pulldowns.

Additional pulldowns were carried out with both GST-FIiM-N and GST-FIrA-HTH, to
investigate the effects of different concentrations of ADP and ATP on the binding of
WT FIhG to both interaction partners (see Figure 13E, F). The results show that the

GST-FliM-N interaction with FIhG occurs in the presence of both nucleotides (the
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interaction occurs in the presence of 0.1, 0.5, 1.0 and 2.5 mM ADP/ATP), although
the binding is considerably stronger in the presence of ADP than ATP (Figure 13F). In
contrast, the GST-FIrA-HTH/FIhG interaction is crucially ATP dependent (and is
observed at 0.1, 0.5, 1.0 and 2.5 mM ATP, Figure 13E). The difference in the range of
concentrations did not seem to have a significant effect on the binding in any of the

cases.

To further investigate the exact binding site of FIhG on FIrA, an additional pulldown
was carried out with a full-length GST-FIrA-HTH construct, a dN16 HTH and dN36 HTH
construct (see Figure 13C). While binding of WT FIhG (in the presence of 1 mM ATP)
occurred in the case of GST-HTH and GST-HTH dN16, the binding was not observed
in the case of the GST-HTH dN36 construct. A related experiment had been
performed by D. Mrusek in his thesis, which used only FInG D58A instead (without
added ATP), and observed similar results. Overall, this demonstrates in vitro that it is
the loop region between the AAA and the HTH domains that contains the FIhG
binding site on FIrA (requiring the presence of ATP with WT FIhG), specifically the
region between residues 389-409. In addition to the GST pulldown in Figure 13C, the
role of this region was studied in greater detail in vitro through qPCR/Western
blotting (Figure 20), in further GST pulldowns (Figure 21), and in vivo, using
fluorescence microscopy studies (Figure 19). The conservation of the region was also
investigated with Consurf (Figure 18). Concerning the binding site of FIhG on FliM,
on the other hand, as mentioned in the discussion, a conserved EIDAL motif
(contained in the polar FliM in S. putrefaciens, and in FliY in certain other organisms,

for example B. subtilis) is responsible for the interaction with FIhG 74,
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Figure 13: FIhG-involving in vitro GST pulldowns and FIhG kinetics. A - Pulldown of
FIrA truncations with WT FIhG in the presence of 1 mM ATP; B - Pulldown of FIrA
truncations with FIhG D58A in the absence of nucleotides; C - Pulldown of FIrA-HTH
truncations with WT FIhG in the presence of 1 mM ATP; D - FIhG and FIhG+HTH ATP
hydrolysis assays over a range of different ATP concentrations - error bars show
standard deviation values; data analyzed and kinetics graph prepared by Dr.
Wieland Steinchen; E - Pulldown of FIrA-HTH with FIhG WT in the presence of
different concentrations of ATP and ADP; F - Pulldown FliM-N with FIhG WT in the
presence of different concentrations of ATP and ADP.

3.1.2. ATPase assays with FIhG and FIrA
To further investigate the interaction of FIhG and FIrA in terms of the stimulation of

the ATPase activity of FIhG, the kinetics profile of ATP hydrolysis by FIhG in the
presence of the HTH domain of FIrA was investigated. It was determined that a strong
increase of ATP hydrolysis occurs upon the addition of equimolar amount of GST-
FIrA-HTH to FIhG (see Figure 13D above). The activity was tested with FIhG alone, and

with equimolar amounts of FIrA-HTH, over a range of different ATP concentrations
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(from 0.125 mM to 5 mM). The ATPase activity of FIhG alone was determined to have
Km and Vmax values of 0.45 + 0.34 mM ATP. Additionally, 0.08 + 0.02 uM ATP was
hydrolyzed per minute per uM FIhG, respectively. The presence of FIrA-HTH
increased Vmax by approximately a factor of 5 (0.48 £ 0.04 uM ATP hydrolyzed per
minute per uM FIhG) with an unchanged Km (0.36 + 0.12 mM ATP). Calculation
performed by Dr. Wieland Steinchen. This stimulating effect of FIrA on the ATPase
activity of FIhG would in turn likely lead to a dissociation of the FIhG homodimer,

since the ATP required for the presence of a dimer has been hydrolyzed.

The next part discusses endpoint measurement ATP hydrolysis experiments with

different full-length FIhG and FIrA constructs (also see Figure 14).
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Figure 14: Endpoint measurements of full-length FIrA and FIhG construct ATP
hydrolysis. A - Comparison of GST-FIrA, His-FIrA, FIhG WT and FIhG D58A ATPase
activity; B - Investigation of the effects of addition of constant (10 uM) FIhG to an
increasing concentration of FIrA. The concentrations written under the graph refer to
FIrA concentrations. Y-axis in both panels shows %ATP hydrolysis. Error bars refer to
standard deviation values.
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Regarding individual, full-length proteins, it has been determined that the ATPase
activity of equimolar amounts (10 uM) of FIrA and FIhG are very different (FIrA
significantly more active). Such a result is in good agreement with experiments that

%3 with P. aeruginosa homologs (FleQ was significantly more

were performed in
active, and in the article, a 5-fold higher concentration of FleN was used). It can be
observed in S. putrefaciens that, using 1 mM ATP as substrate, the ATPase activity of
full-length FIrA alone is approximately 3 times as high as the activity of FIhG (in other
experiments, only the HTH-domain of FIrA was used, which has no intrinsic ATPase
activity) (see Figure 14A). The ATPase activity of FlhG D58A (a mutant that binds but
does not hydrolyze ATP) was substantially lower in comparison; some residual activity
is believed to remain due to potential contamination of the sample (see Figure 14A).
Interestingly, the GST-FIrA construct had a roughly 3.5-fold activity of the His-FIrA;
this is unexpected, but it is possible that the GST tag either stabilizes the FIrA protein,

and a greater proportion of it is active as a result, or that the enforced dimerization

(GST proteins form dimers) plays a role in this.

What has also been performed are experiments identifying the effects of having both
FIrA (full-length) and FIhG in solution at the same time (see Figure 14B). The total
ATPase activity of FIrA+FIhG was observed to be somewhat lower compared to the
activity of FIrA alone — this would also be in accordance with previous P. aeruginosa
experiments where full-length FIhG was shown to inhibit FIrA, but the difference is
less pronounced in S. putrefaciens. In these experiments, the concentration of FIhG
was kept constant, with increasing concentration of FIrA being added (from
equimolar 10 uM, up to 100 uM). The proportional decrease in total activity appears
to be relatively constant (see Figure 14B). Activity of FIrA+FIhG is always lower than
that of FIrA alone, which would hint at some degree of inhibition by FIhG. This degree,

however, is not nearly as pronounced as in P. aeruginosa, as already stated.

3.1.3. Purifications and purification optimizations for FIhG and FIrA
Both FIhG and FIrA are ATPases, and relatively unstable during purification. For FIhG,

employing the D58A mutant simplifies the purification significantly, while this is not
the case for FIrA D233A; both the D58A FIhG mutant and FlrA D233A mutant allow
the binding (but not hydrolysis) of ATP. Both FIrA WT and FIrA D233A are less stable

during purification compared to both FIhG constructs, and show both significantly
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greater precipitation rates, poorer expression, as well as lower overall purification
yields. Precipitation can be reduced by adding small amounts of ATP during the Ni-

affinity step.

Initially, purification of both FIhG and FIrA was attempted with standard buffer B (see
Methods section), which contains an imidazole concentration of 500 mM. Since high
imidazole amounts, as well as low salt concentrations, frequently have a negative
effect on unstable proteins, alterations to the imidazole concentration in buffer B
were performed. This was done by carrying out different gradient elutions to
determine the optimal range where FIhG/FIrA elute from the Ni-NTA column, before

it starts to precipitate.

Both FIhG and FIrA were eluted in 50 mM imidazole steps, and significant amounts of
protein were already detected in much lower imidazole concentrations than the
usual 500 mM; the only exception to this is the FIrA D233A, which still elutes primarily
at 500 mM imidazole. Both FIhG variants, however, already eluted primarily at 100-
150 mM imidazole (see appendix 7.3.). The presence of lower amounts of imidazole
in the elution buffer lead to decreased amounts of precipitation (although FIrA was

still significantly more unstable than FIhG).

3.1.4. Is FliM a factor promoting ADP release from FIhG?
Mant-ADP is a fluorescent ADP analogue that retains properties of normal ADP (e.g.,

can be degraded to AMP, binds efficiently to ADP-binding pockets, etc.), but in this
case, allows tracking of the fraction of bound ADP over time. An experiment was
carried out where FIhG alone, and FIhG in complex with FliM/N had normal ADP
exchanged for Mant-ADP, to determine whether a change of fluorescence occurs.
Even though a minor decrease in Mant-ADP fluorescence was observed when FIhG
and FliM/N were in complex, compared to FIhG alone, this behaviour does not explain
the role of FliM as an interaction partner of FIhG. Provided FliM was promoting the
release of ADP, this would be more clearly observable in this experiment, and the

difference would be more pronounced (see Figure 15 below).
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Figure 15: fluorescence Mant-ADP experiment. Showing data referring to FIhG
alone and FIhG in the context of the FIhG//FIiM/N complex. X-axis showing
increasing concentration of FIhG, Y-axis shows fluorescence units. Measurements
performed and image kindly provided by Dr. Wieland Steinchen.

3.1.5. Hydrogen-deuterium exchange mass spectrometry experiments investigating
the binding interfaces of FliM and FIrA on FIhG
HDX-MS 174 was used to investigate how the pattern in protection from H/D exchange

changes depending on whether FIhG is in solution alone, or with one of its interaction
partners. HDX involves the incubation of proteins of interest in deuterated buffer
either with or without their respective binding partners, which allows an exchange of
amide hydrogens to deuterium. After the proteins of interested are proteolytically
digested, the resulting fragments are analysed with mass spectrometry, and changes
(to either higher or lower protection from exchange relative to the target protein
alone) are mapped to a model of the structure of the protein of interest. From the
change in behaviour (and depending on the location of the fragments within the
overall structure), HDX can be used to identify either conformational changes or

binding events with interaction partners.

The HDX experiments were performed at the HDX-MS facility at Philipps University in
Marburg, by Dr. Wieland Steinchen. The binding sites for FIrA and FliM were

identified.
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In Figure 16 below, part A shows the H/D exchange behaviour observed upon
incubation of FIhG D58A with FIrA-HTH, compared to FIhG D58A alone. Additionally,
1 mM ATP was supplied during incubation of the samples. A number of regions
incorporated less deuterium when FlrA-HTH was also present, including helices 6 and
7 of FIhG, as well as the region involving beta sheet 2 and alpha helix 4. Other regions
with increased protection from exchange, such as loops connecting beta strand 1 and
alpha helix 2, and those connecting alpha helix 5 with beta strand 5 are likely involved

in dimerization interactions (Figure 16A).

A related experiment was performed with a complex of FliM/N and FIhG (Figure 16B),
which again showed a behaviour consistent with FIiM/N binding to FIhG. No
nucleotides were added during incubation. Interestingly, FliM/N was also shown to
cause increased protection from exchange and to bind to helices 6 and 7, like FIrA-
HTH previously, which would hint at an overlapping binding site. The region
containing alpha helix 4 and beta strand 2 of FIhG, however, did not show a reduction
in HDX, which could be used to understand why FliM can interact with the
monomeric form of FIhG and FIrA-HTH only interacts with the homodimeric form. It
was also observed that there are additional secondary structural elements with
increased HDX present in the presence of FliM/N, found at the C-terminal end of
alpha helix 2, and beta-strands 2, 3 and 4 (this does not include the loops between
them). The HDX data also suggests that a partial unfolding of secondary structure
occurred upon FliM/N binding, which was not observed with FIrA-HTH. Taken
together, the results point towards the fact that FliM and FIrA share an overlapping

binding site on FIhG. Both parts of figure 16 were also published in reference 7>
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Figure 16: HDX data on the interactions of FIhG with FIrA and FliM A — FIhG
D58A/FIrA-HTH HDX data with binding site on FIhG indicated in left panel, FInG-FIhG’
dimerization interface in the right panel. HDX experiment performed by Dr. Wieland
Steinchen using proteins purified by former AG Bange Master student Sabrina
Henche; data obtained/analyzed by Dr. Wieland Steinchen, who kindly provided the
images, which were also published in >, B - HDX data on the FIhG//FIiM/N
interaction identifying the FIhG/FliM binding site. HDX experiments performed and
data obtained/analyzed by Dr. Wieland Steinchen, who kindly provided the image,
which was also published in 7>, For both parts, the grey frame indicates helices a6
and a7 and the overlapping binding site.

An additional set of experiments was carried out to investigate whether a difference
in hydrogen/deuterium exchange occurs on FIhG, comparing its apo- and ADP-bound
states. The behaviour of FIhG alone was compared with FIhG in the context of the
FIhG/FIiM/FIiN complex, and ADP was selectively added (see Figure 17 below). In the
upper half (parts A and B), the difference in HDX between the FIhG/FIiM/N complex
and FIhG alone is shown. Figure 17A depicts the data from the apo state (without
ADP), and Figure 17B depicts the data with ADP added. Yellow/red indicate the
regions where the H/D exchange in the FIhG/FIiM/FIiN complex was higher than with
FIhG alone. Blue regions indicate regions where the exchange was lower in the
complex (e.g., protected regions; the binding sites). For the HDX colour scale, please

see the lowest panel of Figure 17, far right.

