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Abstract

Bacterial motility, more precisely bacterial flagellation, is an extremely complex topic due to
the plethora of mechanisms and factors involved in the precise assembly and functioning of
flagellar structures. This high complexity in part originates in various flagellation patterns
employed by different bacterial species, with some possessing randomly positioned flagellar
structures, while others position their flagella in a targeted fashion at the cell pole. A factor,
which is essential for this spatially constricted positioning of flagellar structures occurring in
many bacterial species, is the SRP-GTPase FIhF. This factor has, in a multitude of
publications, been established as the prime element in determining the construction site of the
flagellum, as it arrives at the site of flagellar assembly prior to other structural components of
the flagellum and the loss of FIhF leads to a randomly positioned flagellar structure. While the
positioning of the flagellum has always been attributed to FIhF, the targeting mechanism,
utilised by FIhF, to reach the cell pole, has not been determined. This study aimed to shed a
light on this insufficiently analysed stage in the establishment process of flagella meditated
motility. In line with this goal a novel factor named FipA, which governs the polar targeting
behaviour of FIhF through direct interaction in a partially co-dependent manner, was
discovered in Shewanella putrefaciens CN-32 and Pseudomonas putida KT2440. Here FipA
is presumed to anchor FIhF at the cell pole through its predicted N-terminal transmembrane
domain, while the C-terminal domain of FipA, comprising a DUF2802 domain, appears to
interact with the N-terminal B-domain of FIhF. Due to the variability of the FIhF B-domain in
different bacterial species and the observed differences in FipA functioning between the
monotrichously flagellated Shewanella putrefaciens CN-32 and lophotrichously flagellated
Pseudomonas putida KT2440, this interaction is postulated to account for variations in
flagellation occurring in different bacterial species. Additionally, the ability of FipA to interact
C-terminally with the C-terminal region of FIhF and the absence of interaction in the context of
a FIhF variants, which are incapable of homodimerizing with their C-terminal G-domain,
implies FipA requiring FIhF homodimerization prior to FIhF/FipA interaction. Here the ability to
interact in this terminus configuration, while FipA also is able to interact with the N-terminal
region of FIhG, which contains the activator helix, required for the induction of the FIhF
GTPase activity, points towards an additional involvement of FipA in not just the polar

recruitment of FIhF but also the disbanding of the FIhF homodimer.

Besides elucidating the mechanisms and factors involved in the initiation phase of flagellar
assembly, this study focused on characterising a unique C-terminal motif in the flagellar type
3 secretion system component FIhB in Shewanella putrefaciens CN-32 . In the flagellar
assembly process FIhB is essential for the export of extracellular flagellum components and,

besides, together with FliK, being involved in the determination of the hook length, enables an



export switching from hook associated proteins to filament associated proteins upon hook
completion. This switch in export specificity occurs due to autocleavage of the cytoplasmic
domain of FIhB, designated as FIhB-C, into the two distinct subdomains FIhB-CN and FIhB-
CC. The peculiar motif characterised in this study is positioned in FIhB-CC and distinguishes
itself through a high proline density, which is why it was appropriately named “Proline Rich
Region” or in short PRR. Through the gathered data it was possible to determine the FIhB
PRR an element, which influences hook assembly, the ability of FIhB-C to perform
autocleavage and, by enabling an efficient export of filament subunits, the process of filament
assembly. While phases downstream from the construction of the basal section of the
flagellum, appear affected by the loss of the PRR, the general stability and formation of the C-
ring indicated by FIliM, unlike in the case of complete flhB deletion, is not affected. With the
PRR motif being conserved in the FIhB of many B- and y-proteobacteria, it presents itself as
a factor, which enables the efficient assembly of extracellular substructures of the flagellum,

while at the same time supporting the ability of FIhB to autocleave.



Zusammenfassung

Bakterielle Motilitat, praziser gesagt die bakterielle Flagellierung, ist ein duRerst komplexes
Thema, da eine Vielzahl von Mechanismen und Faktoren am korrekten Aufbau und der
Funktion der Flagellenstruktur beteiligt sind. Diese hohe Komplexitat ist zum Teil auf die
unterschiedlichen Flagellierungsmuster, welche von verschiedenen Bakterienarten
ausgepragt werden, zurtckzufihren, von denen Einige zufallig angeordnete Flagellen
besitzen, wahrend andere ihre Flagellen gezielt am Zellpol positionieren. Ein Faktor, welcher
bei vielen Bakterienarten fur diese prazise raumliche Positionierung der Flagelle
verantwortlich ist, ist die SRP-GTPase FIhF. Dieses Protein wurde in einer Vielzahl von
Publikationen als Hauptelement bei der Bestimmung des Assemblierungsortes der Flagelle
identifiziert, da er vor anderen strukturellen Komponenten der Flagelle an den spateren Ort
der Flagellenassemblierung rekrutiert wird und der Verlust von FIhF zu zufallig positionierten
Flagellen flhrt. Wahrend die Positionierung der Flagelle stets FIhF zugeschrieben wurde, war
der Mechanismus, mit welchem FIhF den Zellpol erreicht, nicht bekannt. Ziel dieser Arbeit war
es, diese bisher ungenligend untersuchte Phase im Entstehungsprozess der durch Flagellen-
vermittelten Motilitdt zu untersuchen. Hierbei wurde ein neuartiger Faktor, welchem der Name
FipA gegeben wurde, der das polare Zielverhalten von FIhF durch direkte Interaktion in einer
zum Teil co-abhangigen Weise steuert, in Shewanella putrefaciens CN-32 und Pseudomonas
putida KT2440 entdeckt. Hierbei wird angenommen, dass FipA FIhF durch seine mit
bioinformatischen Methoden vorhergesagte N-terminale Transmembrandomane am Zellpol
verankert, wahrend die C-terminale Domane von FipA, welche eine DUF2802-Domane
beinhaltet, vermutlich mit der B-Domane von FIhF interagiert. Aufgrund der Variabilitdt der B-
Domane von FlhF in verschiedenen Bakterienspezies, und der beobachteten Unterschiede in
der Funktionsweise von FipA zwischen dem monotrich flagellierten Bakterium Shewanella
putrefaciens CN-32 und dem lophotrich flagellierten Bakterium Pseudomonas putida KT2440,
wird angenommen, dass diese Interaktion fir die Variationen in der Flagellierung
verschiedener Bakterienarten verantwortlich ist. Die Fahigkeit von FipA, C-terminal mit der C-
terminalen Region von FIhF zu interagieren, und das Ausbleiben der Interaktion im
Zusammenhang mit FIhF-Varianten, welche aufgrund von Aminosdure Substitutionen in der
C-terminalen G-Domane von FIhF nicht mehr homodimerisieren kénnen, deutet darauf hin,
dass FIhF homodimerisieren muss bevor eine Interaktion mit FipA stattfinden kann. Die
Fahigkeit, in dieser Terminuskonfiguration zu interagieren, wahrend FipA auch in der Lage ist,
mit dem N-terminalen Bereich von FIhG zu interagieren, welcher die activator helix enthalt,
die fur die Induktion der GTPase-Aktivitat von FIhF erforderlich ist, deutet auf eine zuséatzliche
Beteiligung von FipA nicht nur an der polaren Rekrutierung von FIhF, sondern auch an der
Auflésung des FlhF-Homodimers durch FIhG hin.



Neben der Ergrindung von Mechanismen und Faktoren, welche an der Initiationsphase der
Flagellenassemblierung beteiligt sind, fokussierte sich diese Arbeit auf die Charakterisierung
eines bestimmten C-terminalen Motivs in der flagellar type 3 secretion system-Komponente
FIhB in Shewanella putrefaciens CN-32 (Hook et al., 2020). FIhB ist fur den Export von
Bausteinen der extrazellular positionierten Flagellenabschnitte essenziell und ermdglicht,
zusammen mit FliK, welches an der Bestimmung der Hakenlange beteiligt ist, nach der
Fertigstellung des Hakens, eine Umstellung des Exports von hakenassoziierten Proteinen auf
filamentassoziierte Proteine. Dieser Wechsel der Exportspezifitat erfolgt durch Selbstspaltung
der zytoplasmatischen Doméane von FIhB, welche auch als FIhB-C bezeichnet wird, in die zwei
unterschiedlichen Subdomanen FIhB-CN und FIhB-CC. Das in dieser Studie charakterisierte
Motiv befindet sich in FIhB-CC und zeichnet sich durch eine hohe Prolin-Dichte aus, weshalb
es "Proline Rich Region" oder kurz PRR genannt wurde. Durch die in dieser Studie
akkumulierten Daten wurde die PRR von FIhB als ein Element bestimmt, welches die
Hakenassemblierung, die Fahigkeit von FIhB-C zur Selbstspaltung und, durch die
Ermdglichung eines effizienten Exports von Filamentuntereinheiten, den Prozess der
Filamentassemblierung beeinflusst. Wahrend Phasen, welche dem Aufbau des basalen
Abschnitts des Flagellums folgen, durch den Verlust des PRR beeintrachtigt zu sein scheinen,
sind die allgemeine Stabilitat und die Bildung des C-Rings, welcher durch FliM angezeigt wird,
anders als im Fall einer vollstandigen Deletion von flhB, nicht betroffen. Da das PRR-Motiv im
FIhB vieler B- und y-Proteobakterien konserviert ist, stellt es einen Faktor dar, der den
effizienten Aufbau der extrazelluldren Substrukturen der Flagelle ermdglicht und gleichzeitig

die Fahigkeit von FIhB zur Selbstspaltung unterstitzt.
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1. Introduction
1.1 Targeted motility — a hallmark of life

Of all the characteristics, which define life, matility, even if it is the most obvious and easily
observable, does not stand behind any of the other life defining traits, when it comes to
complexity. The mechanisms, which result in movement, span from tightly regulated motility
factors on a molecular level to the intricate interaction of muscles and tendons perceivable in
macroscopic eukaryotes 2. An important aspect, when it comes to defining motility as a trait
associated with life, is that it does not occur randomly through diffusion, but in a targeted
demeanour mandated by internal or external stimuli. The ability to wilfully direct locomotion,
through the use of motility structures, enables organisms to move away from unfavourable
conditions towards more favourable ones ensuring optimised survival and therefore clearly
presenting itself as a skill beneficial in avoiding natural selection on an individual and ultimately

evolutionary scale 2.

1.2 Motility in bacteria

Bacteria, being one of the earliest organisms to appear on earth, have had a long time to
accommodate a plethora of independent motility mechanisms enabling them to move over
surfaces or in liquid or semisolid environments. To achieve optimal mobility, these motility
methods are employed in accordance with the dominantly occurring physical parameters set
by each individual environmental situation, leading to them mostly differing from each other in
both speed and utilised motility structure. The modes of moatility available to prokaryotes
include swimming, swarming, twitching and gliding, with most organisms, due to
heterogeneous habitats, possessing the ability to perform multiple kinds of locomotion,
enabling them to seamlessly adapt to a changing environment 4. The determination of
favourable or unfavourable conditions is achieved through the use of various kinds of bacterial
taxis including chemotaxis, phototaxis, thermotaxis, aerotaxis and magnetotaxis 3.
Untargeted maotility through diffusion or sliding motility, caused by the displacement of cells
due to population growth, appears for untethered cells of every bacterial species, as these
means of translocation do not require specialised structures or the additional expenditure of

energy “.

When in contact with solid or semisolid surfaces, prokaryotes either employ twitching, gliding
or swarming motility to translocate, with the motility modes significantly differing in required
motility machinery. Twitching motility, often occurring prior to biofilm formation, requires the

use of Type IV pili, which are supramolecular motility and adherence structures traversing the



cell envelope and therefore extending beyond the cell body. They are able to extended from
the cell body up to a length of 10 um in the desired direction of movement until surface contact
occurs and then retracted resulting in the cell being dragged along, with a continuous repetition
of this leading to cells reaching speeds of up to 1 ym per second ', In detail, the Type IV
pilus comprises 12 - 15 proteins, being divided into proteins required for the structural
assembly and proteins involved in the extension and retraction of the pilus '®. Among the major
proteins involved in pilus architecture are PilC and PilM, forming the cytoplasmic base, which
in turn is targeted by either of the two ATPases PilB or PilT. These are required for the
extension and retraction of the pilus, with PilB being the factor, which polymerises and PilT
being the factor which depolymerises the pilus under ATP hydrolysis. The pilus itself is
composed from multiple PilA copies, sourced from a pool of membrane bound PilA, which are
processed by the prepilin peptidase PilD, enabling polymerization. The nascent pilus,
measuring approximately 6 nm in diameter, is then channelled through periplasmic structures
consisting of PilF, PiIN, PilO and PilP, to ultimately extend beyond the spatial confinements of

the cell through the outer membrane pore formed by PilQ.