In the lower half (parts C and D), the H/D exchange values for FIhG (alone or in
complex) without ADP present are subtracted from the H/D exchange values for FIhG
with ADP present. Essentially, the difference in exchange that is a consequence of
ADP binding is determined. In Figure 17C, data for FIhG alone is shown (exchange
with ADP minus exchange without ADP), and in Figure 17D, data for the

FIhG/FIiM/FIiN complex is shown (again, exchange with ADP minus exchange without
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ADP). Blue in this case refers to regions where H/D exchange with ADP is lower than
the H/D exchange without ADP; in other words, regions that see more protection
from exchange in presence of ADP. From this, conclusions about changes in the
protein that occur during ADP binding can be drawn. The regions involved in ADP
binding were mapped onto a model of SpFIhG (created with Swissmodel 176177) in
Figure 17E. Figure 17F depicts the regions R1-R6 of FIhG, as indicated in the rest of
Figure 17, mapped onto the model of SpFIhG.
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Figure 17: HDX data of FIhG with and without FliM/N in the context of ADP binding.
Top panel: Difference between HDX of SpFIhG/FIIMN and FIhG alone in absence (A)
and presence of ADP (B). Middle panel: Difference between HDX in the presence and
absence of ADP (“without ADP” subtracted from “with ADP”) for FIhG alone (C) and
as part of SpFIhG/FliMN complex (D). Lower panel: (E) shows areas with reduced HDX
important FIhG regions, R1-R6, are shown mapped to the FIhG model structure. On
the far right of the lower panel, the HDX colour scale relevant for parts A-D is
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depicted. HDX experiments performed and data obtained/analyzed by Dr. Wieland
Steinchen. Figure modified from images kindly provided by Dr. Wieland Steinchen.

3.1.6. Consurf, sequence analysis and structural models of FIhG, FliM and FIrA
In order to discover additional information regarding the conservation of different

important regions in the three proteins of interest, structural models of each were
first made using Swissmodel %177 For FIhG, the chosen template was the crystal
structure of G. thermodenitrificans FIhG from Schuhmacher et. al 74, and for FIrA, ,
NtrX from Brucella abortus (5m7n PDB ID) 78; for FliM, there were no structures
available that could be used to model the far region of the N-terminus, which
contains the EIDAL motif. Hence, structural models were only used as Consurf
templates in the case of FIrA and FIhG (Figure 18A and B, respectively). The
conservation score scale is also shown in Figure 18, with light blue representing low
conservation, white intermediate conservation, and purple high conservation scores.
As a sidenote, the reason why no P. aeruginosa FleQ structures (of which several
exist, but contain the Rec and/or AAA domain only 8179 ) were used as templates for
the Consurf analysis is because none of those structures contained the HTH when the
analysis was performed. NtrX was the best match at the time to cover the entire FIrA

sequence.

The Consurf analysis firstly confirmed previous findings based only on sequence
alignments (D. Mrusek in his PhD thesis) that the FIhG residues involved in the
interaction of FIhG with FliM and FIrA are indeed highly conserved. These residues
are K175, K205 and F213 (indicated as groups of spheres in Figure 18B and stars in
Figure 18C). Surprisingly, however, the FIrA region involved in FIhG binding (389-409)
was shown in its entirety as poorly conserved or highly variable (indicated in Figure
18A, C). The EIDAL motif in FliM, involved in FIhG binding, is extremely highly
conserved, with each of the five residues receiving the highest possible conservation
score in Consurf (indicated in Figure 18C), also higher than K205 or F213 in FIhG, for

example.

A pairwise sequence alignment (Emboss Needle) calculated the sequence identity of

S. putrefaciens FIrA with P. aeruginosa FleQ as 52.0 % (see Appendix 7.5.4.2). It also
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demonstrates that the region of SpFIrA involved in binding FIhG (389-409) has lower
sequence identity with PaFleQ than the rest of the protein, which could indicate a
key difference between S. putrefaciens FIrA and its P. aeruginosa homolog (see
Appendix 7.5.4.2.). The identity of S. putrefaciens FInG with P. aeruginosa FleN was
59.0% (see Appendix 7.5.4.1.). Overall, the sequence identities would indicate a high

degree of similarity.
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Figure 18: Consurf analysis of FIhG, FIrA and FliM with residues colour-coded for
conservation scores. A - structural homology model of FIrA, showing the FIhG
interacting region as spheres; B - structural homology model of FIhG, showing K175,
K205 and F213 as spheres; C - selected sequence regions of FIhG, FIrA and FliM
showing Consurf conservation scores; key regions identified with starts (FIhG) or
frames (FIrA-HTH, FliM-N).
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3.1.7. Physiological and in vitro effects of mutations in the FIhG binding site on FIrA
on S. putrefaciens
As it had been shown in the GST pulldown comparing different truncations of the FIrA

HTH domain, binding of FIhG to FIrA is disrupted, provided that enough residues are
deleted in the linker region between the AAA and the HTH domains (Figure 13C,
experiment performed with WT FIhG and 1 mM ATP). As the next step, different in
vivo fluorescence microscopy experiments were carried out to further investigate this

region.

Firstly, the entire 389-409 region was deleted from the fIrA gene, having previously

been identified as the essential region of the HTH domain where FIhG binds to FIrA.

Secondly, a number of experiments were carried out to investigate different single
residues that were identified as potentially significant (based on Consurf and
sequence alignments with P. aeruginosa FleQ and other NtrC-class EBPs). Several
residues were identified as very strongly conserved in Shewanellaceae, based on an

alignment of sequences obtained from ProteinBlast (https://blast.ncbi.nlm.nih.gov ).

Using S. putrefaciens CN-32 numbering, E392, E393, ERDALA (396 to 401), F405 were
found to be universally conserved in the tested entries (alignment not shown). These
identified residues were then suggested to Meike Schwan, who performed

fluorescence microscopy experiments.

Meike Schwan tested five mutations, and of those, only one resulted in a significant
phenotype change — the FIrA L400E mutation (the remaining mutations were FIrA
E393R, R397E, D398R and additionally E408R). For the remaining mutations that
showed no phenotype changes compared to the WT FIrA, the fluorescence images

can be seen in Appendix. 7.6.

The observed phenotype, a delocalized, hyperflagellation state resembles the delta
389-409 FIrA phenotype, as well as a deletion of FIhF and FIhG (see Figure 19A below).
The WT strain has only one polar flagellum, the same is observed in the empty vector
control (EVC). An overexpression of FIrA (pBTOK FIrA) leads to a hyperflagellated but
not delocalized phenotype (lophotrichous flagellation), while an overexpression of

FIhF and FIhG leads to a suppression, and complete lack of flagella. Additionally to
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the filament-visualising experiments, the same mutant and control strains were
subjected to hook-visualisation experiments as well, which confirm the research
findings shown in Figure 19A below. For the hook-visualisation fluorescence
microscopy experiments, please see Appendix 7.6. Fluorescence microscopy data

obtained in collaboration with Meike Schwan and John Hook, AG Thormann.
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Figure 19.: Fluorescence microscopy data on the FIhG/FIrA interaction. A —
fluorescence microscopy images demonstrating the flagellation pattern in response
to mutations in the FIhG binding site on FIrA, in comparison with controls B —
number of hooks formed per cell in different strains(for A and B, data obtained in
collaboration with Meike Schwan and John Hook, AG Thormann and published in
175), Scale bar 5 pm.

For both strains with mutations in the FIhG binding site in FIrA, a quantification for
the number of flagella formed in comparison with the WT S. putrefaciens was also

carried out in collaboration with John Hook from AG Thormann in GielRen. The results
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(Figure 19B above) show that a noticeably different population of cells can be
observed, with a large proportion of those having 2-5, or even 6 or more flagella on
the far end of the spectrum, when either the 389-409 region in FIrA is deleted, or the
L400E mutation is used. Only a very small proportion of these cells has a WT

phenotype (single flagellum).

In addition to the fluorescence microscopy experiments, additional gPCR and
Western blot experiments were carried out to investigate the effects of altering the
FIhG binding site on FIrA on protein transcription and expression levels (collaboration

with Meike Schwan, AG Thormann) (see Figure 20 below).
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Figure 20: Transcriptional role of the interplay between FIhG and FIrA A - gPCR
data showing the transcription rate of FliF and FIrA in a delta-FIhG, FIhG
overexpression and FIrA L400E mutation strain; B - Western blot showing FIhF and
FIhG levels in different strains (for both parts, data obtained in collaboration with
Meike Schwan, AG Thormann, who kindly provided the images, which were also
published in 175).

With gPCR, transcription levels of FIrA and FliF were compared under different
conditions; overexpression of FIhG (pBTOK FIhG), deletion of FIhG, and a FIrA L400E
mutation. It can be observed from (Figure 20A) that while the transcription levels of
FIrA are very similar across all three conditions, there is a significant increase of FIliF
transcription levels upon deletion of FIhG, or the FIrA LAOOE mutation, compared to
an overexpression of FIhG. This indicates that FliF, which is under the transcriptional
control of FIrA, is more strongly transcribed when FIhG is unavailable, or the FIhG/FIrA

interaction is disrupted.

With Western blots (see Figure 20B), it has been determined that both the FIrA L400E
mutation, as well as the deletion of the 389-409 region led to an increase in FIhF and
FIhG levels. The levels of both are considerably higher compared to the WT and fira
deletion strains, and similar to the overexpression control (pBTOK FIhFhG).
Therefore, blocking the FIrA/FIhG interaction by disrupting the FIhG binding site on
FIrA leads to a loss of control over the production of FIhF and FIhG, with significantly

higher amounts of both being produced.

Regarding the FIrA/FIhG interaction in vitro, the mutations to the FIhG binding site on
FIrA that had been already investigated using fluorescence microscopy experiments,
were also tested with GST-pulldowns. It has been determined that, as expected, in
the presence of 1 mM ATP, WT FIhG reacts with the unmodified HTH domains of FIrA,
but not with the L400OE HTH domain or the HTH domain containing the 389-409
fragment deletion. This again confirms that this whole region, and the Leucine 400 in
particular, are crucial for establishing the FIhG-FIrA interaction. The same was

observed when FIhG D58A was used (see Figure 21 below).
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Figure 21: Pulldown experiments investigating the FIhG binding site on FIrA. GST-
pulldowns of different HTH mutants against WT (lower panel) and D58A (upper
panel) FIhG. The experiment shown in the bottom panel was performed in the
presence of 1 mM ATP.

3.2. FIhB

3.2.1. FIhB-C WT and FIhB-C N269A
The WT FIhB-C and the N269A FIhB-C (non-cleaver mutant) run at the same elution

volume on size-exclusion chromatography, as both FIhB-C WT fragments remain
associated (Figure 22A), indicating that the two cleaved fragments of the wildtype
retain affinity for each other (the solved structure in Figure 24 and 25 also shows the
FIhB-CC fragment still present despite the cleavage). The proteins were purified using
His-tag affinity purification with a Ni-NTA resin column. For the His-tagged WT
protein, however, only one band (roughly 14 kDa) is visible on the SDS-PAGE gel, not
two bands (due to cleavage), as expected. The N269A does show a single band, at the
expected size (roughly 19 kDa, see Figure 22A). Similar behaviour for the WT protein
had previously been observed with Salmonella FIhB-C in Inoue et. al ** and “8, for
example; in 8, they postulate that the single band is actually a superimposition of the
FIhB-CN and FIhB-CC bands, even though FIhB-CN is a significantly smaller fragment.
This behaviour would explain why only a single band is also observed for the S.

putrefaciens FIhB-C (His).
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In order to further demonstrate that the WT FIhB-C protein indeed splits into two
fragments (SDS gel bands) that retain affinity for each other after cleavage, an N-
terminal GST-tagged FIhB construct can be used instead — in this case, the GST-FIhB-
C-N269A runs as a large single band, while the GST-FIhB-C WT protein clearly shows
two bands; a large band corresponding to the GST-FIhB-CN fragment, and a smaller
band, which is the FIhB-CC fragment (Figure 22C). For more details on crystallization
of FIhB-C, see chapter 3.2.3. together with Figure 22B.

Both the non-cleaver mutant and the wildtype protein migrated on size exclusion
with the apparent molecular weight of a monomer, as indicated by the calibration
standard molecular weights in (Figure 22A). This confirms that both fragments of the
cleaved wildtype protein co-migrate together. The mutation of the Asparagine 269

does not in any way change the behaviour of the protein in terms of oligomerization.
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Figure 22 FIhB behaviour and crystallization. A - Analytical SEC runs of FIhB-C dN221
N269A and WT (upper panel) together with the corresponding SDS-PAGE gel (lower
panel); B - Crystals of FIhB-C WT obtained in three different conditions (top to
bottom: Core Ill B2, Core IV D5, Core Complex H6; for exact composition see Methods

section),C - SDS-PAGE gel showing the difference between WT and N269A (non-
cleaver) GST-FIhB purified proteins

Furthermore, additional experiments were performed in collaboration with John
Hook of AG Thormann to determine whether the cleavage event is affected by
mutations/deletions to FIhB-C (Figure 23 below). These experiments clearly confirm
the already known result that a N269A variant of FIhB significantly represses the
cleavage event and is primarily present as the non-cleaved version of FIhB.

Interestingly, a deletion of the PRR motif also results in an increase in proportion of
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uncleaved FIhB, in comparison with the wildtype protein. The Y376A mutant does not

differ significantly from the wildtype protein in behaviour.
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Figure 23 Western blots and analysis of FIhB mutants. The western blot (left panel)
was used for detection of FIhB protein to observe and quantify cleavage behaviour of
different constructs (right panel). Data obtained in collaboration with John Hook, AG
Thormann, GieRen, who kindly provided the images, which were also published in 8,

3.2.2. Crystallization and structure of FIhB-C
Prior to successfully obtaining a crystal structure of the protein, FIhB-C WT and

different non-cleaver mutants (N269A, P270A) were attempted to be crystallized.
Despite successfully obtaining crystals, no quality data could be obtained, and hence

the structure could not be resolved.

After further attempts, a crystallization of the WT protein was successful, leading to
crystals being observed in three different conditions (see Figure 22B) (JCSG Core Il
B2, 0.2M Lithium sulfate, 0.1M Tris pH 8.5, 1.26 M ammonium sulfate; JCSG Core IV
D5, 0.1 HEPES pH 7.5, 1.5M Lithium sulfate; Core ProComplex H6, 0.1M MES pH 6.5,
1.6M Magnesium sulfate), three weeks after setting up crystallization plates. Only
two of the conditions lead to crystals large enough to be harvested, which were then
frozen in liquid nitrogen, and data was collected on them at the DESY synchrotron
facility in Hamburg. Of the crystals that were tested, one dataset allowed structure
determination to proceed successfully.
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From this dataset, a final structure of FIhB-C containing residues 252-376 could be
obtained and refined to the final resolution of 2.1 A (Figures 24C). The structure was
resolved using molecular replacement, where the structure of S. typhimurium FIhB-C
was used to perform MR (PDB structure 3B0Z). The structure was additionally
compared to A. aeolicus FIhB (3B1S; both structures obtained from reference 3’
(Figure 24B). The structures are highly structurally similar and share the overall fold,
containing a central four-stranded beta sheet, as well as four surrounding alpha
helices. In accordance with previously available FIhB-C structures, the cleavage event
could also be observed in the SpFIhB-C structure (Figure 24C), leading to the
formation of two subdomains that remained tightly associated with each other (CN
and CC domains containing residues 252-269 and 270-376, respectively). The C-
terminal region sequences of S. typhimurium and S. putrefaciens are shown in Figure

24A.

In contrast to the many similarities, there are also two important differences
between the SpFIhB-C structure and the previously solved FIhB-C structures (Figures
24 B, C). The first one being the N-terminal part of the first alpha helix, which was not
successfully resolved in the Shewanella case (but clearly takes the form of a longer
alpha helix in other structures). In the second case, the SpFIhB-C structure managed
to show for the first time the very C-terminal part of FIhB-C, which was termed the
PRR. This region contains residues 356-376, many of which are located in close
proximity to alpha helices 3 and 4, to the latter in particular. To analyze the binding
interface between the core domain of FIhB-C and the PRR, the LigPlot software was
used, which identified specific residues participating in hydrophobic interactions and

hydrogen bonding (see Figure 27 and chapter 3.2.5.).
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Figure 24 Structure analysis of FIhB-C . A - Comparison of C-terminal sequences of S.
typhimurium and S. putrefaciens; B - Structure of FIhB-C from A. aeolicus and S.
typhimurium (3’) indicating the missing PRR motif; C - S. putrefaciens FIhB-C structure
indicating the region of Helix 1 that is present in AA and ST structures. Helices have
been colour coded for easier identification between different structures (see part B,
right side). Images of structures prepared with Pymol software.

3.2.3. Consurf analysis of FIhB-C
The Consurf analysis of the solved Shewanella FIhB-C structure discussed in 3.2.2.

(which was provided as template/input to the Consurf server) has shown that the S.
putrefaciens cytoplasmic domain of FIhB is overall relatively well conserved. This is
particularly true for the cleavage site and the region immediately adjacent to the

cleavage site (Figure 25C, E), as well as a number of residues identified by &(in
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Salmonella) as essential for interactions with flagellar secretion substrates, see
1.2.2.1 (the numbering in Figure 25 is referring to the FIhB-C structure only, so
residue 251 is residue 1, for example). Most of the PRR motif (Figure 25D, E), at least
according to Consurf, is overall relatively poorly conserved, and in any case less
conserved than most other regions of the protein. This is in accordance with data
presented in Figure 29., since the PRR is primarily specific to gamma- and beta-
proteobacteria. The Consurf conservation score, as presented in Figure 25E., displays
the least conserved residues as a full cyan colour, and the most conserved ones as
burgundy/dark red, with intermediate conservation scores having a white colour.
Figure 25A shows the conservation of the C-termini of various representative species

with different flagellation patterns compared to the FIhB-C PRR.
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Figure 25 : Consurf analysis of FIhB-C. A - alignment of the C-termini of representative
FlhBs; B - consurf conservation scores (E) projected onto the SpFlhB-C-Pol structure;
C - zoom-in onto the strongly conserved NPEH cleavage site; D - zoom-in onto helix 4
and the PRR motif; E - Conservation score scale and the colour coded FIhB-C residue
sequence. For additional explanation of conservation scores please see Figure 18.
Images of structures prepared with Pymol software.
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3.2.4. Further FIhB structure analysis in context of Evans et. al 2013 and Inoue et. al
2019
The two articles (references >#!8!) mentioned in the title of the chapter had

previously delineated the role of several residues in FIhB-C, which were found to
perform distinct roles. The researchers did so focusing on the S. typhimurium FIhB
and its structure. The authors of these articles identified several residues in the
cytosolic domain of FIhB that form a surface hydrophobic patch, which is important
for interactions with hook and rod flagellar substrates (later tested with FIgD and
FlgG, respectively)>* These residues are A286, P287, A341, L344 (which actually retain
their numbering and are fully conserved also in the S. putrefaciens polar FIhB, see
Appendix 7.5.1.). In the published S. putrefaciens FIhB-C structure ¥, the PRR region,
which was never structurally resolved before, is not directly interacting with these
residues making up the hydrophobic patch (see Figure 26A, red residues). It is
therefore not the role of the PRR to interfere with flagellar substrates interacting with

this region.

Additionally, the article >* was also investigating the role of additional residues, this
time involved in an intra-FIhB-C interaction, providing a hydrophobic interaction
network to stabilize the cytoplasmic domain of the protein (these residues from
Salmonella were again compared to equivalent S. putrefaciens residues, see
Appendix 7.5.1). These residues were also visualized in Pymol, and, in contrast to the
hydrophobic patch mentioned earlier, some of the residues could potentially face in
the direction of the PRR. One of them is located close to the Evans et. al 18
hydrophobic patch and could potentially be facing in the direction of the PRR (sand
coloured, V340 in Figure 26A). Figure 26B visualizes the whole hydrophobic patch
region from 8(plus V340), but in a zoomed-out view. Judging from this side, A341 is
also potentially facing the PRR, but is likely not directly interacting with it. A341 was
also not identified as an interacting residue (between the PRR and helices 3 and 4) in

the LigPlot data, Figure 27.

Other residues from Inoue et. al >* are visualized in figure 26C; A311, L350, L318-322.
The only residue potentially facing the PRR region is R320 (bottom residue of the
indicated red region). To sum up, only R320/V340 (>*) or perhaps A341 (*8!) could be
in a position to weakly interact with the PRR, but none of them are found in direct
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proximity to it, just facing in its general direction. The PRR is then likely not involved
in the intra-FIhB-C hydrophobic interaction network, or in regulating the hydrophobic

patch residues.

L344, V340

A341

L318-L322

Figure 26: Visualisation of different residues in S. putrefaciens FIhB-C. Performed to
analyse their proximity to the PRR motif. A — identified in '8 hydrophobic patch
residues (red), V340°* (sand), PRR (blue), zoomed in to visualize V340; B -
hydrophobic patch 8%, all residues (zoom out view); C - residues involved in intra-
FIhB-C hydrophobic networks >* (red), His tag (cyan), PRR (blue). Images of structures
prepared with Pymol software.
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3.2.5. LigPlot analysis of FIhB-C
An additional analysis of the interactions between the PRR and the core domain of

FIhB was carried out with the help of LigPlot 2183 This software allows the
identification of hydrogen bonding interactions and hydrophobic interactions
between residues in close proximity from a provided PDB file. LigPlot automatically
generates interaction diagrams for protein-ligand and protein-protein interactions.
In this case, the interactions between helices 3/4 and the PRR were investigated (the
former containing residues 312-356 and the latter 357-376). Based on the data
produced by LigPlot, the following hydrogen bonding interactions take place between
the PRR and the core domain of FIhB (PRR residue always written first): K360 with
Y353, G358 with Q349 and Q352, R359 with Q349, R357 with Q352. Additionally,
Q368 with Q342 and A339 (see Figure 27). All of the residues from the core domain
participating in hydrogen bonding with the PRR are found in helix 4. Other residues
that are only involved in the formation of hydrophobic contacts with surrounding
residues are also identified by LigPlot; looking at the residues themselves, the
extreme C-terminal part of the TRR is located in proximity to helix 3 (Figure 27 panel
3). The Figure 27 below depicts the interaction interface as defined by the DIMPLOT

module of LigPlot 182183
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Figure 27: LigPlot DIMPLOT data output. Residues directly interacting with one
another through hydrogen bonding are fully depicted, with interacting atoms
indicated. Residues forming hydrophobic contacts only are depicted by name and
residue number. The residues on the top half of panels 1, 2 and 3 are those contained
inthe PRR (357-376); those in the bottom half of all panels, under the dotted line, are
residues from helices 3 and 4 of FIhB-C (residues 312-356). Data originally obtained
as single horizontal image but rearranged to fit into a vertical layout. Figure and
legend text also used in Supplementary data of 80,
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3.2.5. Deleting the last 20 C-terminal residues of FIhB leads to a decrease in
flagellation
Since FIhB is essential for assembly of the flagellar secretion system, a deletion of

FIhB led to a complete lack of flagellation in cells (this was confirmed both by hook
and filament visualisation methods). Wildtype S. putrefaciens cells were classified as
having a polar flagellum in 56% of hook stains and 67% of filament stains (the rest of
cells appeared to be non-flagellated, see Figure 28A, B). The number is likely lower
than the actual percentage due to method inefficiency — it can also be observed that

the hook-stain method is less effective than the filament-stain method.

In the strains that had the PRR motif of FIhB deleted, the number or position of the
polar flagellum did not change, which hints that the spatial and numerical regulation
isn’t disrupted by this alteration. The percentage of flagellated cells, however, was
noticeably lower in the strains missing the PRR motif. This percentage reduction was
31 + 7% in filament-stained and 26 + 10% in hook-stained cells (see Figure 28A, B).
The results undoubtedly show that the PRR motif is important for efficient flagellar
assembly, and that it affects both hook and filament assembly (see Figure 28A, B). A

deletion of FIhB fully abolished flagellation.

Additionally, the role of deleting the PRR in C-ring assembly was also investigated. It
was determined that the deletion does not affect the assembly of the C-ring, as FliM1
still localized to the pole even in the delta PRR strain. Additionally, 32 +/- 5% of the
FIhB deletion strain still had flagellar C-rings (evidenced by the polar localization of
FliM1), even though no hooks or filaments could be detected (Figure 28C). Based on
these results, it can be concluded that the PRR motif of FIhB is important for the

functioning export of flagellar substrates but not basal body formation.

81



<

n=1000

% (urejs ooH) s||22 paje|jabely

adA) piim

guiiv

dddVv-guid

n=1000

- &
%,
-5, %
(>3
)
%

adA) pim

guiv

Q,
o AW

dHdVv-auld

o
S
o
N
c
e —
. _ %
* O\v
*
[ .|awv wa
“b
o ~ %,
‘mb
1 1 1 72,
o o o o o “Y
© © < ~

% W4 ym sjjeo

adA) pim

guiiv

dddVv-guid

Buiuiels yooH

m

Buiuie)s juswie|i 4

®

Buibbey LN



Figure 28 Microscopy and quantification analysis of SpFIhB APRR effects in
comparison to wildtype and a AflhB mutant. A - Microscopy images of hook-stained
cells and comparative quantification of hook formation; B - Microscopy images of
filament-stained cells and comparative quantification of filament formation; C -
Microscopy images of FliM1 localization in cells and comparative quantification of
FliM1 localization. Scale bar: 5 um. %% % 2 P = <0.0001. %k % 2 P = <0.001 (data
obtained in collaboration with John Hook, AG Thormann , Giellen, who kindly
provided the images)

3.2.6. Phylogenetic analysis of FIhB
The phylogenetic analysis of the proline-rich region was performed in collaboration

with Dr. Jan Pane-Farre of the Bange lab, who kindly provided Figure 29 (which was

also published in 189),

Due to the additional structural information now gained on the PRR, the occurrence
of the PRR itself (and its conservation) in different groups of bacteria was
investigated. First, a comparison of the sequences of various representative FIhB
proteins from the major bacterial phyla was carried out (see Figure 29A for the
different species). This showed that FIhBs (including their proline-rich regions) from
beta and gammaproteobacteria are closely related to each other, but also that there
is an additional domain (called Pfam Bac_export_2, see Appendix 7.5.3) which is
contained in beta and gammaproteobacteria, as well as actinobacteria, which

contains 30 to 60 residues.