Another mode of motility employed in conjunction with surface interaction is gliding motility,
which does not require extracellular motility structures stretching far from the cell body, but
rather relies on cell envelope associated factors forming focal adhesion points to the
substratum and moving the cell along its own axis in a helical fashion through the interaction
with the cytoskeletal structure of the cell body . The underlying molecular mechanism
consists of the GTP-bound G-protein MglA, belonging to the Ras superfamily of proteins,
interacting with the bacterial actin MreB at the leading cell pole. This interaction in turn leads
to the formation of the Agl-GIt motility complex '8. This supramolecular complex, which
interacts with MreB bound MgIA, is subdivided into the Agl and the Glt subcomplex, with the
Agl subcomplex consisting of AgIR, being a homolog to MotA, and AglQ and AglS, being
homologs to MotB. Together the complex formed by the Agl proteins forms a proton channel
between the periplasmic space and the cytosol. The Glt subcomplex, which functions as the
gliding transducer, in itself is subdivided into a cytoplasmic-inner membrane subcomplex,
consisting of Gltl, GItG and GltJ, and a periplasmic-outer membrane subcomplex, consisting
of GItD, GItE, GItF, GltK, GItB, GItA, GItC and GItH '°. The motility mechanism functions
through proton motive force (PMF) induced activation of the Agl motor complex, leading to a
conformational change of the periplasmic GItG proteins, which then are able to stretch through
the periplasm and cell wall to interact with the periplasmic-outer membrane associated Git
complex 2°. Upon interaction the GItG protein retracts, pulling the entire Agl-Glt motility
complex, excluding the periplasmic-outer membrane Glt subcomplex, with it along the cell

envelope. After continuously repeating this process, the entire complex moves away from the



leading cell pole and reaches the area of the cell lying in direct contact with the underlying
surface. This causes the periplasmic-outer membrane GIt subcomplex to form a so-called
focal adhesion point, which locks the subcomplex in place and offers the remaining Agl-Glt
complex a location to push itself off from 82", Due to the Agl-Glt complex being bound to the
bacterial cytoskeleton through MreB, the translocation along the focal adhesion forming
periplasmic-outer membrane Glt subcomplex leads to the entire cell body being pushed along
the cell axis in a helical, screw-like motion ?2. Once the Agl-GlIt complex reaches the lagging
cell pole, MgIB induces the GTPase activity of the GTP bound MgIA, which in turn leads to the
dissociation of GDP bound MgIA from the cell pole and therefore breaking the link between
the Agl-Glt protein complex and the cytoskeleton of the cell. This causes the Agl-Glt complex
to be disbanded at the lagging cell pole, freeing up the complex to be reassembled at the
leading cell pole. The extrusion of polysaccharides has been observed as being beneficial for
gliding motility in some bacterial species, as they possibly coat the interaction surface and

therefore offer an anchor point for cell surface adhesins 2324,

Swarming motility is employed by many bacterial species when contacting solid or semisolid
surfaces and usually occurs when transitioning from a planktonic to a surface associated
lifestyle. It differs from other surface associated modes of locomotion in that it requires
flagellation, which is increased by the surface contact 2°?7. This increase is believed to
originate in the rising drag enacted by the surface on the main flagellar system, which activates
a feedback loop leading to the assembly of more flagellar structures 28. These additionally
constructed flagella, which in some species are separately expressed and regulated from the
mainly utilised flagellar system, enable cells to reach speeds of up to 10 um per second and
therefore mark swarming as one of the fastest surface associated types of motility. An
additionally morphological characteristic observed in swarming cells is an elongation of
individual cell bodies and an overall increase in cell population. When transferring from a
motility style associated with a liquid environment to surface associated swarming motility,
cells usually form multicellular rafts, consisting of cells contacting each other and causing
intercellular bundling of flagella. Expulsion and incorporation of cells into the raft occurs
dynamically with the expulsion from such a raft usually leading to discontinued locomotion,
while incorporated cells synchronize their speed and heading with that of the raft 2°. Another
important aspect of swarming motility is the often-occurring secretion of surfactants preceding
the cells at the leading edge of the raft and reducing the overall friction between the cells in

the raft and the surface on which it moves.

Apart from twitching, gliding, and swarming, being mostly surface associated motility styles,
swimming motility is employed by bacteria in planktonic phase, when facing semisolid or

aquatic environments . Swimming enables bacteria to rapidly change their position in a three-



dimensional manner to adapt to the highly dynamic nutritional situation faced, when populating
an aquatic habitat. Just like swarming, which occurs as a successive motility style to
swimming, a flagellar system is required for cellular propulsion in a liquid environment. To
achieve propulsion the flagellum is rotated in either a counterclockwise (CCW) or clockwise
(CW) direction, resulting in, as seen from the leading cell pole, forward or backward motion,
respectively, indicating the ability for swimming reversal without having to realign the leading
pole’s position 332, With liquid habitats being highly diverse in for example viscosity and to
which degree they are influenced by external factors, different bacterial species have adapted
varying swimming strategies to suit their habitational needs. Enteric bacteria, such as E. coll,
which possesses multiple flagella randomly spread across the envelope of the cell body,
employ the so-called run-and-tumble strategy, which enables them to reach speeds of up to
20 um per second 23, This strategy is based on the flagella rotating in a CCW fashion, enabling
directional movement, which is sequentially interrupted by the flagella changing their rotational
direction to CW leading to a tumbling motion, enabling the bacterial cell to reorient its leading
cell pole and therefore swimming direction. In the case of this swimming strategy, the run time
and tumble frequency are influenced by the chemotaxis system, as an increase in attractant
density leads to longer run times and an increased occurrence of repellents leads to more
frequent tumbling 3+-3". Many marine bacteria, due to their environment presenting different
challenges, such as increased turbulence inside the water body influenced by atmospheric
and gravitational factors, employ a technique different from that of enteric bacteria. This
approach consists of the bacteria intermittently stopping and reversing, being describable as
a stop-and-go style of swimming motility. The employment of this swimming strategy enables
swimming speeds of up to 200 pm per second, equipping marine bacteria with the ability to
traverse, considering the scale, large distances in a short time. In certain cases this swimming
style is accompanied by a hydrodynamically induced buckling of the flagellum when rotational
direction of the flagellum is changed, resulting in a slight reorientation of the cell *8. Swimming
in semi solid environments poses the threat of coming across confined spaces capable of
trapping bacteria. To counter this many bacterial species are able to wrap their flagellum
around their cell body enabling them to reverse out of the confinement and therefore
demonstrate the bacterial flagellum as a highly dynamic and versatile motility structure

enabling swimming in different environmental situations 3°.

1.3 Flagellation in prokaryotes

With being essential in delivering propulsion for many motility styles and therefore enabling

bacteria to manoeuvre and survive in a plethora of different habitats, the flagellum is one of



the most important and extensively studied supramolecular structures formed by prokaryotes.
Flagellation occurs in both morphologically and numerically highly diverse configurations, with
some bacteria such as spirochaetes possessing a periplasmic endoflagellum 4°. This
endoflagellum allows individual cells to invade semisolid substrates such as tissue and
therefore presents itself as a pathogenicity factor. Flagella reaching into the extracellular
space, being the most common configuration of flagellar structures, also fulfil this function, as

they enable bacteria to actively colonise liquid filled cavities 4142,

Flagellation Flagellation model Exem_plary
pattern electron micrographs
monotrichous N\/\/ : \

Vibrio parahaemolyticus

b

lophotrichous &

Pseudomonas putida

amphitrichous V\%

Campylobacter jejuni

peritrichous

Lactobacillus capilatus

Figure 1. Bacterial flagellation patterns with exemplary micrographs and organisms. Electron
micrographs sourced from 43, 44, 45 46

The positioning and number of flagella extending from the cell body in itself also is highly
diverse, as cells are able to precisely or randomly position either a single flagellum or multiple
flagella on the cell body, with individual bacterial species possessing the capacity to express
different flagellation styles to perform optimised locomotion in their current environment.
Flagellation patterns include monotrichous flagellation, being characterised by a targeted or
untargeted positioned single flagellum, amphitrichous flagellation, describing the flagellation
pattern of a single flagellum at each cell pole, lophotrichous flagellation, being defined as the
formation of a polar tuft of multiple flagella, and peritrichous flagellation, representing the

random positioning of multiple flagella along the body of the cell (Figure 1) 4”48, The individual



flagella are powered by an ion gradient, which in flagellar systems associated with swarming
motility often is powered by PMF and in flagellar systems used for planktonic swimming motility

often is powered by a Na* gradient %%,

1.4 Structure of the bacterial flagellum

Structurally the flagellum is composed of a helical filament revolved by a rotary motor which
is anchored in the cell envelope. Its macrostructure can be broken up into three structural
sections consisting of the flagellar base, the cell envelope traversing rod and the extracellularly

positioned hook and filament (Figure 2).

This overall flagellar macrostructure, consisting of these three substructures, is the same for
all bacterial species, with them individually varying in the complexity of the rod, due to the
differences in the envelope composition of gram-positive and gram-negative bacteria °'.
Endoflagella, observable in gram-negative spirochaetes, possess a similar rod structure to
gram-positive bacteria, due to the endoflagellum only having to pass the inner membrane and
the peptidoglycan layer, while not penetrating the outer membrane. Unlike extracellularly
positioned flagella, endoflagella do not only function as a structure conferring locomotion, but
rather govern cell morphology by bestowing a screw like form on the body of the cell through
direct contact with cell membrane and due to the endoflagellum being stiffer than the cell
membrane 5254 When analysing the bacterial flagellum in the context of targeted positioning
at the cell pole, it is important to note that other factors situated in the polar vicinity of the cell
are integral for efficient flagellar assembly and targeted motility. One such component playing
an important role in flagellar assembly, which also is vital for the assembly of other polar
structures and cell segregation, is the polar landmark protein HubP or the orthologously
functioning motility hub protein FimV %5-5°, Both proteins, which are anchored to the cell pole
through transmembrane domains, are essential for the recruitment of many polar factors and
the stabilisation of the polar landscape. Additionally, they assist in chromosome separation,
which taken together makes them indispensable for establishment of polar identity and
organisation °>°®, An additional pole integrated structure, of high relevance for effective
motility, is the chemotaxis system, which through the utilisation of its components CheA, CheB
and CheY, is able to directly influence the rotational direction of the flagellum and therefore

can trigger a reorientation of swimming direction .
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The flagellar basal body, being the first substructure formed during flagellar assembly, is the
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Figure 2. Model of bacterial flagellum (gram-negative) with individually annotated structural
proteins. OM = outer membrane, PPG = peptidoglycan layer; IM = inner membrane.

Basal body — flagellar export machinery and torque generator

most complex unit of the bacterial flagellum as it contains the bi-directional flagellar motor,
with its rotor and stator, and the secretion machinery for the export of envelope spanning and
extracellular flagellum components ¢'-%5. More precisely, it consists of the rotor forming MS-
and C-ring, with the MotA/MotB motor torque generating complex being the stator and the
flagellar type Il export gate complex, which possesses striking similarities, both in sequence
and function, to the bacterial injectisome 7. The MS-ring, being at the centre of the basal
body structure and also the first unit of the basal body to appear, self-assembles out of multiple
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copies of the protein FIiF, of which the number varies, depending on C-ring composition 8.
The FIliF protein contains a periplasmic region enclosed by two trans-membrane domains
(TMD) . It forms a two tiered trans-membrane ring (MS-ring),.containing the S-ring, which
sits on the top of the MS-ring and extends into the periplasm and the M-ring, which is
embedded into the inner membrane %70, As the name suggests, the inside of the MS-ring
contains an empty space, which forms a pore allowing the passage of flagellar components
required for rod, hook and filament assembly. Besides the MS-ring, the cytoplasmic C-ring is
part of the rotor complex, which transfers torque to the final flagellar structure and is essential
for switching of the rotational direction. It is attached to the MS-ring at its cytoplasmic interface
through the interaction of FliF and the C-ring component FliG 7'-"3. FIiG incorporates three
domains FliGy, FliGu and FliGc, of which the N-terminal FliGn-domain strongly interacts with
the C-terminus of FIiF and therefore indirectly anchors the C-ring to the cell membrane 7. The
FliGm and FliGc-domains, both located at the top of the C-ring, are essential for the interaction
with FliM, whereas the FliG¢c-domain plays an important role in the switching of the motor
direction "375-78_ FliM, through its C-terminal domain, FliMc, forms a complex with tetrameric
FliN, which together form the bulk of the C-ring ”°. This complex also appears as the docking
point for the phosphorylated chemotaxis signalling factor CheY (CheYF), which binds the
intermediary FliM domain (FliMy). This then enables an interaction of CheY® with FIiN, which,
through a conformational change of the C-ring, induces a motor reversal from CCW to CW
8081 Beside the rotor, the stator, comprising MotA and MotB, is an essential part for motor
rotation. Here the C-terminal domain of MotB (MotB¢) due to its linkage with the peptidoglycan
layer, appears as the anchor of the MotAB stator complex 82. The complex is linked to the C-
ring through the C-terminal cytoplasmic domain of MotA (MotAc) which electrostatically
interacts with FliGc, allowing the transfer of torque. For the generation of torque, proton
translocation from the periplasm to the cytoplasm is utilised, which induces a conformational
change in MotAc and then enables MotA to transfer the generated torque to the C-ring
associated FliGc and therefore the entire flagellar structure 884 Here an essential component,
required for stator assembily, is the integral membrane protein FliL which is assumed to act as
a kind of scaffold, assisting efficient MotAB stator complex assembly and function, while it also
interacts with the basal body 8%, An additional part of the overall basal body essential for the
export of rod, hook and filament subunits, is the flagellar type lll secretion system (fT3SS)
housed in the intrastructural pore formed by the MS-ring. The apparatus itself encompasses
two substructures, those being the PMF-powered transmembrane export gate complex
containing the structural proteins FlIhA, FIhB, FIliP, FliQ and FIiR and a cytoplasmic ATPase
ring-like complex being composed of the structural proteins FliH, Flil and FliJ 873 The protein
FliO, even if it is not a structural part of the final export gate complex, appears to only function

as a non-essential scaffold on which FIliP can form a hexameric ring structure, required for the



recruitment of FliQ, FliR and FIhB. To embed the export gate complex, now consisting of a
hexameric FliP-ring, FliQ, FIiR and FIhB, in the central pore of the MS-ring, FIhA forms a
nonameric ring, which facilitates the structural unification of the export gate complex with the
MS-ring 8°. An essential part of the fT3SS is the protein FIhB, which facilitates the switch from
hook to filament substrate export during flagellar assembly °°. FIhB consists of a
transmembrane domain interacting with the FIIPQR complex and a cytoplasmic domain (FIhB-
C) containing a self-cleavage motif required for substrate specificity switching °':%2. The export
of proteins through the export gate complex appears to be coupled with the influx of protons
suggesting that the PMF-driven export gate complex functions as a proton-protein antiporter
%, The export machinery appears to mainly require PMF for the export of proteins, as the
ATPase ring-like complex, containing the ATPase Flil, and its two regulators FliH and FliJ,
seems to not be essential for the translocation of flagellar components, when the PMF is high
enough %. The cytoplasmic ATPase ring-like complex rather seems to function as an activator
of the export gate complex proton channel, formed by the proteins FIhA and FIiP, and therefore
enables efficient antiporting of protons and flagellar proteins through the hydrolysis of ATP %5~
9. An essential basal body associated component required for the transfer of force from the
rotor/stator complex to the subsequent rod structure, and ultimately the hook and filament, is
FliE, which forms a linker section between the MS-ring, through the interaction with FliF, and
the subsequent proximal rod section composed of FIgB %%, The intermediately positioned
section associated with FliE, being positioned on the periplasmic side of the MS-ring, interacts
with components of the export machinery, aiding the export of further flagellar components,

due to it being the first protein aggregating at a proximal position relative to the MS-ring '%°.

1.4.2 Rod - transmitter of rotational force

The cell envelope traversing flagellar rod functions as a drive shaft transferring torque
generated by the basal body to the hook and ultimately filament in the fully assembled
flagellum. Besides transferring mechanical energy through the cell envelope, it also serves as
a channel through which proteins of flagellar substructures situated distal from the basal body,
such as components of the nascent rod, hook and filament are transported. The rod itself, as
with all proteins incorporated into the flagellar structure at a position distal from the basal body,
requires the utilisation of the fT3SS for the assembly of its central structure 8. The proximal
rod structure as viewed from the basal body is composed of oligomeric FIgB, which has been
reported to interact with FIiE. Structurally it is presumed to be followed by a FIgF and then
FIgC oligomer under the use of Flgd, which through its muramidase activity allows
peptidoglycan penetration of the nascent rod °''92_ The rod structure ultimately is finalised

with FlgG, being the most abundant rod protein, and due to coprecipitating with the hook



structure, has been defined as the distal component of the flagellar rod bordering on the
extracellular hook 00193104 The actual formation of a rod like structure has been proposed to
be the result of a cooperative process of polymerizing rod components after the addition of
FIgF ©°. The rod in itself is nestled into two distinct ring-like structures being the periplasmic P-
ring, consisting of FIgl, and the outer-membrane L-ring, consisting of FIgH, with both of the
rings acting as bushings for the rotating rod structure and therefore stabilising it in the cell
envelope. Flgl and FIgH presumably are present in their respective cell envelope layer prior
to rod assembly and form their individual ring-like structures once the central rod structure is
complete. Unlike the other rod components FIgB, FIgC, FIgF and FlgG, the P- and L-ring
components, Flgl and FigH, respectively, do not require the fT3SS for export, but rather rely
on a signal-dependant pathway '°>'%, The completed rod substructure is capped with a FigD

oligomer, which additionally functions as a cap for the subsequent flagellar hook.

1.4.3 Hook and filament — extracellular propeller and rudder

The flagellar hook and filament form the extracellular segment of the flagellum, where they
together function as a screw-like propeller that both enacts force on the cells environment
resulting in propulsion and at the same time functions as a rudder steering the cell through its
heterogeneous habitat -9, The hook operates as a universal joint which transfers motor
torque from the basal body and subsequent rod to the filament, while its curved hollow
structure allows the passage of hook and filament associated proteins. A crucial property of
the flagellar hook, which allows it to function as a universal joint, is the ability to be flexible
when bending but rigid against twisting forces, resulting in optimal physical properties to
function as a torque transferring component for locomotion in a diverse environment %111,
These physical properties are presumed to be the result of the domain structure inside of the
hook subunit FIgE, which through its loose arrangement allows a certain amount of flexibility
"2 FIgE is exported under the utilisation of the fT3SS and integrated into the nascent hook
substructure from the distal end and not, like in the case of pilus extension, from the proximal
end "3, As the hook is constructed successive to the distal rod, FIgE directly interacts with the
distal rod component FIgG, with both the distal rod and the hook possessing a similar subunit
arrangement 4115 Here the rod cap, composed of FIgD, also is utilised as a capping structure
by the nascent hook and falls off once the required hook length has been reached . Hook
length is controlled by both the fT3SS protein FIhB and the protein FIiK functioning as a
molecular ruler, which signal hook completion once a length of approximately 55 nm has been
reached "1 To transition between the hook and filament, which structurally differ from each
other, the hook-filament junction structure composed of FIgK, on the hook side, and FIgL, on

the filament side, is integrated into the nascent extracellular substructure of the flagellum %,



The filament, comprising tens of thousands of flagellin subunits, presents itself as a
heteromorphic supercoiled structure, which allows it to operate as a helical propeller, able to
alter its pitch and handedness according to the utilised motility mode. Different organisms vary
in their filament composition, as it in some species is composed of only one kind of flagellin
(FIiC), while others possess flagellar filaments composed of different kinds of flagellins (minor
flagellin = FlaA, major flagellin = FlaB), which are incorporated into the filament in varying
stoichiometries. In this case, the proximal section of the filament is constructed from a different
flagellin than the distal filament section, giving the entire filament distinct physical properties
and therefore allowing it to perform as more than a rotor under specific environmental
conditions 3°. Due to the filament also being the largest substructure of the flagellum, the
flagellins constitute the bulk of flagellar proteins. The filament substructure, just like the hook,
possesses an internal channel and is polymerised from the distal end, at which it retains the
filament cap composed of FliD. Unlike FIlgD, which only is utilised during flagellar assembly
and functions as a scaffold for the nascent hook, FIiD is a structural component indefinitely
incorporated into the flagellum and, through it functioning as a scaffold, is essential for filament
polymerisation '8, To reach the distal tip of the filament, flagellin monomers, exported via the
fT3SS, diffuse through the narrow central channel at the core of the flagellum, and are
incorporated into the nascent filament to form a long helical structure %12, Filament growth
is ultimately halted by the decreasing rate at which flagellin subunits reach the tip of the
growing filament through diffusion '2'. Another factor in which bacterial species differ, when it
comes to the flagellar structure, is that they either possess a sheathed or unsheathed flagellum
122 A sheathed flagellum is defined by the extracellular section of the flagellum being enclosed
in an extrusion of the outer membrane, which grows synchronously with the hook and filament.
The function of the sheath has not been fully elucidated but is it thought to be involved in
surface adherence or host immune response modulation through evasion or LPS-induced

overstimulation 122-125,

1.5 FIhF and FIhB in the context of the flagellar assembly
mechanism

Besides the static components which make up the flagellar structure, the dynamic
mechanisms and factors involved in its construction are of grave importance when analysing

bacterial flagellation.

In many bacterial species the signal recognition particle (SRP)-GTPase FIhF is an essential
factor involved in the initiation of flagellar assembly through the specifically targeted

determination of the assembly start site at the cytoplasmic membrane '?5. Additionally, FIhF



has been observed to influence the expression of flagellar genes, which cumulatively leads to
a strongly inhibited motility phenotype that is accompanied by the spatially and numerically
randomised occurrence of flagellar structures along the cell body on the single cell level 2"~
129 Together with FtsY and Ffh, which function as regulators for the cotranslational insertion
of proteins into the cell membrane, FIhF is grouped in the SRP GTPase subfamily, which in
itself is categorised under the SIMIBI class of nucleotide triphosphate (NTP)-binding proteins
130-134 Puyrification results and the analysis of the crystal structure of FIhF revealed it to either
be present as a GDP-bound monomer or a stable GTP-bound homodimer, unlike the SRP-
GTPases FtsY and Ffh, which form a heterodimer with each other '35. The homodimer of FIhF
contains one GTP per FIhF and an equal amount of Mg?* ions to aid the GTPase activity. FIhF
can be subdivided into three functionally distinct domains, those being the N-terminal B-
domain, the intermediate N-domain, and the C-terminal G-domain (Figure 3) '*. The N-
terminally situated basic B-domain presents itself in a natively unfolded form and besides
being predicted as playing a role in the regulation of GTP dependant homodimerization of
FIhF, through interaction with the G-domain, is presumed to contain species-specific functions
due its variability between FIhF homologs in different bacterial species. For flagellar assembly
the function of the FIhF B-domain appears to be centred on recruiting the MS-ring component
FliF to the cell pole for the initiation of basal body construction '3¢. Additional in-house studies
have shown the B-domain, or rather individual sections, to also be involved in overall protein
stability and the localisation of FIhF to the cell pole (unpublished data). The conserved N-
domain of FIhF comprising 4 a-helices (N1-4) is situated at an intermediate position in the
protein sequence of FIhF and besides being involved in the polar targeting of FIhF is assumed
to regulate overall FIhF protein function, such as stabilising the GTP bound state through
structurally being positioned adjacent to the similarly conserved G-domain ¥-'*°, The C-
terminal G-domain, together with the N-domain, possesses significant homologies to the
domain counterparts in FtsY and FfH indicating the conservation of this structural protein
composition inside the family of SRP-GTPases. A feature, which distinguishes the G-domain
from the other FIhF domains, is the presence of conserved nucleotide-binding elements (G1-
5), indicated by their individual conserved amino acid sequences, and its GTPase activity.
These conserved nucleotide-binding elements, also called loops due to their orientation inside
the protein structure, have mostly been characterised for G-domains of the other SRP-
GTPases. Due to the homology, they are predicted to be essential for transferring FIhF into its
active state for which it requires the formation of a GTP bound homodimer. They are
subdivided into the G1-loop also called P-loop (phosphate-binding loop), which facilitates main
chain hydrogen bonding interactions with the a-, B- and y-phosphate groups of GTP, followed
by the G2-loop, which contains an arginine finger, required for the stimulation of GTPase

activity, and, together with the G1-loop, binds the y-phosphate group of GTP '°. Additionally



the G2-loop, together with the following G3-loop and the G1-loop, coordinates active site Mg?*
32141-148  Between the G2- and the G3-loop the so called I-box (insertion-box) is positioned,
which is conserved among SRP-GTPases and characterised by its unique tertiary structure
being defined as a-B-a. Together with the G2-loop the first a-helix of the I-box forms a
functional unit, which is indispensable for the overall GTPase activity of FIhF '3, The
sequentially following G4-loop is located downstream from the G3-loop with the G4-loop being
structurally positioned on the opposite side from the previous loops on the GTP binding pocket.
Here it enables interactions with the guanine base through two hydrogen bonds and is
responsible for nucleotide specificity. The final G5-loop interacts with the bound guanine
through a single hydrogen bond, enhancing the overall nucleotide binding, and additionally

functions as the closing loop of the GTP binding pocket 130149,

FIhF
~36-61 kDa
B-domain N-domain G-domain
N C
natively unfolded @\ \aN4 &1 G2 I-box G3 G4 G5

homology with Ffh/FtsY

Figure 3. Domain structure model of the SRP-GTPase FIhF. N1-4 = N-domain helices, G1-5 =
conserved nucleotide binding motifs (loops), G1 = P-loop (phosphate-binding loop), G4 = nucleoside
specificity-loop G5 = closing-loop, I-box = insertion box.

In the context of flagellar positioning and assembly homodimeric GTP-bound FIhF appears to
independently target or be transported to the unflagellated cell pole through a so far unknown
mechanism or factor, where it initiates flagellar assembly through the recruitment of the MS-
ring component FliF . As, with most structural components of the flagellum, the expression
of FIiF is regulated by the flagellar master regulator FIrA and the sigma factor RpoN (g°*) %'~
153, In the late stages of the subsequent basal body construction, following the formation of the
fT3SS and initiation of C-ring assembly through the polar recruitment of FIiG, the ATPase
FIhG, which functions as a regulator of FIhF and therefore is an essential factor for functional
flagellation, is transferred to the nascent basal body *+'%°. FIhG, just like FIhF, is grouped
inside the SIMIBI class of NTPases and possesses strong homology to the ATPase MinD,
which is essential for Z-ring formation during cellular division 6. The polar recruitment of
monomeric FIhG is thought to be facilitated through its intrinsic C-terminal membrane targeting
site and the C-ring components FliM and FIliN, which already appear as an oligomer prior to

integration into the growing C-ring structure ', Here the interaction of FInG with FIiM is
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facilitated by the conserved N-terminal motif of FliM consisting of the residues “EIDAL” %8,
Besides the mentioned factors involved in the polar targeting behaviour of FIhG, the polar
landmark protein HubP, as another pole associated component, has been determined as
essential in the polar recruitment of FIhG in the context of flagellar synthesis *’. At the cell pole
FIhG, possibly induced by membrane interaction of its C-terminally positioned MTS, forms an
ATP-bound homodimer, which is presumed to induce the GTPase activity of the FIhF
homodimer through the formation of an activator complex in which the N-terminally located
activator helix of FIhG interacts with the FIhnF N- and G-domain '#''%°, The close association
of FIhF and FIhG is reiterated by their genes consistently being positioned adjacent to each
other on the chromosome in various bacterial species, highlighting their strong connection not
only on a functional but also transcriptional level. The induction of the FIhnF GTPase activity,
as has been observed for other NTPases, causes the bound GTP to be hydrolysed, leading
to the transition of FIhF from an active GTP-bound homodimeric state to an inactive apo- or
GDP-bound monomeric state, with the FIhF monomers subsequently dissociating from the
nascent flagellar structure and being incapable of recruiting further flagellar components to

the cell pole "¢,

Phasecontrast flagellar filaments
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Figure 4. Flagellation phenotypes caused by either the absence of FIhF or the FIhG homolog
FleN in the lophotrichously flagellated bacterium Pseudomonas putida KT2440. Scalebar: 5
um.

FIhG, as an ATP-bound homodimer, then interacts with the flagellar master regulator FIrA,

which leads to the down-regulation of resource intensive flagellar gene expression '57:161.162,



Thus, concerning the functions of FIhF and FIhG the experimentally confirmed conclusions
can be drawn that the absence of FIhF, which plays the role of a flagellar positioning factor,
leads to a delocalised flagellum, and the absence of FIhG leads to hyperflagellation, due to
FIhF not being removed from the nascent flagellar structure resulting in the continuous

recruitment of flagellar components (Figure 4) 63,

During flagellar assembly at a timepoint subsequent to the completion of the basal body and
rod, the construction of extracellular flagellum components commences beginning with the
flagellar hook. Like most structural components incorporated into the nascent flagellum,
following the completion of the basal body, the fT3SS system is utilised for the export of the
hook subunit FIgE. An integral factor of the fT3SS involved in this export is FIhB, which through
direct interaction with the export gate complex, composed of FliPQR, triggers opening and
closing of the export gate *°. FIhB, which was initially characterised with other components of
the fT3SS comprises two structural regions, being the N-terminal TMD and the C-terminal
cytoplasmic domain (FIhB-C) '%4%5. The TMD is presumed to be involved in the formation of
the FIhB/export gate complex, while FIhB-C, which comprises two distinct polypeptides, being
FIhB-CN and FIhB-CC, is essential for the substrate specificity switch of the fT3SS °'1%6. Here
FIhB-CN has been proposed to be involved in the translocation of flagellar proteins into the
central pore of the export gate complex, while FIhB-CC, through a conserved hydrophobic
patch, appears as responsible for the interaction with the export signal containing N-terminus
of hook associated proteins, which is recognised by the flagellar protein export mechanism
167 The subdomains of FIhB-C are connected by a highly conserved NP(T/E)H loop containing
an intrinsic auto cleavage site between the Asn and Pro and remain strongly associated after
autocleavage, standing at the core of the export substrate specificity switch, has commenced
168 An important factor, involved in flagellar assembly up to the auto-cleavage of FIhB-C, is
FliK, which, prior to the switching of substrate specificity acts as an “infrequent molecular ruler”
in conjunction with FIhB, to determine the final length of the hook ""*'"7. The mechanism
governing hook length determination is thought to function through the export of FliK, which,
with its N-terminal region, is able to interact with FIgE and the hook cap FIgD, while its C-
terminal region is involved in the auto-cleavage of FIhB-C (Figure 5). Both of these regions of
FliK are connected with a long and natively unstructured linker, enabling FliK to span the
distance between the tip of the nascent hook and the export complex located in the basal body
89 FliK is intermittently secreted during the synthesis of the still incomplete hook, which
interrupts hook assembly and leads to the N-terminal region of FliK interacting with FIgE and
FigD prior to secretion. This interaction is presumed to lead to a conformational change in
FliK, which causes the C-terminal region of FliK, previously residing in the cytoplasm below
the fT3SS, to pass FIhB in a velocity unfavourable to FInB-C/FliK interaction '7°. Once the
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flagellar hook has reached the defined length of approximately 55 nm and the export of
another FliK molecule commences, FliK moves slower towards the distal end of the completed
hook for FIgD interaction and secretion due to frequent interactions with FIgE. These
interactions cause the extended FIliK molecule to pass FIhB with its C-terminal region in a
velocity favourable to interaction ''. This leads to FIhB-C auto-cleaving and, accompanying
the finalisation of the hook, the export switch from hook assembly associated substrates such
as FIgE, FIgD and FliK to the class of substrates enabling filament construction such as FigM,
FIgK, FlgL, FIiD and FIliC or FlaA and FlaB '"2'73, While this is the widely accepted mechanism
integral to substrate specificity switching, the involvement of other factors of the fT3SS and

rod structure have been confirmed experimentally 74,

Figure 5. Model of hook assembly and substrate specificity switching under the influence of
FIhB and FliK. 1. Early stage of hook assembly; No interaction between FIiK and FIhB. 2. Target hook
length has been reached; FliK C-terminus interacts with FIhB-C. 3. Interaction between FliK and FIhB-
C leads to autocleavage of FIhB-C into FIhB-CN and FIhB-CC; Substrate specificity of export machine
switches from hook to filament substrates.