BLAST searches were then performed to further investigate the presence of PRR
motifs within gamma and betaproteobacteria (see Figure 29B). As the query
sequences, PRR regions (far-end C-termini of FIhB) identified in the phylogenetic
analysis were used. The results indicated that the motif from the S. putrefaciens polar
FIhB can primarily be found within gammaproteobacteria (Alteromonadales,
Vibrionales and Pseudomonales). Additionally, there were two other proline-rich
regions which were found in enterobacterales and different betaproteobacteria

groups (Neisseriales, Burkholderiales and Nitrosomonadales)(see Figure 29B).

Even though slight differences exist, there are four key points that summarize the
common elements of the PRR elements found in the groups of bacterial species

outlined above. These are: a) a highly conserved N-terminal glycine b) five or less
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proline residues, which can variably be separated by 1-4 residues c) a
hydrophobic/bulky valine or isoleucine directly before the fourth/fifth proline of the
PRR in beta/gammaproteobacteria respectively d) residues with negative charge

found close to the last proline residue of the PRR.

At last it should also be stated that the proline-rich motif is not found in any of the
investigated sequences of FIhB homologs found in injectisomes. It can then therefore
be summarized that the PRR is unique to FIhB proteins found in flagellar systems of

gamma and betaproteobacteria.
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Figure 29 Occurrence of PRR within the g- and b-proteobacteria. Prepared by Dr.
Jan Pane-Farre. A - Phylogenetic analysis of FIhB sequences. Bifurcations supported
in 50% or greater proportion of bootstrap replicates depicted bold; B - Sequence
logo depictions of the PRR relative to the two gamma- and one beta-proteobacterial
cluster as indicated. The locus tag of the query used for PRR identification shown on
the left side of Part B, species names on the right side. The figure was also published
in 18 and kindly prepared by Dr. Jan Pane-Farre.
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3.2.7. Additional interaction partners of FIhB in S. putrefaciens
With a Y2H experiment, different potential interaction partners of the S. putrefaciens

FIhB were screened, with the experiment showing a clear interaction between the
polar FliM and polar FIhB (performed by Dieter Kressler, see Figure 30A). To further
investigate these findings, GST-pulldowns were carried out to determine whether
FIhB-C can also bind to FliM in vitro. Even though the Y2H experiment did not show
interactions with FIhA-C or FliK, pulldown experiments were still performed to probe
for interactions in S. putrefaciens, since FIhA and FliK are known interaction partners

of FIhB from other organisms (3949).

The pulldown in Figure 30B shows that FliM/N strongly binds to GST-FIhB-C WT, with
a fainter FIhA band visible in the absence of FIiM/N (FliM and FIhA-C bands overlap in
size on the SDS-PAGE gel). The FliM/N binding to FIhB is in accordance with the
previous Y2H data. Reversing the pulldown (immobilizing GST-FIhA, see Figure 30C)
shows that FliM/N is only seen to strongly bind to FIhA if FIhB is also present (Figure
30, lane 3). This would suggest that there is no strong direct interaction possible
between FliM/N and FIhA, and that FIhB acts as a bridging partner between them
(FInB/FIhA interactions have also been identified and confirmed previously in other
organisms, such as S. typhimurium, in the literature 3%%9). In Figure 30D, both FIhB-C
WT and FIhB-C N269A are shown binding moderately to a GST-FIhA-C construct, but
only very faintly to a negative control (an unrelated protein, the first 20 residues of
PomX from M. xanthus, fused to a GST tag). Overall, the binding between FIhB-C and

FIhA-C does not seem to be particularly strong when they are present alone.

Regarding the importance of the PRR motif (or lack thereof), another experiment was
performed to probe the interactions of GST-FIhB-C WT, GST-FIhB-C dC20 (lacking
most of the PRR motif), and GST-PRR itself with FliK. No interactions could be

identified with any of the constructs, however (Figure 30E).
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Figure 30 Additional interaction partners of FIhB-C in S. putrefaciens. A - Y2H
experiment showing an identified interaction between FliM and FIhB-C, but not
showing interactions with FliG, FliN, FIhG or FIhA. Experiment performed and image
provided by Dr. Dieter Kressler; B - GST-pulldown testing interactions between GST-
FIhB-C and FliM/N, FIhA-C; C - GST-pulldown testing interactions between GST-FIhA-
C and FliM/N, FIhB-C N269A; D - GST-pulldown testing interactions between GST-
FIhA-C, an unrelated GST-control peptide and FIhB-C N269A, FIhB-C WT; non-specific
interactions with the control are significantly weaker and barely detectable based on
bands intensity; E - different GST-FIhB-C constructs tested for binding against FliK;
there was no binding observed with any of the constructs. (*in part E refers to a lane
in the gel being cropped out; sample in lane 4 was loaded twice by accident).

87



4. Discussion

4.1. FIhG and its interaction partners
As outlined already in the introduction, it has been determined previously that FIhG

is a key regulatory protein present in a variety of bacterial species with different
flagellation patterns. It was also known that it functions as a negative regulator of
flagellar number in monotrichous polar flagellates (which also include S.
putrefaciens). FliM and FIrA themselves have also been identified as interaction
partners of FIhG in the past, although their interplay in controlling the rate of flagellar
assembly remained poorly understood to a significant degree. Proteins assembled
into different flagellar substructures are not all expressed and assembled at the same
time — rather, an intricate control system exists to ensure that this occurs stepwise,
and that (in a wildtype situation) the next “batch” of proteins only starts being
produced, when assembly of the previous flagellar stage has been completed.
Flagellar genes are normally separated into class |, class Il, class Il and class IV genes,
depending on their hierarchy. The figure below (Figure 31) shows the hierarchy of
flagellar genes in Legionella pneumophila, which is (like S. putrefaciens) also a gram-

negative gamma-proteobacterium with a single polar flagellum.

FleQ and RpoN (s54)
(control expression of Filament
Class Il genes).

FIgM/FIgN,
FliA

+

Class Il Class Il Class IV
FIIEFGHIJ, FIMNOPQR, (MotAB, FliA, FIgMN) FlaAG, FIiIDS
FIhAB, FIgBCDEFIJKL, FIiK, (motor and control) (filament)

FleSR, FleN/FIhF
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Figure 31 Summary of different flagellar gene classes and their control. It is taking
into account the overall structure of the flagellum and its assembly apparatus at
each of the stages. OM — outer membrane; PG — peptidoglycan; IM —inner
membrane. Regulatory proteins for each stage indicated. Inspired by reference ¥+ .

With the results presented in this thesis, the step that was of key interest is the
regulation of Class Il flagellar genes, which, among others, include C-ring proteins
(FIGMN), components of the secretion system (FIhAB, FIIOPQR), and many others
(including FIhG and FIhF themselves). In S. putrefaciens, this step is controlled
through FIrA, which is, in addition to being an interaction partner of FIhG, also a
transcriptional activator. The main question to be answered in this part of the
discussion is: what are the roles of FIhG and FliM, directly or indirectly, in the
regulation of expression of class Il flagellar genes, and later on in the transition to the

expression of class Il genes?

In S. putrefaciens, FliM has already been identified as an interaction partner of FIhG
in the past (Schuhmacher et. al 74, D. Mrusek PhD thesis); the same is true for FIrA

(D. Mrusek PhD thesis).

It has been presented in this (V. Blagotinsek) thesis, based on HDX data (see Figures
16 and 17), that both FIrA and FliM bind to roughly the same region of FIhG, with
binding sites overlapping in helices 6 and 7. Previous data from the thesis of D.
Mrusek also supports these findings, employing three different point mutations
within these helices in FIhG to show that FliM and FIrA no longer bind upon their
alteration (see Figure 17D for a visualisation of these residues in FIhG). As seen from
the experiments presented in this (V. Blagotinsek) thesis, FliM is also not a factor
promoting ADP release from FIhG (see Figure 15), and the conformational changes in
FIhG occurring in ADP-bound and apo states were also investigated (the latter with
HDX-MS experiments, see Figure 17). It is worth mentioning again that FIrA is only
bound to FIhG when FIhG is a homodimer (therefore, as D58A, or in the presence of
ATP), while FliM does not seem to prefer either state (and can also bind in the

absence of added nucleotides); see Figure 13.

The in vitro binding behaviour of both interaction partners has also been investigated

by using a variety of ATP and ADP concentrations. Using GST pulldowns, (see Figure
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13E, F), it has been shown that while the FIrA/FIhG interaction essentially depends
on the presence of ATP (using WT FIhG), this is not the case with FIiM/FIhG. In the
latter case, binding occurs in the presence of ADP and ATP, and appears stronger,
judging by band intensity, in the presence of ADP; this is true for a concentration
range between 0.1 and 2.5 mM ATP/ADP. Also, from this thesis, it can be seen that
the FIrA-HTH domain stimulates the ATPase activity over a range of different ATP
concentrations, with FIhG and FIrA-HTH both being present in equimolar
concentrations (10 uM each) (see Figure 13D). This fits into the model because the
stimulation of hydrolysis of the ATP that is bound to FIhG would lead to dissociation
of the FIhG homodimer. End-point ATP hydrolysis measurements from S. putrefaciens
FIhG and FIrA were also used to investigate the behaviour of both full-length proteins,
showing that FIrA has a significantly higher intrinsic ATPase activity compared to FIhG

(see Figure 14).

The Figure 32 below graphically summarizes key findings, specifically the effects of
different mutations on the behaviour of FIhG, FIrA and FliM, and their phenotypic
effects in regard to flagellar number and positioning in S. putrefaciens. The
experimental results have been presented and discussed earlier in the text, but for
easier orientation through the figure below, a short text overview of the various

stages shown in the figure (A-l) follows (after Figure 32).
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Figure 32: Summary of the roles of FIhG, FIrA and FliM in the context of
transcriptional control and C-ring assembly. Figure also published in 17>, Figure
depicts different stages in the interactions of FIhG, FliM and FIrA (left) and
corresponding mutant phenotypes (right). A — FliM/N binding to FIhG; B — FIrA
binding to dimeric, ATP-bound FIhG; C — equilibrium between monomeric and
dimeric FIhG; D — release of FIhG after binding to FIrA; E — FlIhG D58A mutation leads
to lack of flagellation; F — different mutations lead to lophotrichous flagellation; G —
disruption of the FIhG binding site on FIrA or deletion of FIhG and FIhF leads to a
delocalized hyperflagellation pattern.

A) FIhG (in a nucleotide independent manner) interacts with FliM, and is recruited to
the cell pole, where FliM gets incorporated into the growing C-ring. The FIhG K175E
mutant acts at this stage, preventing a FliM/FIhG interacting through the mutation in
the FlIiM/FIrA binding region on FIhG (helices 6 and 7). The result of this is a

lophotrichous flagellation pattern.

B) FIrA (most likely as a dimer) interacts with strictly dimeric FIhG (either WT FIhG in
an ATP-bound state, or an ATP-non-hydrolyzing mutant, FIhG D58A). This step, just
like step A, is also prevented by an FIhG K175E mutation. The result of this mutation

is a lophotrichous flagellation pattern.

C) FIhG is in a monomer-homodimer equilibrium, where the homodimer is ATP-

dependent.

D) The FIhG/FIrA interaction ends after FIhG ceases existing as a dimer, and the ATP

is hydrolyzed. Free FIhG returns into circulation.

E) In relation to C), the FIhG D58A variant shifts the equilibrium to a purely

homodimeric state. The result of this is a lack of flagellation.

F) A lophotrichous phenotype (several flagella at the cell pole) can occur both through
a disruption of FIhG/FIliM or FIhG/FIrA binding by disrupting their binding site (which
is identical) on FIhG, or by deleting the N-terminal region of FliM, which contains the
EIDAL motif.

G) A mutation of the binding site of FIhG on FIrA, either by deleting the whole binding
region (389-409) or by the mutation L400E. This results in a delocalized

hyperflagellation pattern.
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H) FIrA is released from being sequestered by FIhG and is free to act as a

transcriptional activator. The details of this interaction are still unknown.

1) FIhG that was interacting with FliM and recruited to the pole is released back into

circulation as free monomeric FIhG.