Following the completion of the hook, the anti-sigma factor FigM, which supresses FIliA (028),
functioning as the sigma factor responsible for flagellin expression, is secreted and therefore
opens up the way for flagellin gene expression, which leads to the assembly of the last flagellar

substructure, being the filament.

1.6 y-proteobacterial model organisms for bacterial motility

The results described in this study, concerning the spatiotemporal mechanisms involved in
flagellar assembly, were generated through the utilisation of two flagellated species from the

y-proteobacterial class of bacteria 7°.



1.6.1 Shewanella putrefaciens

The organism, which was used for the majority of generated data, is the y-proteobacterium
Shewanella putrefaciens and more precisely the strain CN-32. It is a member of the
Shewanellaceae family and was isolated from an anaerobic subsurface sample obtained
through drilling of a shale-sandstone sequence at the Morrison Formation in north western
New Mexico (USA) 6. As the members of the Shewanellaceae mostly appear in marine
habitats, it can be assumed that the progenitor of the now isolated S. putrefaciens CN-32 lived
in an aquatic environment and was trapped in sediment depositions in the Late Jurassic period
approximately 163 to 145 million years ago. S. putrefaciens CN-32 is physiologically
characterised by being a rod-shaped, Gram-negative bacterium, which forms light salmon-
coloured colonies when grown on LB-medium agar plates. Besides other members of the
Shewanellaceae, S. putrefaciens CN-32 has been observed to utilise metals, metalloids and
radionuclides, as terminal electron acceptors, enabling it to thrive in anaerobic conditions. This
characteristic is deemed to be a driving factor in the formation of mineable depositions of metal
ores, as soluble metallic ions are converted into insoluble forms, which precipitate and over
time form substantial deposits 7. Besides playing an important role in the formation of
resource deposits, S. putrefaciens CN-32 has become of interest for the construction of
microbial fuel cells and therefore is involved in the development of alternative energy sources
78 What however makes S. putrefaciens CN-32 an interesting model organism for the
analysis of bacterial motility, is that it is a peritrichously flagellated bacterium, which possesses
two distinct flagellar systems. These flagellar systems are separately regulated and expressed
from two individual gene clusters, being the Clusterl, or polar flagellar gene cluster, which
encodes components for the polar flagellar system, and the Clusterll, or lateral flagellar gene
cluster, which encodes the factors for the lateral flagellar system 79180, The primary flagellar
system, which in part depends on HubP for correct functioning, comprises a single polar
flagellum, which is mainly used for planktonic locomotion in marine or semi-solid habitats and
the secondary flagellar system is composed of up to 6 lateral flagella, which are utilised in
environments with high viscosity or nutrient density for swarming motility and directional
persistence °’. Interestingly only the position and quantity of the polar flagellum is regulated
by the interplay of FIhF and FIhG, of which the genes are also positioned in the polar gene
cluster 198179.180  An additional feature through which the flagellar systems in S. putrefaciens
CN-32 distinguish themselves is that the filaments are composed of two distinct flagellins,
minor flagellin FlaA and major flagellin FlaB, which bestow the individual filament sections with

distinct physical properties *°.



1.6.2 Pseudomonas putida

To corroborate some of the data acquired for Shewanella putrefaciens CN-32 and secure the
newly developed model for the initiation of flagellar assembly, the Pseudomonas putida strain
KT2440 was utilised. Pseudomonas putida is a member of the Pseudomonadaceae and just
like Shewanella putrefaciens, with which it shares a similar cell morphology and the feature of
being Gram-negative, belongs to the class of y-proteobacteria. While the overall species P.
putida firstly was mentioned in 1889 under the name Bacillus putidus, the KT2440 strain was
established in 1982 as a plasmid-free derivative from the toluene-degrading bacterium
Pseudomonas putida mt-2 '8!, In spite of being a strain developed in a laboratory P. putida
KT2440 still is capable of thriving in the wild, most likely making it one of the best characterised
saprophytic bacteria, which are capable of doing so. lts metabolic versatility also makes it an
excellent model organism for both the study of genetic and physiological aspects of
prokaryotes, as well as the development of biotechnological applications '82. Physiologically
P. putida KT2440 distinguishes itself by forming tea green-coloured colonies on agar plates,
which exhibit strong fluorescence when exposed to UV radiation. A trait often observed in
other species belonging to the Pseudomonadaceae family 8. P. putida KT2440 qualifies itself
to be utilised as a model organism for bacterial flagellation and motility, by being
lophotrichously flagellated, with P. putida KT2440, unlike S. putrefaciens CN-32, however only
possessing genes for one flagellar system (Figure 1, Figure 4) 8185 Concerning flagellation
and the general governance of the polar landscape, additional differences between these two
organisms are that the flagellar quantity in P. putida KT2440 is not regulated by FIhG but
instead the homologously functioning FleN and that P. putida KT2440 does not possess HubP,
but rather the homologously functioning FimV, while the filament in P. putida KT2440 also is

composed of only one flagellin being FIiC 5859186187,

2. Project aim

2.1 Mechanisms involved in polar targeting of FIhF

The mechanisms involved in the establishment and regulation of bacterial flagellation have
been the focus of many studies '3618-190 So far, these studies have revealed the SRP-
GTPase FIhF to be a prime targeting factor for flagellar assembly in a plethora of bacterial
species, which possess precisely positioned flagellar systems. The mechanisms and factors
involved in the regulation of FIhF have however only been characterised in a more detailed
manner downstream of the actual polar targeting of FIhF and the recruitment of basal body
components. With the activities related to the polar localisation of FIhF being poorly

understood and rife with speculation, an untapped source of discoveries concerning the



initiation of flagellar assembly presents itself. This study therefore is focused on the elucidation
of both in- and extrinsic elements involved in the polar targeting of FIhF. Accordingly, the
specific topics of investigation in the context of polar FIhF recruitment are polar cell
morphology, factors associated with polarity and motility and distinct domain features of FIhF.
Once promising targets have been acquired for the primary model organism, S. putrefaciens
CN-32, select findings will be replicated in P. putida KT2440, to on the one hand broaden and
strengthen the base of these discoveries and on the other hand, due to P. putida KT2440
possessing a different flagellation pattern than S. putrefaciens CN-32, to show the
conservation of the mechanism across species boundaries. With the help of the resulting
revelations, it should then be possible to shift the spatiotemporal starting point of the polar
flagellar assembly mechanism away from the polar recruitment of basal body components

through FlhF, to the factor(s) and mechanisms involved in the polar targeting of FIhF.

2.2 Involvement of FIhB-C motif in export specificity switching

The fT3SS component FIhB has been widely established to be an essential factor in the
assembly of the flagellar structure, with its role being the facilitation of hook and filament
subunit export. At the core of this function stands the ability of FIhB to autocleave its
cytoplasmic domain (FIhB-C), initiated with the assistance of other factors involved in the
export of flagellar factors located at a distal position, if viewed from the basal body '®'. This
autocleavage of FIhB-C into the subdomains FIhB-CN and FIhB-CC enables the substrate
specificity switch from hook- to filament-associated proteins. For FIhB-C various features have
been identified as vital for autocleavage activity. This study aims to investigate a motif
distinguishing itself by being rich in prolines and positioned in the FIhB-CC region of FIhB,
which was briefly touched upon in a previous publication '®8. To characterise this motif and
determine its role in the overall function of FIhB in S. putrefaciens CN-32, the effects of its
absence on hook, filament and C-ring formation as well as autocleavage ability of FIhB-C are
the topic of investigation. With the resulting insights it should be possible to create an even
clearer picture concerning the functioning of intrinsic FIhB-C features in the switching of

substrate specificity during flagellar assembly.



3. Results

The SRP-GTPase FlhF has repeatedly been experimentally verified as the prime initiation
factor required for polar flagellar targeting and assembly. The upstream mechanisms and
possible factors involved in the targeting of FIhF to the cell pole have however so far not been
determined. The primary goal of this study therefore is focused on discovering how FIhF
initially targets the membrane at the cell pole in both S. putrefaciens CN-32 and P. putida
KT2440.

The secondary goal of this study is to examine the fT3SS protein FIhB, which plays a crucial
role in the specificity switching of flagellar substrate export. Here a distinct C-terminal motif of
FIhB, alongside additional residues is at the centre of features targeted for analysis to

determine their involvement in the overall function of FIhB in S. putrefaciens CN-32.

3.1 Determination of polar FIhF localisation dependencies

3.1.1  FIhF membrane targeting is not dependent on polar membrane
curvature

To initially determine, if the localisation of FIhF is dependent on morphological features, such
as the unique membrane curvature at the pole of the cell, the placement of FIhF was analysed
in a strain treated to be deficient of wild type cell morphology. This was achieved by cultivating
a S. putrefaciens CN-32 strain which had its naturally occurring ampicillin resistance inducing
bla gene (Sputcn32_3157) deleted and both a fluorescently tagged variant of FIhF and HubP,
in medium supplemented with ampicillin at a dosage sublethal to the bacterial culture. After
reaching exponential phase a sample was harvested from the culture and briefly treated with
lysozyme, after which the outgrowth of the cells was observed with the help of time lapse

microscopy.

The resulting micrographs (Figure 6) show what appear to be two cells with a morphology
distinctly resembling spheroplasts %2, which initially are mostly spherical and over time seem
to form outgrowths with morphological features more closely related to a wild type cell. There
however is no apparent separation of newly formed daughter cells from the initial mother cell
spheroplasts, leading to the emergence of two individual unusually large cell bodies.
Concerning the localisation behaviour of the mVenus tagged FIhF, it can be observed that
fluorescent mVenus foci are located at fixed positions both at the cell membrane and at a
position most likely situated inside of the cell body, with, in the case of the mVenus signal in
the top left quadrant of the 0 and 10 min timepoints, a FIhF localisation to occur at a negatively

curved stretch of cell membrane. Over the course of the time lapse the initial FIhF foci can be



seen moving with the growing cell bodies without altering their position at the membrane. This
occurs, while new FIhF foci form, which, among others, appear at locations with morphology
more closely resembling a cell pole, indicated here by white arrows (Figure 6). In the case of
HubP a similar localisation behaviour can be observed, in which the membrane is targeted
independently of curvature. The absence of random membrane targeting of either FIhF or
HubP is indicated by the colocalisation of both proteins, observable over the entire timespan

of the micrograph series.

Phasecontrast

FIhF-mVenus

HubP-mCherry

Figure 6. Timelapse of spheroplast outgrowth with localisation of FIhF (Sputcn32_2561) and
HubP (Sputcn32_2442). Micrographs of spheroplasts taken in 10 min intervals showing mVenus
tagged FIhF and mCherry tagged HubP localisation behaviour. White arrows indicate foci formation at
membrane sections with wild type-like positive polar membrane curvature. Scalebar: 5 ym.

3.1.2 Polar targeting of FIhF is affected by motility associated factor(s)

As cell morphology could mostly be ruled out as playing a role in polar FIhF localisation, the

focus was moved to factors associated with overall motility.

To get a general sense of to what degree FIhF is dependent on motility related factors, for its
ability to localise to the cell pole, mVenus tagged FIhF was expressed from an arabinose
inducible promoter in a strain devoid of all motility-associated genes (Clusterl =
Sputcn32_2548-2608, Clusterll = Sputcn32_3444-3485) and the gene of the polar landmark
protein hubP (Sputcn32_2442) (*FIhF-mVenus AhubP ACluster! AClusterll). In this instance
mVenus tagged FIhF had to be expressed from a non-native promoter, as the entire polar
gene cluster (Sputcn32_2548-2608) including the native flhF (Sputcn32_2561) gene and its
promoter were deleted. To confirm a wild type-like localisation behaviour, mVenus tagged
FIhF was additionally expressed from an arabinose inducible promoter in a strain with an
otherwise unaltered genomic structure (*#FIhF-mVenus) and a strain devoid of a wild type flhF
copy (*®FIhF-mVenus AflhF). The stable expression of the protein of interest was determined

via Western blot (Supplemental figure 38.A). When observing the micrographs of all the
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mentioned strains, one can see clear mVenus foci, forming abundantly at the cell poles in all
strains except for the strain in which all motility related genes and hubP were deleted (Figure
7.A). In this multi-deletion strain the formation of unusually intense fluorescent foci can only
rarely be seen, whereas besides localising at the cell pole, some of these foci localise at the

membrane in subpolar positions.
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Figure 7. Localisation and foci intensity quantification of FIhF (Sputcn32_2561) under the
absence of motility related factors. (A) Micrographs showing cells with mVenus tagged FlhF, (B)
quantification of mVenus tagged FlhF localisation phenotypes and (C) foci fluorescence intensities of
mVenus tagged FIhF in the context of various expression conditions and mutational backgrounds. White
triangles indicate fluorescent foci formation. Scalebar: 5 ym. *** = P value < 0.001, **** = P value <
0.0001. n 2 900 cells.

When observing the overall abundance of mVenus foci, the quantification data shows a
significant difference in localisation behaviour between the wild type and all additional strains

of interest for both diffuse, unipolar, and bipolar localisation phenotypes (Figure 7.B). For



diffuse fluorescence, indicated by cells devoid of fluorescent foci, compared to the wild type
(6 £ 3 % of cells), the most significant difference can be seen in the @?FlIhF-mVenus AhubP
AClusterl AClusterll strain (95 £ 2 % of cells) and the least significant difference being
presented by the data of the @FIhF-mVenus AflhF strain (10 £ 3 % of cells), with the #2FIhF-
mVenus strain (23 £ 2 % of cells) lying in between these two but quantitatively closer to the
aFIhF-mVenus AflhF strain. The abundance of unipolar localisation, marked by a single polar
fluorescent focus per cell, shows an equally significant difference between all analysed strains
and the wild type (87 + 2 % of cells) with the @2FIhF-mVenus AhubP AClusterl AClusterll strain
(4 £ 1 % of cells) displaying the least cells with unipolar fluorescence and the @@FlhF-mVenus
AflhF strain (79 £ 2 % of cells) showing the most. Just like with the diffuse fluorescence the
aaFlhF-mVenus (69 + 2 % of cells) strain is quantitively positioned between these two strains.
Concerning bipolar localisation, indicated by cells possessing one fluorescent focus per cell
pole, the @@FlhF-mVenus strain (7 £ 1 % of cells) does not significantly differ from the wild type
(7 £ 2 % of cells). The other two strains however exhibit a significant difference to the wild type
with the @@FIhF-mVenus AflhF strain (11 £ 2 %of cells) having a significantly increased bipolar
localisation and the 22FIhF-mVenus AhubP AClusterl AClusterll strain (0 % of cells) lacking
bipolar localisation altogether. An additional localisation phenotype, being the subpolar
formation of fluorescent foci, is another, in which the 22FIhF-mVenus AhubP AClusterl
AClusterll strain (1 £ 2 % of cells) significantly differs from the wild type and all other analysed
strains. These overall localisation phenotypes are reflected in the intensity data of fluorescent
foci, which is measured in arbitrary units (a.u.) (Figure 7.C). Here the fluorescence intensity
of all analysed strains is significantly decreased compared to the wild type (1317 + 612 a.u.)
with the fluorescence intensity profile of the @@FIhF-mVenus AflhF strain (1153 £ 537 a.u.)
having the most and that of the @?FIhF-mVenus AhubP ACluster! AClusterll strain (983 £ 1271
a.u.), with its large standard deviation, the least resemblance to the wild type, while the @2FlhF-
mVenus strain (918 + 449 a.u.) just exhibits an overall decline in fluorescence intensity. The
generally large standard deviation of fluorescence intensity in the #?FIhF-mVenus AhubP
AClusterl AClusterll strain appears to be reflected in the strong accumulation of fluorescence

appearing at the pole of individual cells (Figure 7.A).

This highly significant effect on FIhF localisation observed in the @?FIhF-mVenus AhubP
AClusterl AClusterll strain was then analysed more precisely by specifically deleting motility
associated factors essential for specific assembly stages of the polar flagellar system and
previously uncharacterised genes inside of the polar flagellar gene cluster. Among the deleted
factors known to be required for the facilitation of flagellar assembly, were the genes encoding
the master regulator for polar flagellar gene expression, FIrA (Sputcn32_2580), the structural
MS-ring component FliF (Sputcn32_2576) and C-ring protein FliG (Sputcn32_2575), the



fT3SS protein FIhB (Sputcn32_2563) and the antagonistically to FIhF acting ATPase FIhG
(Sputcn32_2560). When observing the micrographs of the strains lacking these individual
genes, fluorescent foci, are present at the cell poles in all analysed samples, with the
fluorescent mVenus foci being strongly pronounced in the AfliFG double deletion and AflhG
single deletion strain, if compared to the wild type. Unlike the AfliFG and the AflhG strain, the
AflrA and AflhB strain appear to not differ much from the wild type in the abundance of
exhibited polar foci (Figure 8.A). The localisation quantification data shows partially highly
significant differences between the wild type and the analysed strains, with the AflhB strain
displaying no significant difference from the wild type in any of the main three localisation
phenotype categories (Figure 8.B). Compared to the wild type (6 + 3 % of cells), the strain
which shows the most significant difference, concerning the display of diffuse fluorescence, is
the of AfIrA strain (24 + 3 % of cells) with an increase in diffuse fluorescence, while the AflhG
strain (1 £ 2 % of cells) exhibits the most significant decrease in diffuse fluorescence. The
least significant difference in diffuse fluorescence compared to the wild type is displayed by
the AfliFG strain (83 £ 1 % of cells), with the AflhB strain (5 + 2 % of cells) showing no
significant difference. The unipolar localisation of FIhF, indicated by one fluorescent focus per
cell at the cell pole, does not significantly differ from the wild type (86 + 3 % of cells) in any of
the analysed strains except for the AflrA strain (72 £ 2 % of cells), in which it is significantly
decreased. As mentioned, there is no significant observable difference between the wild type
and the AfliFG (87 = 2 % of cells), AflhB (87 + 2 % of cells) and AflhG strain (87 + 2 % of cells).
Like the diffuse localisation phenotype, the bipolar formation of fluorescent foci again is
significantly different in most strains compared to the wild type (8 + 2 % of cells). With the
AflhG strain (13 £ 2 % of cells) showing the most significant increase in bipolar accumulation
of fluorescence and the AfirA strain (4 £ 1 % of cells) displaying the most significant decrease
in bipolar fluorescence, while the AfliFG strain (11 £ 2 % of cells) presents a significant
increase in fluorescence equal to that of the AflhG strain (13 £ 2 % of cells). A rarely
observable localisation phenotype is the additional formation of a subpolar fluorescent focus
in cells already expressing wild type-like positioning of SpFlhF, which in this case only is
observable in the AflhG strain (9 + 2 % of cells). The fluorescent foci intensity phenotypes
were already partially distinguishable when examining the micrographs (Figure 8.A), with
there being a highly significant difference between the wild type (1153 + 542 a.u.) and the
AfliFG (7068 + 6124 a.u.) and AflhG (8799 * 7349 a.u.) strains with their strongly increased
fluorescence reaching beyond the borders of the graph (Figure 8.C), while the AfIrA strain
(794 + 447 a.u.) shows an overall significant decline in fluorescent foci intensity and the AflhB
strain (1765 £ 988 a.u.), still being significantly different from the wild type, exhibits a wild type-
like fluorescence intensity profile. In the context of all these observations it also is important

to refer to the expression control performed for mVenus tagged FIhF with a Western blot



(Supplemental figure 38.B), in which a strong decrease of mVenus tagged FIhF signal can
be seen in the AfirA strain and a strong increase is visible in the AfliFG and AflhG strain,

whereas the AflhB strain appears to express mVenus tagged FIhF in wild type-like levels.
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Figure 8. Localisation and foci intensity quantification of SpFIhF under the absence of cell pole
associated motility factors in S. putrefaciens CN-32. (A) Micrographs showing cells with mVenus
tagged SpFIhF, (B) quantification of mVenus tagged SpFIhF and (C) foci fluorescence intensities of
mVenus tagged SpFIhF in the context of cell pole associated motility factor absence. White triangles
indicate fluorescent foci formation. Scalebar: 5 pm. *** = P value < 0.001, **** = P value < 0.0001. n
2900 cells.

3.1.3 FipA directly affects polar targeting of FIhF

In addition to the factors essential for flagellar synthesis, the products previously
uncharacterized genes, associated with the polar flagellar gene cluster by genomic proximity,
were analysed for their effect on polar FIhF localisation. Here the deletion of one of these
genes had the single most significant effect on the ability of FIhF to target the cell pole of all
analysed single deletions and therefore was investigated more closely in this context. The
discovered gene Sputcn32_2550 was named fipA, being an abbreviation for “FIhF interacting

protein A”, and firstly was analysed in a single deletion context for its involvement in polar
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FIhF localisation and in conjunction with the deletion of hubP (Sputcn32_2442), due to the

increased impact the double deletion had on polar FIhF localisation.

The micrographs of the fipA and hubP single and double deletion strains all show cells with
polar fluorescent foci. In addition to generally exhibiting weaker foci compared to the wild type,
individual cells of strains carrying a fipA deletion possess fluorescent foci in subpolar positions
(Figure 9.A). The AhubP strain, judging from the micrographs, appears to resemble the wild
type more closely concerning the positioning and intensity of foci fluorescence. The
localisation phenotype quantification data (Figure 9.B) reveals that, in the context of diffuse
fluorescence, the AfipA (35 + 3 % of cells) and the AfipA AhubP strain (53 £ 3 % of cells)
display the most significant difference compared to the wild type (6 + 3 % of cells), whereas
the single deletion of hubP (7 £ 2 % of cells) has no significant effect on diffuse fluorescence.
A similar distribution of significances can be observed for the unipolar localisation phenotype
of FIhF, with the AfipA (63 £ 2 % of cells) and the AfipA AhubP strain (45 £ 2 % of cells)
showing a highly significant decline in unipolar localisation compared to the wild type (86 + 3
of cells), while the unipolar localisation of FIhF appears to remain mainly unaffected in the
AhubP strain (86 + 2 % of cells). The bipolar localisation phenotype follows a similar pattern,
with the AfipA (2 £ 1 % of cells) and the AfipA AhubP strain (2 £ 1 % of cells) again exhibiting
a significant decrease compared to the wild type (8 + 2 %of cells), whereas the AhubP strain
(7 £ 2 of cells) shows no such effect. As observed in the micrographs, subpolar localisation of
fluorescent foci, on the level of the entire cell population, can only be detected in the AfipA (5
1 3 % of cells) and the AfipA AhubP strain (15 + 3 % of cells). The foci fluorescence intensity
(Figure 9.C) for these two strains also appears to be significantly different, when taking the
wild type (1317 £ 612 a.u.) as reference, as both the AfipA (1069 = 486 a.u.) and the AfipA
AhubP strain (1055 £ 505 a.u.) exhibit a significant loss in fluorescent mVenus foci intensity,
whereas the AhubP strain (1486 1 666 a.u.) displays a significant increase in foci fluorescence

intensity, in relation to the wild type.



S. putrefaciens
A wild type

AfipA AhubP

Phasecontrast |

FIhF-mVenus [

* % %

w 100 mm diffuse 5000
8- T ns ; o
> ad I unipolar x
Z _ = 4000 :
g Bl bipolar g t
L ~
g_ _ . subpolar 2 3000~
SEs | § 2
8 : £ 2000
© —
o H o
S . : £ 1000
= Y% ns ns ¥ !
= 1r 3
[T NS
0- 0 | I T |
@ > Q Q ¢ &P g L
e>'°\Q & W b's‘Q & ¢ ¢
4;\\ A \4 $\\ A% \%4
« «
Avg A%

Figure 9. Localisation and foci intensity quantification of SpFIhF in S. putrefaciens CN-32 in
AfipA (Sputcn32_2550) and AhubP (Sputcn32_2442) backgrounds. (A) Micrographs of localisation
phenotypes of mVenus tagged FIhF (subpolar foci indicated by red triangles), (B) quantification of
mVenus tagged FIhF localisation phenotypes and (C) foci fluorescence intensities of mVenus tagged
FIhF in the absence of fipA and hubP. White triangles indicate fluorescent foci formation. Scalebar: 5
pm. *** = P value < 0.001, **** = P value < 0.0001. n =2 900 cells.

To confirm the conservation of this dependency of FIhF on FipA for polar localisation and to
broaden the base and increase the impact of these findings, the experiment to localise FIhF
in a AfipA strain was replicated in Pseudomonas putida KT2440, which possesses an ortholog
to Sputcn32_2550 with the gene number PP_4331. Additionally, the gene of the orthologously
to HubP functioning PpFimV (PP_1992) was deleted in the context of the double deletion.

To be able to more clearly separate the data acquired for both organisms, proteins related to
S. putrefaciens CN-32 will receive the prefix Sp and proteins related to P. putida KT2440 will
receive the prefix Pp in the text, while figures will clearly display the organism of which the

data originates from here on out.
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The micrographs display a strong decrease in fluorescent PpFlhF-mCherry foci in the AfipA
and in the AfimV strain, with only a few cells possessing polar mCherry signals, while the
formation of fluorescent foci is completely absent in the AfipA AfimV strain (Figure 10.A).
Despite PpFIhF not visibly accumulating in the AfipA AfimV strain, the expression was
confirmed via Western blot (Supplemental figure 43). Overall, the mCherry foci appear much
weaker than the mVenus foci previously observed in S. putrefaciens CN-32 (Figure 9.A) with
there being a stronger fluorescent background in the cytoplasm of the P. putida KT2440 cells.
The single and double gene deletions generally had a highly significant effect on the
localisation of mCherry tagged PpFlhF, with the AfipA AfimV strain not exhibiting any formation

of fluorescent foci (Figure 10.B).
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In comparison to the wild type (26 + 2 % of cells) the AfipA strain (96 £ 2 % of cells) and the
AfimV strain (86 + 2 % of cells) showed a significant increase in diffuse fluorescence, with the
increase of the AfipA strain being stronger than that of the AfimV strain. Unipolar foci formation

is almost absent in the AfipA strain (4 £ 2 % of cells) and, in contrast to the wild type (63 + 3



% of cells), significantly reduced in the AfimV strain (13 + 2 % of cells). The bipolar localisation
phenotype observable in a few of the wild type cells (11 £ 3 % of cells), is not detectable in

the AfipA strain and almost non-existent in the AfimV strain (2 £ 1 % of cells).

It was not possible to perform the foci intensity analysis for these strains, due to the
fluorescence of the mCherry fluorophore being much weaker than that of the mVenus
fluorophore and the P. putida KT2440 cells possessing a strong background fluorescence in

the mCherry fluorescence channel.