Complementing the already discussed data and Figure 32 above, the Figure 33 on the
next pages additionally summarizes flagellar pattern and number together with the
state of the FIrA/FIhG interaction, also taking into account (comparing them with)
FIhFG overexpression and deletion phenotypes. The interplay between FIhG and FIrA
which has an effect on the flagellation pattern, while also taking into account the
various mutants, can be thought of as a spectrum. A spectrum that, on one side,
shows a “strengthened” FIhG/FIrA interaction (when FIhG D58A is employed, which
prevents FIhG ATP hydrolysis and hence dimer dissociation, see Figure 32E), which
leads to a lack of flagella, and on the other side a “weakened” FIhG/FIrA interaction
(which occurs by employing mutants in the interaction interfaces in either protein
and results in hyperflagellation and delocalization of flagella, see Figure 32G). The
WT situation is in between the two extremes, with a dynamic equilibrium between
monomeric and dimeric FIhG, and hence free and FIrA-associated FIhG. The
association of FIhG with FIrA, as discussed, also possesses implications for the
oligomerization state of FIrA itself, but this needs to be investigated further, and is

also not fully understood in other organisms (P. aeruginosa, for example).

A sensible follow-up question to this model would be, at which point during flagellar
assembly FIhG actually becomes a dimer? Since its membrane-association is
mediated by the MTS, there might be other unknown interactions at the membrane
that FIhG is involved in, which occur after the recruitment by FliM. FIhG is required
to be a homodimer to interact with FIrA, and because of transcriptional control, this
needs to occur after enough flagellar building blocks have been synthesized. Hence,
it is likely that FIhG first interacts with FliM, then dissociates from the pole, binds
ATP/forms a dimer, and is ready to sequester FIrA. ATP hydrolysis then releases “free”
monomeric FIhG. Such a model also makes sense because qPCR data (see Figure 20)
show that a deletion of FIhG/FIrA L400E mutation result in an increase of

transcription of FliF (which is part of the flagellar cluster under control of FiIrA).
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Because FIhG is binding to FIrA in FIrA’s linker region, which lies between the AAA+
ATPase domain and the HTH DNA-binding domain, it is so far unknown how exactly
its effects are conferred on FIrA. FIhG's binding could either prevent FIrA from binding
DNA directly, or it could interfere with hexamerization, which occurs via the AAA+
domain 19, Another layer of complexity lies in the ability of FIrA to bind to different
promoters, which could be controlled in a variety of ways, including the
oligomerization state of FIrA, or the conformational arrangement of the DNA-binding
domains. °7/10% |t has actually been determined that in solution, FIrA can be present
(in P. putida, at least) as a mixture of dimers, tetramers and hexamers and that the

equilibrium between different oligomeric states is unaffected by c-di-GMP 8,

Another key question at this point remains why the FIrA d389-409 and the L400E
mutant do not simply phenocopy an FIhG deletion mutant, but rather resemble an
FIhFG deletion mutant (see Figure 19) (so, not a lophotrichous but a delocalized
hyperflagellation phenotype). This would suggest that the behaviour cannot only be
explained by the FIhG/FIrA interaction but requires FIhF to be considered as well. In
previous studies, it has been determined that FIhG interacts with FIhF through the N-
terminal activator helix (which stimulates the GTPase activity of FIhF) 86135 The
FIhG/FIhF interaction might therefore also indirectly be affected by FIrA interacting
with FIhG. The Western blots quantifying FIhG and FIhF levels in response to different
mutations (Figure 20) support this theory. This means that the amounts of both FIhF
and FIhG must somehow be controlled through the FInG/FIrA interaction. This in turn
means that both of the alterations of the FIhG binding site on FIrA (deletion of the
region and the L400E mutation) cause greater amounts of FIhG to be produced. A
consequence of this is that FIhF is then stopped from establishing the cell pole as the
site of flagellar synthesis. The overall message is that the flagellar number depends
on the equilibrium between FIhG and FIrA, and the availability of FliM, since FIhG

interacting with FliM is unable to sequester FIrA, and stop its oligomerization.

Regarding FliM, it has also been determined that the interaction with FIhG is essential
to allow FIhG to be recruited to the cell pole (where flagellar assembly is taking place),

since FIhG cannot become localized to the pole if FliM is lacking the EIDAL motif (173,
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and D. Mrusek PhD thesis). This hints towards the conclusion that FIhG is not actively
determining the pole at all, as it had been speculated in the past.

The recruitment of FIhG by FliM only increases the amount of FIhG present at the
pole transiently, and likely when the C-ring is not assembled yet. After the assembly,
or rather, at an unidentified point during it, as FliM is incorporated into the C-ring,
FIhG dissociates. The mechanisms for this action is also presently unknown, but likely
involves a conformational change that is caused by FliM associating both with other
FliM monomers within the C-ring, and with FliG, located directly above FliM in the
finished C-ring. At that point, association of FIhG with FliM would also be unlikely due
to the hindrances presented by the already assembled C-ring components. Cryo-
tomography experiments (not shown here but presented in *’°) also show that FIhG
by itself is not required for the assembly of a functional and properly assembled C-
ring.

Another point to mention is that FliM itself has also been determined to interact with
CheY, an important chemotaxis regulatory protein 20121 This could be another
connection linking flagellar assembly/localization with chemotactic control, but the
point in time when FliM interacts with CheY is also unknown. Speculatively, this

interaction likely takes place before the interaction with FIhG.
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Figure 33: Summary of key results and model information linking the FIrA/FIhG
interaction to different flagellation phenotypes. Considered in relation to the
degree/extent of the FIrA/FIhG interaction. From left to right: column 1 indicates the
presence or absence of FIhF and FIhG; column 2 indicates the flagellation phenotype;
column 3 indicates any implemented mutations; column 4 indicates the degree of
FIhG/FIrA interaction. FIhG shown in orange with triangles representing bound ATP.
FIrA shown in blue, with the HTH domain shown in red.

4.1.2. Considering the S. putrefaciens FIhG/FIrA pair in the context of previous
studies done on P. geruginosa FleN/FleQ
Since the FleN/FleQ pair have been studied in considerable detail in P. aeruginosa, |

wanted to summarize some final conclusions of the similarities and differences
between the two systems, which are found in two relatively similar, monotrichous

polar flagellates.

Resembling the situation with Shewanella FIhG that has been demonstrated with
GST-pulldowns for FIhG, HDX and MST measurements (MST measurements that were
already presented in the PhD thesis of D. Mrusek, as well as in Blagotinsek et al 2020

PNAS, reference 17°), the P. aeruginosa FleN is also active in its ATP-bound form, and
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interacts with (=inhibits) FleQ in its dimeric form 9. As the available data
demonstrates, S. putrefaciens FIhG does not interact with FIrA in the absence of ATP,
when it is monomeric. In this part, the results match previously known findings from

P. aeruginosa.

A pairwise sequence alignment (Emboss Needle, see Appendix 7.5.4.2) calculated the
sequence identity of S. putrefaciens FIrA with P. aeruginosa FleQ as 52.0%. It also
demonstrates that the region of SpFIrA involved in binding FIhG (389-409) has lower
sequence identity with the Pseudomonas FleQ than the rest of the protein, which
could indicate a key difference between S. putrefaciens FIrA and its P. aeruginosa
homolog. The Consurf data for FIhG/FIrA presented in this thesis (Figure 18) also
shows that the FIhG-interacting region of FIrA is poorly conserved (being compared
to 150 overall most similar sequences), which could be a potential indication for a
difference in the relationship between the FleN/FleQ and the FIhG/FIrA (but this
would need to be further investigated with full length FIhG and FIrA in S.

putrefaciens).

Regarding the effects on transcription, the findings presented in this thesis are in
accordance with the general consensus of previous publications investigating the
roles of the two proteins in the polarly flagellated P. aeruginosa, regarding the
inhibitory/negative activation role FIhG (FleN) has on FIrA (FleQ) 8?3105, Through
gPCR and fluorescence microscopy experiments performed in collaboration with AG
Thormann (see Figures. 19 and 20), it has been demonstrated that the L400E
mutation in FIrA mirrors the results observed for a FIhG knockout (increased
transcription of FliF in gPCR and a hyperflagellation pattern in microscopy
experiments). An overexpression of FIhG, on the other hand, has the opposite effect
in both cases — a reduction in FliF transcription (which is under control of the

transcription factor FIrA), as well as loss of flagella.

An important difference between the organisms can be observed in the interplay
between FIhG/FIrA, and how they affect each other’s ATPase activity. In P.
aeruginosa, the ability of the HTH domain of FleN/FIhG on its own to stimulate ATP

hydrolysis by FIhG has never been investigated, as they only ever considered full-
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length FleN and FleQ. The findings show that full-length, WT FleN leads to a very
significant decrease of ATPase activity in full-length FleQ %3, and that FleN alone has
a significantly lower ATPase activity than FleQ alone. The second point is also true in
S. putrefaciens, as shown in this thesis — full-length FIrA does indeed have a higher
activity than FIhG of the same concentration (at 10 uM concentration of both, the
difference is 3.5-fold) (see Figure 14). The former point, (that FleN strongly inhibits
FIrA’s ATPase activity) does not seem to be the case, though. Keeping the
concentration of FIhG constant and starting with equimolar FIrA, then adding up to
10-fold excess in concentration of FIrA results only in a very modest decrease in the
total activity (see Figure 14). Why the case is different in Shewanella compared to

Pseudomonas still remains to be investigated further.

4.1.3. Future perspectives/outlook
So far, the 389-409 region has only been studied in the context of a deletion within

FIrA, both in vivo and in vitro. Additionally, the 389-409 region of FIrA could be
directly fused to a GST tag and used in in vitro pulldowns to determine whether this
region in isolation is enough to still bind FIhG, or whether other regions perhaps have
an accessory role in this interaction. Additionally, the L400E mutation can be
introduced into the GST-389-409 construct. Both of the GST-fusions of FIrA-HTH,
LA00E and d389-409, should also be tested for the stimulation of ATPase activity; it is
expected that no (or very minor) degree of stimulation would occur. This would

further delineate the role of this region.

A more important topic to investigate further in the context of the FIrA/FIhG
interaction is the oligomerization state of both proteins — in dependence of different
nucleotides (ATP/ADP/AMPPNP), as well as the ATP-binding but non-hydrolyzing
mutants of the two proteins; FIrA D233A and FIhG D58A. FIrA as such has been
identified as existing in dimeric, tetrameric and hexameric states 88172185 |t would
be interesting to investigate how different functional states of FIrA and FIhG affect
their oligomerization. As a sub-topic of this, the effects of DNA binding on FIrA’s
oligomerization state, as well as its capacity to bind FIhG, still need to be investigated

further. FIrA could then be co-crystallized with an appropriate DNA fragment (e.g., a
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part of the FIrABC promoter, as used in electrophoretic shift assay experiments by D.

Mrusek in the past — PhD thesis, unpublished data).

On top of this, HDX experiments with full-length FIhG and FIrA proteins would further
allow better understanding of interaction interfaces (and potential conformational
changes) that are employed when full-length FIhnG and FIrA are used; do these
interfaces significantly differ in comparison to those identified between FIrA-

HTH/FIhG?

The role of cyclic-di-GMP has not been at all investigated in the context of FIrA/FIhG
in S. putrefaciens, but further study of its effects would allow a better understanding
of differences between the two organisms and their flagellar systems (otherwise, P.
aeruginosa and S. putrefaciens are relatively closely related, and both possess a single
polar flagellum; additionally, S. putrefaciens was initially named Pseudomonas
putrefaciens). For this, the binding of c-di-GMP to FIrA in S. putrefaciens would need
to be investigated, together with the implications c-di-GMP presence has on the

FIhG/FIrA interaction in the same organism.

Returning to FliM, further research is also necessary to better understand how
exactly FliM is involved in flagellar localization, especially in the context of FIhG
localization and how the nucleotide-bound state of FIhG influences its preference for
either FliM or FIrA. It would need to be explored at which point (chronologically)
during flagellar assembly FIhG interacts with either FliM or FIrA, and especially, what

the role of lipids, and membrane interaction of FIhG is in this mechanism.

The current model (as shown in Figure 32) likely does not provide a detailed enough
insight into the role of the membrane-targeting sequence (MTS) of FIhG, and whether
a deletion of the MTS would have a discerning effect on FIrA/FliM binding. It is also
possible that the FIiM/FIhG interaction, which has now been shown to recruit FIhG
itself to the cell pole in S. putrefaciens, in turn also affects the anchoring of FIhG to
the membrane, and potentially its interactions with another crucial (and previously
investigated) interaction partner, the SRP-like GTPase FIhF. Provided this is the case,
further experiments would be necessary to examine the role of the FIhG-membrane

interaction, which could be accomplished both in vivo by an alteration of the MTS
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sequence, or in vitro by studying the association of FIhG and its interaction partners

with artificial lipid vesicles.