3.1.4 FIhF and FipA display heterologous interaction

With having established that FipA plays a significant cross-species role in polar FIhF
localisation, the next step was to determine, if this effect possibly was the result of a direct
interaction between FIhF and FipA or if FipA rather regulated a still unknown factor that
facilitated polar FIhF recruitment. To determine, if FIhF and FipA directly interact, a bacterial
adenylate cyclase two-hybrid (BACTH) assay was conducted, in which firstly the ability for

homologous interaction and secondly the ability for heterologous interaction were analysed.

The BACTH assay results, showing the homologous interaction phenotypes of S. putrefaciens
CN-32 FIhF (SpFIhF), indicate a strong intrinsic ability of SpFIhF to interact with itself in all
possible terminus configurations (Figure 11.A). In the case of S. putrefaciens CN-32 FipA
(SpFipA) there appears to be the ability to interact in an N- to C-terminal and a C- to C-terminal
configuration, while the N- to C-terminal interaction appears to only function if the T25
fragment is fused to the N-terminus and the T18 fragment is fused to the C-terminus of SpFipA
(Figure 11.B). The BACTH assay performed to confirm a possible heterologous interaction
between SpFlhF and SpFipA displays a clear ability to perform protein-protein interaction, with
both the N- and C-terminal region of SpFlhF interacting with the C-terminal region of SpFipA
(Figure 11.C).
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Figure 11. Homo- and heterologous interactions of S. putrefaciens CN-32 SpFIhF and SpFipA.
(A) Homologous BACTH assay with wild type SpFIhF. (B) Homologous BACTH assay with wild type
SpFipA. (C) Heterologous BACTH assay with wild type SpFIhF and wild type SpFipA. (D) Model of
observed homo- and heterologous interaction phenotypes of SpFIhF and SpFipA. In each interaction
the protein named first is fused to T25 and the second protein is fused to T18, while N-terminal fusion
indicates a fusion of the respective catalytic domain to the N-terminus of the protein of interest and C-
terminal fusion indicates a fusion of the respective catalytic domain to the C-terminus of the protein of
interest.

For the FIhF ortholog in P. putida KT2440 (PpFIhF), the same interaction profile can be seen
in the bacterial adenylate cyclase two-hybrid (BACTH) assay, with all termini of PpFIhF being
able to homologously interact (Figure 12.A). The FipA ortholog in P. putida KT2440 (PpFipA),
unlike SpFipA, only appears to homologously interact in a C-terminal manner, with no visible
indication for N- to C-terminal interaction (Figure 12.B), while the heterologous interaction
profile of PpFIhF and PpFipA matches the one of SpFIhF and SpFipA with both the PpFIhF N-
terminal region being able to interact with the PpFipA C-terminal region and the PpFIhF C-
terminal region being able to interact with the PpFipA C-terminal region (Figure 12.C).
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Figure 12. Homo- and heterologous interactions of P. putida KT2440 PpFIhF and PpFipA. (A)
Homologous BACTH assay with wild type PpFIhF. (B) Homologous BACTH assay with wild type
PpFipA. (C) Heterologous BACTH assay with wild type PpFlhF and wild type PpFipA. (D) Model of
observed homo- and heterologous interactions of PpFIhF and PpFipA. In each interaction the protein
named first is fused to T25 and the second protein is fused to T18, while N-terminal fusion indicates a
fusion of the respective catalytic domain to the N-terminus of the protein of interest and C-terminal
fusion indicates a fusion of the respective catalytic domain to the C-terminus of the protein of interest.

3.2 Characterisation of the novel FIhF localisation factor FipA

After having confirmed FipA as a major factor, involved in the polar localisation behaviour of
FIhF through a possible direct interaction, in both S. putrefaciens CN-32 and P. putida KT2440,
the focus was shifted towards more closely analysing FipA both for its conservation among

bacterial species and its effects on other motility related processes.

3.2.1 FipAis conserved among bacteria with polar flagellation regulated
by FIhF and HubP/FimV

The in-silico investigation to classify the conservation level of FipA among various bacterial
species resulted in FipA orthologs being discovered in many members of y-proteobacterial
genera, such as Shewanella, Pseudomonas, Vibrio and Aeromonas (Figure 13). Here FipA
appeared exclusively in genera possessing a polar landmark protein such as HubP or FimV
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and polar flagellation regulated by FIhF and FIhG. Orthologs for FipA could not be detected in
genera lacking directed positioning of flagellar structures, such as Escherichia and
Rhodobacter or genera missing a HubP/FimV ortholog such as Clostridium, Campylobacter

and Bacillus.
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Figure 13. Occurrence of FipA orthologs among various bacterial genera in relation to the
presence or absence of essential motility related factors.

In accordance with these findings, a synteny analysis was performed for fipA in the
Shewanella, Pseudomonas and Vibrio genera (Supplemental figure 47), which revealed a
strong association of all fipA orthologs with flagellar genes in each individual genome. Here
fipA always appeared in close vicinity downstream from the gene cluster encoding the main
flagellar system and always approximately 8-11 genes downstream from flhF, while
consistently possessing the gene encoding the chemotaxis protein CheW in its immediate

upstream proximity.

The bioinformatically determined domain composition of FipA was acquired through running
multiple FipA sequences through the Simple Modular Architecture Research Tool (SMART),
which revealed that most FipA protein orthologs are composed of an N-terminal
transmembrane domain and a C-terminal DUF2802 domain (Figure 14), while a few FipA
orthologs, possess either a putative intermediate low complexity region, such as orthologs
from the Aliivibrio genus, or an intermediate coiled coil region, such as orthologs from the

Aeromonas genus.
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Figure 14 Conserved bioinformatically determined domain structure of the FipA protein. Solid
domains are conserved among all FipA orthologs, whereas domains encircled by dashed lines only
appear in a few FipA orthologs. TMD = transmembrane domain.

3.2.2 FipA significantly affects motility but not chemotaxis and requires
cell pole associated factors for localisation

For the analysis of which cellular mechanisms, besides the polar localisation behaviour of
FIhF, are influenced by FipA, the effects, which the deletion of fipA has on cellular growth,
overall motility and the localisation of motility related factors and structures, were investigated
in both S. putrefaciens CN-32 and P. putida KT2440.

In S. putrefaciens CN-32 the deletion of fipA (Sputcn32_2550) did not affect the overall growth
of bacteria, demonstrated by the lack of difference in comparison to the wild type growth curve,
with both strains expressing an identical change in optical density through all supposed growth
phases (Figure 15.A). Overall motility, indicated by spreading on soft agar plates, is
significantly reduced in the AfipA strain (44 + 2 % of WT spreading area), if it is compared to
the spreading area of the wild type, which is set as reference. The AflhF strain (44 + 2 % of
WT spreading area) exhibits a spreading decrease with similar significance to the AfipA strain
but with an overall stronger impact on motility (Figure 15.B). The localisation of the C-ring
component SpFliM (Sputcn32_2569) (wild type: 62 £ 9 % of cells; AfipA: 51 £ 4 % of cells)
and the flagellar hook structure composed of SpFIgE (Sputcn32_2594) (wild type: 45 + 6 % of
cells; AfipA: 34 £ 4 % of cells) appears to be significantly affected by the deletion of fipA,
indicated by the localisation quantification data for each individual protein (Figure 15.C). In a
strain with the same AfipA background an effect on the localisation behaviour of the
chemotaxis system, represented by SpCheA (wild type: 71 £ 5 % of cells; AfipA: 69 + 5 % of

cells), is not detectable.
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Formation of flagellar filaments at the cell pole can be seen in the micrographs of all analysed

strains, with the AflhF and AfipA strain demonstrating flagellation phenotypes not observed in



the wild type (Figure 15.D). Those flagellation configurations are subpolar localisation of the
flagellum associated with the polar flagellar system and, in the AfipA strain, hyperflagellation,
indicated by the formation of more than one flagellum comprising components related to the
polar flagellar system. Quantification of the polar flagellation reveals it to appear to a
significantly lower degree in the AflhF (7 £ 2 % of cells) and the AfipA strain (42 £ 3 % of cells)
if compared to the wild type (57 + 2 % of cells), with the AflhF strain showing overall less polar
filaments than the AfipA strain (Figure 15.E). Subpolar formation of flagella, unlike in the wild
type, is exhibited by both the AflhF (28 £ 2 % of cells) and the AfipA strain (1 £ 1 % of cells),
with, despite it appearing to a significant degree in both strains, being more pronounced in the
AflhF strain. The hyperflagellation phenotype only appears in the AfipA strain (1 £ 1 % of cells)
and therefore significantly differs from the wild type, even if it only occurs in a subpopulation

of cells.

Due to the observed hyperflagellation phenotype in the AfipA mutant strain of S. putrefaciens
CN-32, a possible interaction between SpFipA and SpFIhG, as a loss of FIhG causes a similar
flagellation pattern, was assessed via BACTH (Figure 16). Here an interaction was observable
in one of the assay constellations in which the N-terminal region of SpFIhG interacted with the

C-terminal region of SpFipA, which also functions as a target for SpFIhF (Figure 16.A).
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Figure 16. Heterologous interactions of S. putrefaciens CN-32 SpFIhG and SpFipA. (A)
Heterologous BACTH assay with wild type SpFIhG and wild type SpFipA. (B) Model of observed
heterologous interaction of SpFIhG and SpFipA. In each interaction the protein named first is fused to
T25 and the second protein is fused to T18, while N-terminal fusion indicates a fusion of the respective
catalytic domain to the N-terminus of the protein of interest and C-terminal fusion indicates a fusion of
the respective catalytic domain to the C-terminus of the protein of interest.

The deletion of fipA (PP_4331) in P. putida KT2440 appears to have a similarly low effect on
cellular growth as the deletion of fipA in S. putrefaciens CN-32. Here the wild type and AfipA
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strain growth progresses in a comparable manner throughout almost all growth phases, with
there being a slight peak in the growth behaviour of the wild type in comparison to the AfipA
strain, when transitioning from the exponential to the stationary phase (Figure 17.A). General
motility appears to be largely affected by the deletion of flhF (17 £ 3 % of WT spreading area)
and fipA (55 + 6 % of WT spreading area), as the quantification of the spreading area of both
these P. putida KT2440 mutant strains reveals a highly significant defect in their ability to
spread on soft agar in comparison to the wild type, with the AflhF strain showing a greater

drop in area occupied through motility than the AfipA strain (Figure 17.B).
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Figure 17. Effects of fipA (PP_4331) deletion on overall growth and motility and flagellar filament
formation in P. putida KT2440. (A) Growth curve of wild type and AfipA strain measured over 24 h.
(B) Spreading area of AflhF and AfipA strain relative to the wild type spreading phenotype. (C)
Micrographs of flagellar filament morphology and localisation phenotypes in a wildtype, AflhF and AfipA
background. (D) Quantification of flagellar filament phenotypes in a wildtype, AflhF and AfipA
background. Scalebar: 5 pm. *** = P value < 0.001, **** = P value < 0.0001. n 2 900 cells.



Polar formation of flagella, in the lophotrichously flagellated P. putida KT2440, is observable
in the micrographs of all strains, with the AfipA and the AflhF strain showing an obvious
decrease in polar flagellation and an increase of subpolar flagellar assembly, which does not
occur in the wild type (Figure 17.C). The quantification of the flagellation phenotypes reveals
an overall highly significant decrease in polar flagellation in both the AflhF (3 £ 2 % of cells)
and the AfipA strain (36 £ 4 % of cells) if compared to the wild type (77 + 4 % of cells), with
the AflhF strain displaying a greater drop in polar flagellation than the AfipA strain (Figure
17.D). Subpolar flagellation, which, dissimilarly to the wild type, only appears in the AflhF and
AfipA strain, therefore also is significantly increased in both these strains, with the AflhF (5
3 % of cells) strain showing more subpolarly flagellated cells than the AfipA strain (1 £ 1 % of

cells).

To further characterise FipA, its own cellular positioning and possible localisation

dependencies on other factors, such as FIhF and HubP, were studied.

Here it was possible to observe sf-GFP tagged SpFipA forming unipolar and bipolar foci in
individual cells of an appropriately modified S. putrefaciens CN-32 strain (Figure 18.A). The
formation of these foci, even though in varying degrees, also was present in strains carrying
an additional deletion of either flhF or hubP. By quantifying the occurrence of the various
SpFipA localisation behaviours, it was possible to reveal a significant decline in overall
abundance of diffuse fluorescence in the AflhF (21 £ 5 % of cells) and AhubP strain (91 +2 %
of cells) in comparison to the wild type (14 £ 6 of cells) (Figure 18.B). The unipolar localisation
of SpFipA also was impacted in a significant manner in the AflhF (53 £ 4 % of cells) and AhubP
strain (9 £ 2 % of cells), with the deletions, in contrast to the wild type (61 + 3 % of cells),
causing a significant decrease in unipolar localisation, which was much more severe in the
AhubP strain than the AflhF strain. No significant effect, concerning the bipolar localisation of
SpFipA, was observable in the AflhF strain (26 + 2 % of cells), while the deletion of hubP led
to a total absence of bipolar SpFipA localisation observed in approximately a quarter of wild
type cells (25 £ 5 % of cells). Through the analysis of the fluorescent SpFipA-sfGFP foci
intensity it was possible to detect a significant difference between the wild type (1796 + 365
a.u.) and both the AflhF (1904 + 313 a.u.) and AhubP strain (1767 + 167 a.u.), with the foci
fluorescence intensity profile of the AhubP strain being much more constricted, if compared to
that of the wild type, than the one of the AflhF strain (Figure 18.C).
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Figure 18. Localisation and foci intensity quantification of SpFipA-sfGFP in S. putrefaciens CN-
32 in AflhF (Sputcn32_2561) and AhubP (Sputcn32_2442) backgrounds. (A) Micrographs showing
cells with sfGFP tagged SpFipA, (B) quantification of sfGFP tagged SpFipA localisation phenotypes
and (C) foci fluorescence intensities of sfGFP tagged SpFipA in the absence of flhF and hubP. White
triangles indicate fluorescent foci formation. Scalebar: 5 ym. ** = P value < 0.01, *** = P value < 0.001,
**** = P value < 0.0001. n 2900 cells.