Finally, it is now better understood how the interactions between FIhG/FIrA and
FIhG/FliM link the correct flagellar localization to the timed production of flagellar
building blocks, but it is still unknown how repeated flagellar synthesis is initiated, for
example after the division of an old cell into two new cells. Based on the model
presented in (Figures 32, 33), it could be stated that FIhG indirectly controls its own
expression, which takes place by FIhG binding FIrA and blocking/inhibiting its activity
as a transcriptional activator (which would in turn lead to less FIhG being produced).
So far, the situation that has been investigated is related to FIhG and FIrA already
being present in significant amounts. It is possible that a renewed start of flagellar
synthesis (e.g., after cell division, as mentioned earlier) could be a consequence of a
temporary short increase of FIrA expression, which would lead to an increase in the
amount of “free” (from FIhG) FIrA. Judging from the hierarchy of flagellar gene
expression, FIrA is expressed already before FIhG, which would mean that a gradual
production of FIhG then slowly disrupts FIrA’s transcriptional activity, until so much
FIhG is produced that all of FIrA is sequestered and inactive. This question is even
more complex to answer, because even in a freshly divided cell, there is likely still
some leftover FIhG from before-cell division (it would be interesting to know how
FIhG is distributed around the cell right before the cell divides; whether a significant

part of it is still pole-associated, or not).

4.2.1. FIhB
Even though FIhB has been investigated in a variety of organisms (most thoroughly in

S. typhimurium), one of the key pieces of information that was still lacking — in order
to further delineate the role of FIhB — was the structural characterization of the
extreme C-terminus. This region was previously named the “CCT” region in
Salmonella but referred to as the “PRR” in this work. The overall structure is, as
outlined in the results section, very similar to the previously solved structures of FIhB

homologs from S. typhimurium and A. aeolicus 3’. The main differences are a shorter
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alpha helix 1 that was not successfully resolved in the S. putrefaciens case (likely due

to poor crystal packing or high flexibility of the region), as well as the PRR region itself.

The role of the PRR in hook length control has been investigated by Inoue et. al >* in
S. typhimurium. The Inoue et. al study also determined that different truncations to
the extreme C-terminus (PRR motif) of FIhB-C have a minor effect on the efficiency of
self-cleavage of FIhB-C. The research has shown that an otherwise wildtype FIhB-C
protein (e.g. with no mutations to the cleavage site, NP(E/T)H) with a truncation at
residue 375 or 380 results in a 100% cleavage efficiency (as observed from Western
blot experiments using an anti-FIhB antibody). In contrast, the cleavage was no longer
100% efficient with truncations at residues 355, 360, 365 and 370. A truncation of
part or the whole PRR therefore results in a decreased cleavage efficiency. The
authors suggest this is potentially occurring due to a change in the conformation of
the NP(E/T)H cleavage loop. When it comes to the role of this region in binding
flagellar secretion substrates (hook and rod type), a FIhB containing a deletion of the
PRR (truncation at residue 353 in S. typhimurium) fused to a GST tag could still bind
FlgD successfully (FIgD is a hook-type substrate otherwise shown to interact with an

exposed hydrophobic patch on the surface of FIhB); this was investigated by 8.

Inoue et. al also tested the importance of the PRR in vivo — they observed that an
increase in motility with S. typhimurium is present in strains with C-terminal FIhB
truncations ending at residues 350, 355 or 360. A key point, however, is that this
behaviour was only observed in the absence of FliK. When normal wildtype FliK is
present and expressed, the PRR truncations lose their effect on the motility
phenotype. With these same strains that were previously found to exhibit a different
phenotype than the wildtype FIhB strains in the absence of FliK, a large variation in
hook length was also noticed (present only in a small proportion of flagella, but

leading to significantly longer hooks than average)>.

Regarding the results in S. putrefaciens, the key findings regarding the link between
flagellation and presence of the PRR are shown in the diagram below (Figure 34).
Briefly, data in this thesis supports the model that a deletion of the PRR leads to both
a reduction in flagellation, as well as a significant decrease in cleavage of otherwise

wildtype FIhB (no mutations to the cleavage site) (see Figures 23 and 28). This could,
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to a degree, be related to the findings of Inoue et. al >4, as described earlier in the
discussion (a reduction in cleavage of FIhB-C when the PRR region was deleted in
Salmonella). 1t is unclear exactly how a removal of the PRR motif leads to decreased
flagellation, and why this effect is not more pronounced — this shows that this region
of FIhB-C undoubtedly plays a role, but it is still not fully clear which mechanism is

employed to reach the observed phenotype.

Additionally, it has been discovered that the PRR motif is primarily restricted to beta
and gammaproteobacteria, which contain a variety of diverse species with varied
flagellation patterns; on one hand, the relatively closely related Vibrio, Pseudomonas
and Shewanella groups of organisms, which are all FIhF/FIhG possessing
monotrichous polar flagellates, to E. coli, a peritrichous organism lacking the pair.
Therefore, there isn’t an immediately detectable link between the presence of the
PRR motif, and the flagellation pattern. It is perhaps an old conserved motif that had
a defined function already in the ancestors of gammaproteobacteria long ago and
has simply been maintained in the currently present organisms, even though their
flagellation patterns and regulation diversified. Further insight into this topic is still
necessary to better understand the role of this region, which has, so far, only been

studied in S. typhimurium and S. putrefaciens.
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Figure 34: FIhB and the PRR motif. Effects of the PRR motif on FIhB cleavage (lower
panel) and flagellation (upper panel). Upper panel depicts flagellated cells, where
the presence of flagella depends on FIhB (shown in lower panel). The lower panel
schematically depicts the FIhB protein, highlighting the wildtype case (bottom left
panel) or a FIhB with a PRR deletion (bottom right panel), which leads to a partial
cleavage inhibition and decrease in flagellation. CN and CC domains shown fused
together indicate cleavage inhibition.

FIhB was also tested for interactions with other proteins that have been identified as
interaction partners from other organisms (FliK, FIhA), as well as a new interaction
partner (FliM) that had been identified in S. putrefaciens and not known from other
organisms (Y2H experiment performed by Dieter Kressler, Figure 30A). Interestingly,
FliK did not show binding to FIhB-C WT, FIhB-C dC20 or the PRR motif itself. FIhA and
FliM/N did bind to FIhB, as clearly visible from Figure 30.

Additionally, FliM/N was observed as an interaction partner when added to GST-
FIhA, but the interaction was shown to be clearly present and strong only when FIhB-
C was also added into the incubation mixture. This would suggest that FIhB may

represent a “bridge” between FliM/N and FIhA. The potential implications of this are
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presented in the model (Figure 35) below: firstly, FliF, FIhA and FIhB localize to the
pole (1). Then, the cytoplasmic domains of FIhB and FIhA interact with each other, as
the flagellum, the secretion system or the C-ring are not assembled yet (2). FliG then
interacts with FliF-C and C-ring assembly starts, and it is also likely that at some point
close to this assembly stage, there is an interaction between FliM and FIhG which

recruits FIhG to the pole.

This model, though, also proposes that FIhB-C interacts with FIiM/N, which plays a
role in the recruitment of FIliM/N to the pole. Since FIhA-C and FIhB-C interact with
each other, this would explain the pulldown results from Figure 30. It is unclear
whether FIhG is interacting with FliM as the latter is bound to FIhB (and through FIhB
to FIhA), or not. For this, the binding site of FIhB on FliM would need to be
investigated to determine whether it is sterically possible that both interaction
partners are bound at the same time. Finally, stage (3): The C-ring assembly is nearing
completion, FliM now interacts with FliG and other FliM monomers to form the ring
structure. As this occurs, FIhG is permanently released from FliM, and is now free to
interact with FIrA, which overall leads to the inhibiton of further transcription of
flagellar building blocks. The key question at this point is what FIhG is doing during
the FIhB//FIiM/N interaction (or, asking otherwise: at which point does this

interaction actually occur)?

1 2 3

FliF localizes first, FIiG binds to FIiF, C-ring C-ring forms, FIhAc and
then FIhA and Z formation starts. FliM binds FIhBc no longer interact
FIhB go to the = FIhB and is (before, after when assembly is

pole . or during this) recruiting complete. FIhG released,
FIhG to the pole binding FIrA and stopping
l transcription.
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Figure 35: Model of the interaction between FIhA, FIhB and FliM/N, as well as
potentially FIhG. The model depicts the interactions between key flagellar and
regulatory proteins in several stages. FIhB shown in red, FIhA shown in yellow, FliF
shown in green, FliM and FliG shown in grey, FIhG shown in orange. FIrA shown in
blue, with the HTH domain indicated as red circles. The long horizontal, narrow grey
shape connecting the different stages represents the membrane.

4.2.2.Future perspectives and outlook

4.2.2.1. FIhB in the context of C-ring assembly
As discussed in the previous chapter, in comparison to other interaction partners,

FliM is relatively unknown as a binding partner of FIhB, and the interaction has not
been studied in detail (also not in other organisms). As discussed previously, other
interaction partners that have been confirmed to interact with FliM are FIhG, CheY,
FIiN and FIhG. It is also not likely that the FIiM/FIhB interaction is a long-term and
stable one, and the FliM may only transiently interact with FIhB, as the former is
associating with the cell pole in S. putrefaciens. It is also highly unlikely that FliM and
FIhB interact in the context of an assembled C-ring, since FIiM/N are located directly
below the FliG oligomers making up the top of the C-ring, which in turn interacts with

the cytoplasmic domain of FIiF.

Thus, the FIhB/FIiM interaction could potentially take place at a similar time-point
(and location) as the FliM/FIhG interaction, as C-ring building blocks are still being
produced, and FIhG is being recruited to the pole by FliM. This is a potentially valid
scenario, since it is known that FIhG itself also interacts with membrane lipids, as has
been discussed earlier in the discussion and introduction of this work. It still needs to
be investigated what effects FIhG has on the interaction of FIhB and FliM. Is such an

interaction then disrupted, or is a complex of FliM/N, FIhB and FIhG possible?

Since the FIiM/N complex can already be stably purified and used in pulldowns, the
next key milestone would be a successful purification of a tri-membered complex
containing FIhB, FliM and FliN. This complex could then be analysed using HDX-MS,
to identify the binding interfaces on the individual complex components. Depending
on the role of FIhG in this, further purification could be attempted to delineate cross-

interactions in the context of FIhG, FliM, FliN and FIhB all being present. Additionally,
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since FIhB is likely a bridging partner bringing FIhA and FliM/N together transiently,
the possibility of a complex containing FIhA, FIiM/N and FIhB should also be

considered and investigated.

4.2.2.2. FIhB in the context of flagellar substrate secretion control
So far, only preliminary work has been performed to investigate the interaction

between FIhB and FliK in S. putrefaciens. This preliminary work shown in this thesis
(see Figure 30E) has not managed to show so far in vitro that different GST-FIhB-C
constructs (GST-PRR, GST-FIhB-C WT and GST-FIhB-C dC20) can interact with FliK. It is
possible that the interaction is disrupted by a GST tag on FIhB-C, and the experiments
would also need to be performed by a Strep or GST affinity tag on FliK itself, to test
for FIhB binding.

It should also be noted here that, as well as a number of other flagellar proteins in
this organism, also FliK exists as the polar (1) and lateral (2) variety. All preliminary
(and unpublished work, V. Blagotinsek) previously referred to in this thesis is related
to the polar FliK (FIiK1). The FliK/FIhB interaction is therefore not interesting only for
the structural details of the interaction itself, but also because of the potential
differences between the lateral and polar flagellar systems, in the context of
secretion control. Unpublished work was performed by D. Mrusek that investigated

some of these differences.

As a brief summary, an unpublished manuscript was previously prepared by Mrusek
and colleagues (FliM and FliN enable flagellar specificity in S. putrefaciens), which
focused on crosstalk interactions between the polar and lateral C-ring components.
Mrusek et. al discovered that FliG1 is capable of binding both polar and lateral FliM/N,
the same remains true even if FliF-C (polar or lateral) is present. From structural
analysis, there are several key residues in the FliG/FliM interface that are conserved
and identical in lateral/polar FliG and FliM. Only the polar FliG can interact with FIhF,
and another important distinction occurs with FliF/FliG interactions; while the polar
FliF-C binds only polar FliG, the lateral FliF-C can bind both lateral and polar FliG.
These previous findings could be further expanded on by considering additional

proteins such as FliK, as discussed below.
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The S. putrefaciens lateral FliK (FIiK2) contains a conserved disordered region, likely
located between two spherical domains (the disordered region aligns well with
Salmonella FliK, see PSIPRED secondary structure prediction data, Appendix 7.5.2.5.).
This disordered region does not seem to be present in the S. putrefaciens polar FliK
(FIiK1). For these different FliK proteins, sequence identity values are in the low 20%
range with one another (Appendix 7.5.2.1., for pairwise alignments of SpFliK1,
SpFliK2, S. typhimurium FliK see Appendix 7.5.2.2-7.5.2.4). This low similarity
between the polar and lateral FliK in Shewanella, as well as the predicted lack of a
long-disordered region in the polar FliK (and the polar FliK being roughly 100 residues
longer than the lateral FliK), could hint at undiscovered differences between the
proteins and their regulation. This would still need to be explored further, in the
context of differences (and potential crosstalk interactions) between the polar and

lateral flagellar system as a whole.

To continue with previous research (mentioned earlier in this chapter, unpublished,
D. Mrusek), which was focused primarily on the crosstalk between polar and lateral
FliG, FliM and FIiF, crosstalk involving both lateral and polar FliK/FIhB would need to
be investigated. This would involve investigation of the binding interfaces between
both FIhB/FIiK pairs and attempting to swap the polar/lateral proteins one at a time,
to determine whether functional flagella can still be formed, and in which cases this
is true (e.g., can a polar flagellum still function if both FliK1 and FIhB1 are replaced
with FliKk2 and FIhB2, or if only one of them is replaced with the lateral (2)
counterpart). This can also be investigated in vitro, using GST pulldowns to determine

the possibility of cross-interactions between the two secretion control systems.

In vivo fluorescence microscopy experiments could also be performed with swapped
polar and lateral FliKs, to determine to what extent hook length is affected in the
polar and lateral flagellar system. In this context, the residues equivalent to the S.
typhimurium Val302/1le304 78, suggested as crucial FIhB-interacting residues, could
be mutated in S. putrefaciens to charged or non-hydrophobic residues, to determine
the phenotypic effects (with fluorescence microscopy studies). Additionally, in vitro
interaction studies, such as GST-pulldowns, could be attempted with these mutants.

This would clarify whether these conserved residues also play a crucial role in the
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Shewanella putrefaciens control of assembly of the flagellar hook, and secretion of

different classes of flagellar substrates.

108



5. Methods and materials

5.1. Materials and consumables
Chemicals and medium/agar components were obtained from Carl Roth, Thermo

Fisher Scientific, Sigma Aldrich and AppliChem and used as supplied.

Laboratory consumables such as falcon tubes, Eppendorf tubes, pipette tips, single-

use streaking loops were all provided by Sarstedt AG.

Columns for affinity and size-exclusion purifications (including resins), as well as bead
slurry for small scale expression tests and pulldown experiments were purchased
from GE Healthcare. All FPLC machines belong to the AKTA line of purification systems
from GE Healthcare (AKTA Prime, AKTA Purifier, AKTA Pure).

Nucleotides were provided in powdered form (Jena Bioscience), and stock solutions

of 100 mM were prepared before use for experiments.

SDS-Page gel chambers, gel casting and running equipment were purchased from
BioRad. SDS-gels were self-cast, employing 4% stacking layer and 15% separation

layer as standard.

Cloning enzymes, DNAse, RNase and other enzymes were purchased from New

England Biolabs and Thermo Fisher Scientific.

Crystallization core solution were purchased from Qiagen (JCSG core solutions I-IV

and core ProComplex).
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5.2.Solutions and buffers

Buffer A 20 mM HEPES pH 8.0
250 mM NacCl
20 mM KClI
20 mM MgCl2
40 mM imidazole
Buffer B 20 mM HEPES pH 8.0
250 mM NacCl
20 mM KClI
20 mM MgCl2
500 mM imidazole
SEC buffer 20 mM HEPES pH 7.5
200 mM NacCl
20 mM KClI
20 mM MgClI2
GSH elution buffer 50 mM Tris-HCl pH 8.0
20 mM L-glutathione
GST-pulldown buffer 20 mM HEPES pH 7.5
200 mM NacCl
20 mM KClI
20 mM MgCI2
0.6 uM Tween20

5.3. Methods
Additional details on methods not covered here that were performed in

collaboration with other scientists/laboratories are provided in the two published

research articles with V. Blagotinsek as shared first author, see references 780,

5.3.1. Transformation, protein expression and harvesting
Transformation was carried out using a 60 second heat-shock at 42 C. BL21 DE3 cells

were used for protein overexpression. After heat-shock, cells were left for 5 minutes
on ice and then grown for 30 minutes at 37 C, while shaking at 225 rpm. They were
then streaked out on plates with the appropriate antibiotic resistance (Ampicillin or
Kanamycin) and grown overnight at 37 C. Protein expression was carried out at 30 C
and 180 rpm overnight in standard LB medium (Carl Roth), induction was performed

by adding 1% w/v lactose monohydrate.

Cells were collected and centrifuged at 4500 rpm for 10 minutes, then resuspended
in buffer (A or SEC, depending on whether a Ni-NTA or GST purification would follow).
Cells were lysed using a microfluidizer (Microfluidics corporation) and passed through
the device twice. Afterwards, the resulting suspension was centrifuged for 20
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minutes at 20,000 rpm, and the pellet was discarded. The supernatant was loaded

onto an affinity purification column.

5.3.2. Protein purification
Depending on the tag used, the proteins were purified using Ni-NTA or GST affinity

resins. For the former, HisTrap columns were used, and for the latter, GSTrap
columns, both from GE Healthcare. During the affinity purification stage, the post-
cell lysis centrifugation supernatant was loaded onto the corresponding affinity
column, then washed with 10 CV of wash buffer (Buffer A for Ni-NTA purifications,
SEC buffer for GST purifications). Elution was then performed with 3 CV of high
imidazole-containing Buffer B (Ni-NTA purifications) or GSH elution buffer (GST
purifications). The load, flowthrough (lysate that passed through the column and
contains unbound proteins), wash and elution fractions were checked on an SDS-
PAGE gel before proceeding with the purification. The elution sample was
concentrated using spin concentrators with an appropriate kDa cutoff point (10, 30
or 50 kDa), and injected onto a size-exclusion chromatography column, containing
Sepharose Superdex S200 resin beads. The chromatogram showing the absorbance
values at 280 nm was inspected, and the relevant fractions were pooled and
concentrated, after checking them on an SDS-PAGE gel. The protein was aliquoted,

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

5.3.3. Sequence alignments and analysis
Pairwise sequence alignments were always performed by Emboss Needle

(https://www.ebi.ac.uk/Tools/psa/emboss_needle/ ), while alignments for several
sequences were carried out using the Muscle server 8, Visualization and analysis of
the multiple sequence alignments was carried out using Jalview 7188 and UCSF
Chimera 81%0 The multiple sequence alighments were coloured according to the
degree of conservation of residues within the compared sequences, identifying

conserved amino acids.

5.3.4. Structural homology modelling and conservation analysis with Consurf
Modelling was performed using the SwissModel server 76177, to produce homology

models of FIhB, FIhG, FIrA and FliM.
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The structural homology models generated were then used as input for the Consurf
server, to generate a 3D protein structure where conservation scores for individual
residues were mapped onto the input model 1°1-1%3, The sequence was compared to
150 most similar sequences, the cut-off points for sequence identity being 35% and
95%. The generated 3D model with colour-coded conservation scores was visualized

and analysed in Pymol (www.pymol.org).

5.3.5. GST-pulldown assays
The assays were performed using spin columns from the company MobiTec. After

assembly (inserting the filter into the spin column), 500 uL of GST-pulldown buffer
was added into each column, and then 30 ul of resuspended bead slurry was pipetted
in (GST-Sepharose beads). This suspension was centrifuged for 1 minute at 4000 rpm
to wash the beads, which were then again resuspended in 500 ulL of the GST-
pulldown buffer. The beads were then exposed to 1 nmol of a GST-tagged protein
and incubated together on a rotation machine for 15 minutes, and centrifuged under
the same conditions as above. The interaction partner protein was then added (10
nmol), and another incubation period on the rotation machine (now for 30 minutes)
was carried out. The sample was centrifuged again, then washed three times with
500 ul of the GST-pulldown buffer. The elution was carried out with 40 uL of the GSH

elution buffer. The samples were then run on an SDS-PAGE gel and stained.

5.3.6. Protein crystallization and structure determination

After the previous purification steps (see 5.3.2.), the size-exclusion peak
corresponding to FIhB-C was concentrated to 0.5 mM concentration. It was then
crystallized with the 96-needle Gryphon robot (Art Robbins). For crystallization, 2-
well crystallization plates were used (Swiss MRC, sitting drop method plates),
employing JCSG core solutions I-IV and ProComplex (Qiagen) solutions. Crystals could
be located in the following conditions: (JCSG Core Ill B2, 0.2M Lithium sulfate, 0.1M
Tris pH 8.5, 1.26 M ammonium sulfate; JCSG Core IV D5, 0.1 HEPES pH 7.5, 1.5M
Lithium sulfate; Core ProComplex H6, 0.1M MES pH 6.5, 1.6M Magnesium sulfate).
The crystals were first detected three weeks after the crystallization attempt. They
were harvested and frozen four weeks after crystallization in liquid nitrogen until
measurement (only Core IV D5 and Core Ill B2 crystals could be harvested, due to

their large enough size). The X-ray diffraction was performed at the DESY facility in
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Hamburg, Germany. Structure determination was carried out with molecular

replacement, using the S. typhimurium FIhB-C (3B0Z)37 as the search model.

Data were processed with XDS and scaled with XSCALE %%, The structure was
determined by molecular replacement with PHASER %>, manually built in COOT %,
and refined with PHENIX %7, Final validation of the structures was carried out with
the validation server of the Protein Data Bank (PDB) at https://validate-rcsb-

1.wwpdb.org. Figures were prepared with Pymol (www.pymol.org).

5.3.7. Protein-protein interaction studies
To investigate the interaction interface between the PRR and the rest of FIhB-C in S.
putrefaciens, the software LigPlot+ version 2.2 was used. The software was obtained

from the website https://www.ebi.ac.uk/thornton-

srv/software/LigPlus/applicence.htm!| under a free academic licence. The FIhB-C

structure was provided to the software as a single PDB file, with regions 312-356
(helices 3 and 4) and 357-376 (PRR) were as interacting regions of interest. The
software then provided an image summarizing the direct interactions between
specific residues, as well as listing the residues involved in hydrophobic contacts
182183 The image was exported in the PostScript format and then rearranged into

three panels to fit into a vertical format.

5.3.8. ATPase assays and HPLC analysis
In order to investigate the ATPase activity of FIhG across different ATP

concentrations, equimolar amounts of FIhG and FIrA-HTH were used (10 uM). The
reactions were carried out in SEC buffer, with the addition of the following different
ATP concentrations: 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, 0.75 mM, 1.0 mM, 2.5
mM, 5.0 mM. Samples were incubated in a heat block at 37 °C for a total of 60 min
(without FIrA-HTH) and a total of 15 min (with FIrA-HTH). Individual samples for
measurement were taken every 12 minutes for FIhG alone (so 12, 24, 36, 48, 60 min),
and every 3 minutes where FIrA-HTH was added (so 3, 6, 9, 12, 15 min). Immediately
after retrieval of samples from the heat block, they were quenched by chloroform

(volume ratio 2:1 chloroform:FIhG solution), thoroughly mixed for 15s, heat-
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inactivated at 95 °C for 15s and frozen in liquid nitrogen. The samples were then
thawed and centrifuged at 4 °C to separate the aqueous and organic phases. The
aqueous phase was used for further HPLC-based analysis. This was carried out on an
Agilent 1260 Series machine (from Agilent Technologies), using a C18 column (EC
250/4.6 Nucleodur HTec 3 uM; Macherey-Nagel). The samples were eluted from the
column at 0.8 ml/min flow rate with the buffer containing the following additives: 50
mM KH2POa, 50 mM K;HPO4, 10 mM tetrabutylammonium bromide and 15 % (v/v)
acetonitrile. The hydrolyzed nucleotides were detected at 260 nm wavelength, based
on ADP and ATP standards. GraphPad Prism (v6.04) was used for data analysis
(GraphPad Software). The velocity of ATPase activity was determined by linear
regression, based on the ADP amounts quantified at increasing incubation times. Kn
and Vmax were calculated from the fit of the v/S characteristic according to the

equation v = Vmax [S]/(Km + [S]) where [S] is the concentration of substrate ATP.

For endpoint measurements (Figure 14), proteins of interest were incubated for 30
minutes (at a concentration of 10 uM, unless stated otherwise) with 1 mM ATP. They
were then quenched and processed as described in the above paragraph for the

kinetics samples.

5.3.9. HDX-MS (hydrogen/deuterium exchange mass spectrometry)
Samples for HDX-MS involving FIhG and FliM/N were prepared by a robotic

autosampler (LEAP technologies), and manually for HDX-MS involving FIhG and FIrA.
For the latter, the relevant proteins were incubated with one another for 1 min at 25
°C prior to HDX in the presence of 1 mM ATP. H/D exchange was started by 10-fold
dilution in D20-containing SEC buffer (for the experiment involving FIhG and FIrA, 1
mM ATP concentration was maintained). Non-deuterated samples were prepared in
normal SEC buffer instead. Samples were incubated at 25 °C for 30, 120 and 600s (for
FIrA interaction) and 10, 30, 95, 1000 and 10000s (for FliM/N interaction). After
incubation, the reaction was stopped by addition of an equal volume of ice-cold
qguench buffer (400 mM KH2PO4/H3PO4, pH 2.2) and directly injected into an ACQUITY
UPLC M-class system with HDX technology (Waters). Digestion of the FIhG was then
carried out with immobilized porcine pepsin at 12 °C at + 0.1 % (v/v) formic acid. The
peptides were collected on a column filled with POROS 20 R2 material (Thermo

Scientific) at 0.5 °C. After elution and ionization of the samples, mass spectra were
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recorded on a G2-Si HDMS (Waters) mass spectrometer equipped with an
electrospray ionization source in High-Definition MS (HDMS) or Enhanced High-
Definition MS (HDMSE) positive ion mode for deuterated and undeuterated samples,
respectively. Between samples, the pepsin column was washed three times with 80
uL of 4 % (v/v) acetonitrile and 0.5 M guanidine hydrochloride, blank runs were
performed. Peptides were identified and deuterium uptake determined employing
the PLGS and DynamX 3.0 softwares (both Waters) as described in previous work of

Dr. W. Steinchen 198199,

5.3.10. Mant-ADP fluorescence experiments
The Mant-ADP (2°/3’-O-(N-Methyl-anthraniloyl)-ADP)) reagent was used to

investigate binding of ADP to FIhG alone and in the context of an FIhG/FIiIMN complex.
This binding was quantified by using a fluorescence-based assay run with the FP-6300
spectrofluorometer (Jasco). 1 uM Mant-ADP in SEC buffer was excited at 360 nm, and
emission was monitored at 450 nm. The interaction partner was added every 30s at
0.5 uM intervals. The effect of dilution on fluorescence was accounted for by titrating
Mant-ADP with SEC buffer alone. The data obtained was analyzed with Spectra
Manager for Windows 1.05.03 (Jasco) and GraphPad Prism (v6.04).