The FipA ortholog in P. putida KT2440, PpFipA, which also was C-terminally tagged with
sfGFP, followed the same localisation pattern as SpFipA in a wild type background, with there
being fluorescent PpFipA-sfGFP foci forming in a unipolar and bipolar manner (Figure 19.A).
Unlike SpFipA, PpFipA appears to be much more dependent on FlhF than HubP, or in the
case of P. putida KT2440, PpFimV, as almost no fluorescent foci are visible in the AflhF strain,
while the deletion of fimV does not appear to severely impact the ability of PpFipA to target

the cell pole. When observing the quantification data (Figure 19.B), the differences become



more apparent, with diffuse fluorescence being significantly increased in the AflhF strain (93
t 2 % of cells), when taking the wild type (1 £ 2 % of cells) as reference. Diffuse fluorescence
also appears to be significantly increased, even though to a lesser degree, in the AfimV strain
(25 £ 6 % of cells).
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Figure 19. Localisation and foci intensity quantification of PpFipA-sfGFP in P. putida KT2440 in
AflhF (PP_4343) and AfimV (PP_1992) backgrounds. (A) Micrographs showing cells with sfGFP
tagged PpFipA, (B) quantification of sfGFP tagged PpFipA localisation phenotypes and (C) foci
fluorescence intensities of sfGFP tagged PpFipA in the absence of flhF and fimV. White triangles
indicate fluorescent foci formation. Scalebar: 5 ym. ** = P value < 0.01, *** = P value < 0.001, **** =
P value < 0.0001. n 2 900 cells.

Like the diffuse fluorescence, the unipolar localisation of PpFipA is significantly affected by
the deletion of AflhF (7 £ 2 % of cells) and the deletion of AfimV (61 + 4 % of cells), with the

absence of fimV causing a much smaller decrease than the deletion of flhF, if compared to
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the wild type (65 £ 2 % of cells). The bipolar localisation phenotype, observable in the wild
type (35 £ 2 % of cells), is totally absent in the AflhF strain, whereas it occurs in significantly
reduced abundance in the AfimV strain (14 £ 3 % of cells). The fluorescence intensity of
PpFipA-sfGFP foci is affected by the individual deletions, to a similar extent, as the overall
localisation phenotypes, with the determined foci intensity exhibiting the strongest decrease
in the AflhF (429 £ 51 a.u.) strain. In the data gathered for the foci intensity of the AfimV strain
(527 £ 140 a.u.), despite showing a significant difference to the wild type (507 + 99 a.u.), a
profile, not dissimilar to that of the wild type, is visible (Figure 19.C).

Having investigated FipA for its general localisation behaviour in a wild type background and
in strains carrying specific gene deletions, it became of interest to view the positioning of FipA
throughout a cell’s life cycle in a higher spatiotemporal resolution and its localisation in relation

to other motility factors and factors associated with the cell pole.

In S. putrefaciens CN-32 SpFipA mostly colocalised with SpHubP, whereas all cells
possessing SpHubP-mCherry foci did not always exhibit SpFipA-sfGFP foci (Figure 20.A).
When looking at the micrograph showing maleimide stained filaments of the polar flagellar
system, and comparing it with the corresponding micrograph showing SpFipA localisation, it
can be observed that SpFipA is positioned at the pole of cells devoid of or not possessing a
fully formed filament. The cells retaining fully formed filaments do not exhibit SpFipA-sfGFP
foci at the flagellated pole, while SpHubP always is associated with the flagellated pole. When
observing the localisation behaviour of SpFipA in a spatiotemporal context, it appears to be a
rather dynamic protein not locked to a certain position, with the displayed cell switching
between bipolar to unipolar SpFipA localisation in the final stages of cell separation, until it is
completed (Figure 20.B). The resulting daughter cells then each possess one fluorescent
focus at the old cell poles, being the cell poles already existing in the mother cell. Here SpFipA
also accumulates at the cell pole prior to mCherry tagged SpCheA, which only starts appearing
at the cell pole just before cell separation. SpFlhF tagged with mCherry, as can be seen in the
micrographs, colocalises with SpFipA, while SpFIhF only appears at cell poles, at which
SpFipA is present (Figure 20.C). Both SpFIhF and SpFipA appear to be associated with cell
poles, at which the flagellar assembly has not been fully completed and SpFipA is also present
at cell poles with no visible flagellar filament. The micrographs displaying, the colocalisation
behaviour of SpFlhF and SpFipA, in a spatiotemporal context, show SpFipA appearing at the
cell pole prior to SpFIhF (Figure 20.D). Here SpFIhF seem to disappear from the cell pole,
when SpFipA leaves the cell pole, and does not reappear, even when SpFipA intermittently
returns to the cell pole. These returns of SpFipA however are characterised by exhibiting much

weaker fluorescent foci, than in conjunction with SpFIhF.
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In comparison to S. putrefaciens CN-32, P. putida KT2440 exhibits a slight variation in its

PpFipA localisation behaviour, when viewed in a spatiotemporal context.

Here sfGFP tagged PpFipA dynamically accumulates at the cell poles, with there being a
stronger and more persistent fluorescent focus at the old cell pole, indicated by being the pole,
at which the first PpFipA focus is formed, than the new pole (Figure 21.A). Unlike SpFipA, the
P. putida KT2440 ortholog PpFipA appears to target newly forming cell poles faster, as clear
PpFipA foci are visible at the septum just before cellular separation, which increase in intensity

after the cells separate and the PpFipA foci at the old cell poles dissipate.
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Figure 21. PpFipA localisation in a spatiotemporal manner and colocalisation with the polar
filament bundle in P. putida KT2440. (A) Micrographs taken in 10 min intervals showing
spatiotemporal localisation of sfGFP tagged PpFipA. (B.1/B.2) Micrographs showing colocalisation of
sfGFP tagged PpFipA with maleimide stained flagellar filament. White triangles indicate fluorescent foci
formation. Scalebar: 5 pm.




When observing PpFipA in conjunction with the filament bundle, the micrographs show PpFipA
mainly being associated with the opposing cell pole, when a fully formed filament bundle is
present at the flagellated cell pole (Figure 21.B.1). Here PpFipA also is positioned at the cell
pole with a nascent filament bundle (white arrow in the filament channel), while the other pole,
which possesses a fully formed flagellar system does not display a PpFipA accumulation
(Figure 21.B.2).

3.3 Localisation and interaction phenotypes of FIhF and FipA mutant
variants

After having analysed FipA and its effects on cell physiology to a certain extent, it became of
interest, to focus on the relation it has with FIhF and which residues are required for individual
protein function, demonstrated by the effect a substitution has on localisation and motility and

on homo- and heterologous interaction.

3.3.1 FIhF G-domain residues play critical role in both localisation and
homo- and heterologous interaction

Firstly, FIhF residues, partially defined as functionally indispensable through previous
publications 135136 and protein sequence conservation analysis (Supplemental figure 48),
were substituted with the amino acid alanine, while simultaneously maintaining optimised
codon usage for each respective species. All residues which were targeted for substitution are

contained in the G-domain of FIhF, which is indispensable for the correct functioning of FIhF.

In S. putrefaciens CN-32 the conserved G-domain residues K26, which is contained in the G1-
loop and predicted to interact with phosphate groups B and y of GTP, D328, which is contained
in the G3-loop and predicted to stabilise Mg?* in the FInF homodimer and D3 and E**', which
are contained in the G4-loop and are predicted to be essential for nucleoside binding, were
substituted. When observing the effects caused by these substitutions, the micrographs of
most of the FIhF mutant strains show FIhF-mVenus foci, with the SpFIhF K?°A, the SpFIhF
D3%°A and the SpFIhF D3%°_E3°1A mutants exhibiting an apparent decrease in FIhF localisation
(Figure 22.A).

Here the analysis of the localisation phenotype quantification data, reveals that all substitution
mutants show overall significant changes in their localisation behaviour if compared to the wild
type (Figure 22.B). Here all mutant strains, in contrast to the wild type (6 + 3 % of cells), show
a significant increase in diffuse fluorescence starting with the SpFIhF D3%A strain (9 + 2 % of
cells), with the smallest increase, followed by the SpFIhF E3'A (18 £ 5 % of cells), the SpFIhF
D3%A (25 + 4 % of cells), the SpFIhF K5¢A (32 + 2 % of cells) and the SpFIhF D3°A E3°'A

strain (92 = 2 % of cells), which also exhibited the strongest increase in diffuse fluorescence.
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Opposingly, the unipolar localisation of the individual FIhnF mutants is significantly decreased
in a similar pattern, with the SpFIhF D32®A strain (84 + 2 % of cells), exhibiting the least
decrease, followed by the SpFIhF E3°'A (75 + 3 % of cells), the SpFIhF D3%A (65 + 3 % of
cells), the SpFIhF K#°A (65 + 1 % of cells) and the SpFIhF D3°A_E®*'A strain (8 + 2 % of

cells) almost displaying no unipolar localisation, if compared to the wild type (87 £ 3 % of cells).
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Figure 22. Effects of select residue substitutions in SpFIhF on localisation and foci intensity in
S. putrefaciens CN-32. (A) Micrographs showing localisation phenotypes, (B) quantification of
localisation phenotypes and (C) foci fluorescence intensities of mVenus tagged wild type and mutant
variants of SpFIhF. White triangles indicate fluorescent foci formation. Scalebar: 5 pm. * = P value <
0.1, ** = P value < 0.01, *** = P value < 0.001, **** = P value < 0.0001. n = 900 cells.

The SpFIhF D3®A_E®*'A strain also does not show any bipolar localisation, observable in the
wild type (7 £ 2% of cells) and other mutant strains, such as the SpFIhF D328A (6 + 1 % of
cells) and SpFIhF E*¥'A strain (6 + 2 % of cells), which do not significantly differ from the wild



type. The SpFIhF KA strain (4 £+ 1 % of cells) expresses a significantly decreased bipolar
localisation and the SpFIhF D*%°A strain (10 + 3 % of cells) a significantly increased
localisation. The foci fluorescence intensity data displays a difference between the wild type
(1235 £ 632 a.u.) and all analysed SpFlhF mutant strains, with all strains possessing a
significantly decreased mean foci intensity (Figure 22.C). This drop in foci intensity appears
to the least extent in the SpFIhF K25¢A strain (1112 + 763 a.u.), which also exhibits foci with a
stronger intensity than the wild type, followed by the SpFIhF D3°A strain (1048 + 478 % of
cells). The SpFIhF D328A (971 + 448 a.u.) and SpFIhF E*'A strain (961 + 448 a.u.) show a
similar decrease in mean foci intensity, with the SpFIhF D3%°A_E3%'A strain (729 + 377 a.u.),
which unlike the wild type and other mutant strains, possesses a strongly condensed foci

intensity profile, ultimately having the strongest decrease in mean foci intensity.

With having inspected the effects of the individual residue substitutions on the localisation
behaviour of SpFIhF, the influence on overall motility was assessed (Figure 23.A). Naturally,
in comparison to the wild type, the complete deletion of flhF (41 + 1 % of WT spreading area)
resulted in a highly significant decrease in overall motility, indicated by the ability to cover a
certain area through spreading on soft agar. The SpFIhF D3%°A_E3®'A strain (41 £ 3 % of WT
spreading area) exhibited a similar spreading phenotype, while the other mutant strains, albeit
showing a significant decrease in spreading, if compared to the wild type, still showed a
stronger ability to spread on soft agar than the AflhF and the SpFIhF D3%°A_E3'A strain, with
the SpFIhF D3%°A strain (82 + 4 % of WT spreading area), in comparison to the wild type,
displaying the least decrease in spreading ability, followed by the SpFIhF E**'A (81 £ 2 % of
WT spreading area), then the SpFIhF D328A (80 + 2 % of WT spreading area) and finally the
SpFIhF K2%6A strain (70 £ 2 % of WT spreading area). As confirmed by BACTH assay,
homologous interaction between wild type SpFIhF and these SpFIhF mutants, appears to be
mostly possible in a N- to C-terminal manner, with there being a decrease in interactivity
between SpFIhF K3?®A and wild type SpFIhF and an absence of interaction between both
SpFIhF D3A and SpFIhF D3A_E3'A mutant with the wild type SpFIhF (Figure 23.B). The
results are much less clear concerning the interaction in a C- to C-terminal manner with there
being an inconsistent colour pattern in the previously interacting protein pairs, and a strong

interaction for the previously not interacting protein pairs.
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Figure 23. Effects of select residue substitutions in SpFIhF on overall motility and homologous
interaction in S. putrefaciens CN-32. (A) Spreading area of SpFIhF mutant strains relative to the wild
type spreading phenotype. (B) BACTH assay of FIhF mutants with wild type SpFIhF. In each interaction
the protein named first is fused to T25 and the second protein is fused to T18, while N-terminal fusion
indicates a fusion of the respective catalytic domain to the N-terminus of the protein of interest and C-
terminal fusion indicates a fusion of the respective catalytic domain to the C-terminus of the protein of
interest. *** = P value < 0.001, **** = P value < 0.0001.

In P. putida KT2440 the orthologous PpFIhF residues K??° (G1-loop), D*' (G3-loop) and D32
(G4-loop), with the addition of the residue K23° (positioned approximately 5 residues
downstream from G1-loop), were substituted. For these strains, the micrographs show a clear
absence of PpFIhF localisation, in the PpFIhF K22°A, the PpFIhF D3°'A and the PpFIhF D%*2A
mutants, while the PpFIhF K2*5A strain still displays PpFIhF-mCherry foci (Figure 24.A). When
quantifying the PpFIhF localisation phenotypes, all mutant strains exhibit a significant increase
in diffuse fluorescence if compared to the wild type (26 + 4 % of cells), with the PpFIhF K#%A
strain (39 + 3 % of cells) showing a moderate increase in diffuse fluorescence and the other
PpFIhF substitution strains, as neither uni- nor bipolar foci formation can be observed, possess
diffuse fluorescence in 100% of cells (Figure 24.B). Unipolar PpFIhF localisation on the other
hand is significantly decreased in the PpFIhF K2%A strain (51 + 2 % of cells), if compared to
the wild type (63 + 2 % of cells), while bipolar localisation in the PpFIhF K23%A strain (10 + 2 %

of cells) does not show any significant difference from the wild type (11 £ 3 % of cells).
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Figure 24. Effects of select residue substitutions in PpFIhF on localisation, foci intensity, overall
motility, and homologous interaction in P. putida KT2440. (A) Micrographs showing localisation
phenotypes and (B) quantification of localisation phenotypes of mCherry tagged wild type and mutant
variants of PpFIhF. (C) Spreading area of PpFlhF mutant strains relative to the wild type spreading
phenotype. (D) BACTH assay of FIhF mutants with wild type PpFIlhF. In each interaction the protein
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White triangles indicate fluorescent foci formation. Scalebar: 5 pym. ** = P value < 0.01, **** = P value
< 0.0001. n 2900 cells.
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Motility, as indicated by the ability to spread on soft agar, is significantly impacted by the
deletion of flhF (11 £ 2 % of WT spreading area), with the PpFIhF K?%°A (19 + 4 % of WT
spreading area) strain showing a similar decrease in spreading ability (Figure 24.C). The
remaining PpFlhF substitution strains all show a significantly decreased spreading phenotype,
if compared to the wild type, with the PpFIhF K*°A strain (73 + 8 % of WT spreading area)
showing the least decrease, followed by the PpFIhF D%*?2A strain (52 + 4 % of WT spreading
area) and then the PpFIhF D3'A (45 + 4 % of WT spreading area) strain. Homologous protein-
protein interaction between the PpFIhF mutant variants and the PpFIhF wild type protein, like
the localisation, is strongly impacted by the K?2°A, the D3%'A as well as the D362A substitution,
as indicated by the BACTH assay (Figure 24.D). Here none of these PpFlhF mutants can
interact with wild type PpFIhF in neither a N- nor a C-terminal manner, while the PpFIhF K23°A

substitution mutant still is able to interact with wild type PpFIhF in both terminus configurations.