5.3.11. SDS-PAGE
SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) was used to

separate protein samples and subsequently visualize them with Coomassie stain after
protein purifications and GST affinity pulldowns experiments. BioRad casting
equipment, gel chamber and running chamber were used for SDS-PAGE. Self-cast gels
were used with 4% stacking gel and 15% separating gel. Protein samples were loaded
onto the gel after mixing with 1:5 SDS loading dye. The SDS-PAGE method was
performed at 270V, for 30-45 minutes depending on the expected protein size and
task. Running buffer containing 25 mM TRIS, 200 mM glycine and 0.1% SDS (w/v) was
used. After SDS-PAGE, the gels were stained by boiling them in a Coomassie brilliant
blue solution, and leaving on a shaker for 10 minutes. Afterwards, the gels were
destained by incubation in a destaining solution containing 60% distilled H,0, 30%
acetic acid and 10% ethanol, on a shaker. The solution was replaced with fresh

destaining solution upon blue colouring during destaining.
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7. Appendix/supplementary data

7.1. Genome identification IDs of genes/proteins used
All genes/proteins below from Shewanella putrefaciens strain CN-32.

Gene/protein name SputCN32 genome identifier
FIhB1 SputCN_2563
FIhG SputCN_2560
Flim1 SputCN_2569
FIiN1 SputCN_2568
FIrAl SputCN_2580
Flik1 SputCN_2571
FIhB2 SputCN_3484
Flik2 SputCN_3451
FIhF SputCN_2561
FIhAl SputCN_2562

7.2. List of constructs used

Name Tags Vector/resistance
FIhB-C dN221 WT His pET 24d/Kan
FIhB-C dN221 N269A | His pET 24d/Kan
GST-FIrA-HTH GST, His pGAT3/Amp
GST-FIrA-FleQ GST, His pPGAT3/Amp
GST-FIrA-AAA-HTH GST, His PGAT3/Amp
GST-FIrA-HTH-L400E | GST, His PGAT3/Amp
GST-FIrA-HTH-d389- | GST, His PGAT3/Amp
409

FIrA WT His pET 24d/Kan
FIrA D233A His pET 24d/Kan
FInG WT His pET 16b/Amp
FIhG D58A His pET 24d/Kan
FliM His pET 24d/Kan
FIiN / PET 16b/Amp
GST-FliM-N GST, His PGAT3/Amp
GST-FIhB-C dN221 GST, His PGAT3/Amp
WT

GST-FIhB-C dN221 GST, His PGAT3/Amp
N269A

GST-FIhA-C GST, His PGAT3/Amp
GST-FIhB-C dC20 GST, His pGAT3/Amp
GST-PRR GST, His PGAT3/Amp
GST-FIrA-HTH-dN16 | GST, His PGAT3/Amp
GST-FIrA-HTH-dN36 | GST, His PGAT3/Amp
FIiK WT His pET 24d/Kan

Strains for fluorescence microscopy experiments were prepared, used by and are stored by
AG Thormann, Giel3en. Different constructs for protein purification were provided by D.
Mrusek, A. Dornes and A. Lepak.
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7.3. FIhG and FIrA purification optimization gels
e = " (4

FIrA .
D233A = = = WT
LO FT W 100150200 250 500 mMim. LO FT W 100150200 250 500 mM im.

LO FT W 100 150 200 250500 mMim. LO FT W 100150200 250500 mM im.

Appendix 7.3 SDS-PAGE gel images of affinity (His-tag) purifications of different FIrA
and FIhG constructs (mentioned in Results 3.1.3.) . Fractions and concentrations of
imidazole used in the elution step indicated under the image (also see Methods
5.3.1,,5.3.2.). LO — “load” fraction, sample from clear supernatant after cell lysis
and centrifugation before applying it to the affinity column. FT — “flow-through”,
sample gathered after “load” fraction has fully passed through the affinity column.
W — “wash”, sample from a 10 column volume washing of the column with buffer
before elution.
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7.4. Refinement statistics for FIhB-C

Data collection and refinement statistics

SpFIhB-C
Data collection
Space group R32
Cell dimensions
a, b, c(A) 152.436 152.436 126.886
o, B,y (°) 90, 90, 120
Resolution (A) 46.44-2.1(2.175-2.1)
Rmerge 0.1412 (1.233)
1/ ol 13.46 (1.64)

Completeness (%) 99.96 (99.94)

Redundancy 19.9 (18.3)
Refinement
Resolution (A) 46.44 -2.1
No. reflections 33095 (3286)
Rwork / Riree 0.21/0.24
No. atoms 4134
Protein 3932
Ligand/ion -
Water 202
B-factors 48.30
Protein 48.31
Ligand/ion -
Water 47.97
Ramachandran 97.88

favored (%)

Ramachandran 2.12
allowed (%)

Ramachandran 0.00
outlier (%)

R.m.s. deviations
Bond lengths (&)  0.011
Bond angles (°) 1.16

*Values in parentheses are for highest-resolution shell.

These refinement statistics were also published in #°.
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7.5. Sequence alignments (EMBOSS Needle) and related analysis

Alignments performed with Emboss Needle (see Methods 5.3.3.). The images
shown in all the following subsections are screen captures of the output of the
EMBOSS Needle server. Alignments were always performed in a pairwise manner
(e.g. two FASTA sequences at once). SalTy refers to Salmonella typhimurium. Pa —
Pseudomonas aeruginosa, Sp — Shewanella putrefaciens.

7.5.1. SpFIhB (polar) and SalTyFlhB alignment and conservation of critical residues

# Length: 391

# Identity: 154/391 (39.4%)

# Similarity: 242/391 (61.9%)

# Gaps: 23/391 ( 5.9%)

# Score: 732.@

#

#

#=======================================

SalTy 1 HAEESDDDKTEAPTPHRLEKAREEGQIPRSRELTSLLILLVGVCIINFGG 58
A e e N N RS R A PR -

ShewPol 1 HAEESSGERSEEPTGRRLEQAREKGQUARSKELGTAﬁVLLSAﬂTGFYHLG 8

SalTy 51 ESLARQLAGMLSAGLHFDHRMWNDPMN-------LILGQITLLIKAAMMAL 93
B I [ S

ShewPol 51 PGIATALSHVFERVFTMDRAQIYDTNOMFNVWOVVAGEL------- AWPHM 93

SalTy 94 LPLIAGVVLVALISPVMLGGLIFSGKSLQPKFSKLNPLPGIKRMFSAQTG 143
e R e N N I N I e I R A

ShewPol 94 LKIMLLIVVVAFIGNVSLGGMNFSTQAMMPKASKMSPLAGFKRMFGVQAL 143

SalTy 144 HELLKAULKSTLVGCVTGFYLWHHWPQHHRLMAESPIVAMGN&LDLVGLC 193
S T I ) T T I T IS

ShewPol 144 UELTKGIAKFSVVAFSAYFLLSYYFNDILLLSSDHLPGNVHH&LDLLIN” 193

SalTy 194 ALLVVLGVIPMVGFDVFFQIFSHLKKLRMSRQDIRDEFKESEGDPHVEGE 243
e e e N N N A I e

ShewPol 194 FILLCSSVLLIVVIDVPFQIWNHNKQLKMTKQEVEDEYKDTEGKPEVKGR 243

SalTy 244 IRQMQRAAAQRRMMEDVPEKADVIVTNPTHY SVALQYDENKMSAPKVVAKG 293
L N e N N I A AR R A R A R RN

ShewPol 244 VROQMQRELAQRRMMAEVPNADVIVVNPEHY AVAVEYDVERSAAPFVIAKG 293

SalTy 294 HGLIALRIREIGAEHRVPTLEAPPL&RALYRHAEIGQQIPGQLYAﬁVAEV 343
R N N A R R R R [TI]-«1=-11]¢1

ShewPol 294 VDDVAFKIREVAREYNIAIVSAPPLARAIYHTTKLDQQIPEGLFTAVAQWY 343

SalTy 344 LANUWQLKRNRLAGGQRP—PQPENLPUPEHLDFMNEKNTDG 383
[lelallzeee... Fesl [ 1ot ]

ShewPol 344 LAYVFQLRQ?QKGRGRKPIP]PLNQPIPDDLKY -------- 376

Alignment of SpFIhB (polar) and S. typhimurium FIhB sequences (above, Emboss
Needle), conservation of critical residues (below).

Salmonella residue (Evans et. al 2013) | Shewanella (polar) residue
A286 A286
pP287 pP287
A341 A341
L344 L344
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Salmonella residue (Inoue et. al 2019) | Shewanella residue
L318 L318

A319 A319

R320 R320

L322 1322

L350 L350

P311 A311

V340 V340

7.5.2. SpFliK(1/2) and SalTyFliK alignment data

Protein Pair Identity Similarity Gaps
SpFliK1/SalTyFliK 24% 36.8% 26.7%
SpFliK2/SalTyFliK 24.3%% 36.4% 23.8%
SpFliK1/SpFlik2 22.1% 38.5% 29.0%

Protein length (residues): SpFliK1:491, SpFliK2:393, SalTyFliK:405

Appendix 7.5.2.1. (above) Summary of sequence identity, similarity and gaps
between different combinations of SpFliK1/2 and SalTyFliK. (Obtained through
Emboss Needle)
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ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli
SalmonellaTyp
ShewanellaFli

SalmonellaTyp

Appendix 7.5.2.2. Above: SpFliK1/SalTyFliK alignment (Emboss Needle)
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Appendix 7.5.2.3.
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Above: SpFliK2/SalTyFliK alignment (Emboss Needle)
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Appendix 7.5.2.4. Above: SpFliK1/SpFliK2 alignment (Emboss Needle)
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Appendix 7.5.2.5. Below (upper panel): PSIPRED secondary structure prediction:
SpFliK2 (containing disordered linker region). Below (middle panel): PSIPRED
secondary structure prediction of SalTyFliK (containing disordered linker region).
Below (lower panel): PSIPRED secondary structure prediction of SpFliK1
(corresponding to the same region as shown for the relevant proteins in upper and
middle panel; SpFliK1 does not have such a long stretch without secondary
structural elements).
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7.5.3: Identification of the Pfam Bac_export_2 domain

Image kindly provided by Dr. Jane Pane Farre and published in 8% Dr. Pane Farre
performed the phylogenetics investigation; image shows the presence of this
domain in different species.
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7.5.4 Alignment of SpFIhG/PaFleN and SpFIrA /PaFleQ

Appendix 7.5.4.1. (below): EMBOSS Needle alignment of SpFIhG and PaFleN,
showing sequence identity-related values and the side-by-side alignment with
numbering shown.

# Length: 295

# Identity: 174/295 (59.0%)

# Similarity: 227/295 (76.9%)

# Gaps: 17/295 ( 5.8%)

# Score: 895.5
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PseudomonasF1 41 RVMLLDADLGLANVDVLLGLTPKRTLADVIEGRCELRDVLLLGPGGVRIV 90
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PseudomonasF1 141 RAAQEVLLVVCDEPTSITDAYALIKLLNRDHGMTRFRYVLANMAHSPQEGR 190

FET=PE=PPEEEPEEEEET PR = e P e e P2 ]
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Appendix 7.5.4.2. (below): EMBOSS Needle alignment of SpFIrA and PaFleQ,
showing sequence identity-related values and the side-by-side alignment with
numbering shown.

# Length: 506

# Tdentity: 263/506 (52.0%)

# Similarity: 329/506 (65.0%)

# Gaps: 45/506 ( 8.9%)

# Score: 1188.0
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7.6. Supplementary fluorescence microscopy data
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Appendix 7.6. Hook and filament stains of different FIrA mutants. A — Fluorescence
microscopy and DIC images of filaments in S. putrefaciens with WT and WT-like
phenotypes, see Results 3.1.7. B—Fluorescence microscopy and DICimages of hooks
corresponding to filament stains from Figure 19a. Data obtained in collaboration with
Meike Schwan, AG Thormann, JLU GieRBen, who kindly provided the images; data was
additionally published in 17>, Supplementary information.
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8. Academic curriculum

-Platzhalterseite, Lebenslauf entfernt-
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