As FIhF, to varying degrees, affected FipA in its ability to target the cell pole, the impact, which
these substitutions in FIhF have on the localisation behaviour of FipA and on the heterologous

interaction between FIhF and FipA, became the successive target of investigation.

For S. putrefaciens CN-32 the microscopical analysis of these SpFIhF substitution strains
showed SpFipA-sfGFP foci still forming at cell poles, with there being a slight noticeable
decrease in some strains (Figure 25.A). Here the quantification of the SpFipA localisation,
displays a significant increase in diffuse fluorescence, occurring in varying degrees,
observable in the AflhF (21 £ 5 % of cells), the SpFIhF K2%6A (19 + 4 % of cells), the SpFIhF
D3%A (20 + 4 % of cells) and the SpFIhF D3%°A_E3®'A strain (20 + 3 % of cells), while the
SpFInF D%28A (13 £ 2 % of cells) and the SpFIhF E*'A strain (15 + 4 % of cells) show no
significant difference to the wild type (14 £+ 6 % of cells) (Figure 25.B). The occurrence of
unipolar SpFipA localisation is similarly affected by the residue substitutions, with the AflhF
(53 £ 4 % of cells), the SpFIhF K2%AA (56 + 2 % of cells), the SpFIhF D3%°A (56 + 2 % of cells)
and the SpFIhF D3%®A_E®*'A strain (56 + 2 % of cells) possessing significantly less unipolar
SpFipA than the wild type (61 £ 3 % of cells), while the unipolar localisation in the SpFlhF
D328A (62 + 2 % of cells) and the SpFIhF E*°'A strain (60 + 3 % of cells) is not significantly
different from the one observed in the wild type. Unlike the other two localisation phenotypes,
the appearance of bipolar SpFipA localisation in the AflhF (26 £ 2 % of cells), the SpFIhF
K2%6AA (25 + 2 % of cells), the SpFIhF D3%A (25 + 1 % of cells), the SpFIhF DA (24 + 2 % of
cells), the SpFInF E*'A (25 + 3 % of cells) and the SpFIhF D3%°A_E3%'A strain (24 + 2 % of
cells) does not significantly differ from the bipolar localisation phenotype observable in the wild
type (25 £ 5 % of cells).
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BACTH assay of SpFIhF mutants with wild type SpFipA. In each interaction the protein named first is
fused to T25 and the second protein is fused to T18, while N-terminal fusion indicates a fusion of the
respective catalytic domain to the N-terminus of the protein of interest and C-terminal fusion indicates
a fusion of the respective catalytic domain to the C-terminus of the protein of interest. White triangles
indicate fluorescent foci formation. Scalebar: 5 ym. * = P value < 0.1, ** = P value < 0.01, *** = P value
<0.001, **** = P value < 0.0001. n 2 900 cells.

The intensity of SpFipA-sfGFP foci fluorescence also is affected by the SpFIhF residue
substitutions in all strains except for the E3®'A strain (1745 + 285 a.u.), which displays a similar
and not significantly different foci fluorescence intensity to that of the wild type (1728 + 312
a.u.) (Figure 25.C). A significant increase in foci intensity, from strongest to weakest increase,
is observable in the SpFIhF D328A strain (2036 + 381 a.u.), followed by the AflhF (1904 + 313
a.u.), the SpFIhF K#°A (1874 + 268 a.u.) and the SpFIhF D3%°A_E3'A strain (1843 + 333 a.u.),
while the SpFIhF D3%°A strain (1710 + 253 a.u.) exhibits an overall decrease in foci intensity if
compared to the wild type. Regarding the ability of SpFipA to interact with the SpFIhF mutants,
it clearly appears to be influenced by most substitutions, as none of the SpFIhF substitution
variants are able to heterologously interact with SpFipA in a N- to C-terminal manner (Figure
25.D). In a C- to C-terminal configuration wild type-like interaction only is observable in the
case of the SpFIhF E*°'A protein variant, while the SpFIhF K25¢AA and the SpFIhF D3?8A protein
variants show a weak interaction. Finally, no interaction is visible in the C- to C-terminal
combination of SpFipA with SpFIhF D3°A and SpFIhF D3°A E3%'A.

In P. putida KT2440, as observable in the according micrographs, the insertion of the various
PpFInF residue substitutions, with exemption of the PpFIhF KZ*5A substitution, lead to a clear
decrease in overall PpFipA-sfGFP localisation, with there still being PpFipA-sfGFP foci
present at the poles of cells in all mutant strains (Figure 26.A). Through the analysis of the
PpFipA localisation quantification data a significant effect, caused by the deletion of flhF and
many of the substitutions, is revealed for most of the localisation phenotypes (Figure 26.B).
Diffuse fluorescence is, to a significant degree, positively affected by the deletion of flhF (93
2 % of cells) followed, in decreasing occurrence, by the PpFIhF D3¢2A (71 + 4 % of cells), the
PpFIhF DA (70 + 5 % of cells) and the PpFIhF K?2°A strain (61 + 3 % of cells), while the
diffuse fluorescence exhibited by the PpFIhF K2¥A strain (1 + 2 % of cells) does not
significantly differ from that of the wild type (1 £ 2 % of cells). Unipolar localisation of PpFipA
on the other hand is significantly affected in all observed strains, in comparison to the wild
type (65 £ 3 % of cells), with the AflhF strain (7 £ 2 % of cells) exhibiting the strongest
decrease, followed by the PpFIhF DA (24 + 3 % of cells), the PpFIhF D%*2A (25 + 3 % of
cells) and the PpFIhF K?2°A strain (29 + 2 % of cells), while the PpFIhF K23°A strain (74 + 3 %

of cells) shows a significant increase in unipolar localisation.
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and heterologous interaction in P. putida KT2440. (A) Micrographs showing
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phenotypes, (B) quantification of localisation phenotypes and (C) foci fluorescence intensities of sSfGFP
tagged PpFipA in PpFIhF mutant strains. (D) BACTH assay of PpFlhF mutants with wild type PpFipA.
In each interaction the protein named first is fused to T25 and the second protein is fused to T18, while
N-terminal fusion indicates a fusion of the respective catalytic domain to the N-terminus of the protein
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of interest and C-terminal fusion indicates a fusion of the respective catalytic domain to the C-terminus
of the protein of interest. White triangles indicate fluorescent foci formation. Scalebar: 5 ym. **** = P
value < 0.0001. n 2 900 cells.

The bipolar distribution of PpFipA also is negatively affected by the deletion of flhF and the
insertion of residue substitutions into PpFlhF to a significant degree, when taking the wild type
(36 £ 2 % of cells) as reference. Following the AflhF strain, which does not possess any
bipolarly localising PpFipA, the sharpest decline in bipolar localisation is observable in the
PpFInF D%*2A strain (4 + 2 % of cells) accompanied, with increasing bipolar occurrence, by the
PpFInF D3'A (6 = 2 % of cells), the PpFIhF K?2°A (10 £ 1 % of cells) and finally the PpFIhF
KZ5A strain (27 + 2 % of cells). Significant effects on foci fluorescence intensity, caused by
either the deletion of flhF or the substitution of individual residues in PpFIhF, are shown by the
foci intensity quantification data, for all analysed strains (Figure 26.C). The PpFIhF K23A
strain (572 £ 142 a.u.), albeit exhibiting a significant increase in mean foci intensity, displays
a similar foci intensity profile to that of the wild type (510 + 137 a.u.), while the D3'A strain
(324 £ 63 a.u.), which also shows the strongest decline in foci intensity, followed by the AflhF
(377 £ 68 a.u.), the PpFIhF K22°A (383 + 35 a.u.) and the PpFIhF D*%2A strain (405 + 36 a.u.),
possesses a foci intensity profile dissimilar to that of the wild type, but comparable to that of
the PpFIhF K?2°A and PpFIhF D3¢2A strain.

Concerning the ability of SpFIhF to heterologously interact with SpFipA, it can be observed
that most of the residue substitution mutants of PpFIhF appear to severely be affected (Figure
26.D). The residue substitutions K?2°A, D*'A and D3¢?A in PpFIhF lead to an inability of PpFipA
to interact with PpFIhF in either a N- to C-terminal or a C- to C-terminal manner, while the
PpFInF KZA substitution mutant still is able to interact with PpFipA in both termini

configurations.

3.3.2 C-terminal FipA residues are mostly essential for both polar
localisation and homo- and heterologous interaction

Following the investigation of residues in FIhF, supposedly playing a role in the heterologous
interaction between FIhF and FipA, the focus was shifted towards FipA and its amino acid
sequence to determine possible residues required for its interaction with FIhF. Residues were
targeted according to conservation and putatively being of functional importance, as predicted
by a ConSurf analysis of multiple orthologous FipA sequences (Supplemental figure 49). In
this context, the effect, which the deletion of the predicted N-terminal transmembrane domain

would have on the overall function of FipA, also was analysed.

In S. putrefaciens CN-32, the targets chosen for substitution, were the three residues G'%A,
L"8A and L'2°A, which all are contained in the predicted C-terminal DUF2802 domain of



SpFipA. When observing the localisation of these SpFipA variants, the micrographs clearly
show a decrease in SpFipA abundance in the SpFipA ATMD, the SpFipA G'°A and the
SpFipA L''8A strain, while the SpFipA L'?°A strain still shows a wild type-like amount of SpFipA
foci (Figure 27.A). This initial observation is confirmed, when viewing the localisation
phenotype quantification data, as the three strains showing clear defects in overall SpFipA
localisation in the micrographs, also have a significantly altered SpFipA localisation behaviour,
if compared to the wild type (Figure 27.B). Here diffuse fluorescence appears significantly
increased in the SpFipA ATMD strain (93 + 2 % of cells), followed by the SpFipA L''8A (49
6 % of cells) and the SpFipA G'%A strain (48 + 5 % of cells), while the diffuse fluorescence
quantified for the SpFipA L'?°A strain (15 + 3 % of cells) is not significantly different from the

one observed in the wild type (14 £ 6 % of cells).
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Figure 27. Effects of select residue substitutions in SpFipA on localisation and foci intensity in
S. putrefaciens CN-32. (A) Micrographs showing localisation phenotypes, (B) quantification of
localisation phenotypes and (C) foci fluorescence intensities of sfGFP tagged wild type and mutant
variants of SpFipA. White triangles indicate fluorescent foci formation. Scalebar: 5 pm. * = P value <
0.1, *** = P value < 0.0001. n 2 900 cells.
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To a similar order of magnitude, to how the diffuse fluorescence is increased in most of the
observed mutant strains, a decrease in unipolar localisation of SpFipA is exhibited by all
SpFipA mutant strains and therefore significantly differs from the unipolar SpFipA localisation
phenotype seen in the wild type (61 £ 3 % of cells). Here the strongest decrease is visible in
the SpFipA ATMD strain (7 £ 2 % of cells), followed, with decreasing severity, by the SpFipA
G'%A (40 = 4 % of cells) and the SpFipA L''8A strain (40 + 5 % of cells), while the SpFipA
L'2°A strain (58 + 3 % of cells) displays a unipolar localisation phenotype of SpFipA, which is
only slightly, but still significantly different from the one observed for the wild type. Bipolar
localisation of SpFipA appears similarly affected by the TMD deletion and residue
substitutions, with there being no bipolar SpFipA localisation in the SpFipA ATMD strain. The
SpFipA G'%A (12 + 2% of cells) and SpFipA L''8A strain (11 + 2 % of cells) still, albeit being
significantly decreased in comparison to the wild type (25 £ 5 % of cells), possess bipolar
accumulations of SpFipA, while the L'?°A (27 + 2 % of cells) substitution does not significantly
affect SpFipA in its bipolar localisation behaviour. The intensity of foci fluorescence also
appears to be significantly affected by all modifications introduced into SpFipA, with the
SpFipA ATMD strain (1447 + 116 a.u.) differing the most from the wild type (1796 £ 365 a.u.)
both in mean intensity and foci intensity profile (Figure 27.C). Though exhibiting a significantly
decreased mean foci intensity, the SpFipA G'%A (1594 + 257 a.u.), the SpFipA L"'8A (1541 +
247 a.u.) and the SpFipA L'%A strain (1532 + 294 a.u.) possess a foci intensity profile similar
to that of the wild type, with the only exception being a decreased abundance of foci with

intensities above 1800 a.u..

Motility, indicated by the ability to spread on soft agar, also appears significantly affected by
both the entire deletion of AfipA and the deletion of the SpFipA TMD and the introduction of
residue substitutions (Figure 28.A). With the wild type as reference, the AfipA strain (88 £ 1
% of WT spreading area) exhibits the strongest decline in spreading ability, followed by the
SpFipA ATMD (90 * 4 % of WT spreading area), the SpFipA L''8A (92 + 2 of WT spreading
area), the SpFipA G'%A (93 + 1 % of WT spreading area) and the SpFipA L'°A strain (93 + 1
% of WT spreading area), with decreasing severity. The capacity to homologously interact with
wild type SpFipA also appears affected in the case of the G'°A and L'"8A substitution variants
of SpFipA, as they display only a weak interaction in the N- to C-terminal interaction
configuration and an almost none existent interaction when interacting in a C- to C-terminal
manner (Figure 28.B). SpFipA L'?°A on the other hand is still able to interact with wild type

SpFipA in both an N- to C-terminal and C- to C-terminal manner.
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Figure 28 Effects of select residue substitutions in SpFipA on overall motility and homologous
interaction in S. putrefaciens CN-32. (A) Spreading area of SpFipA mutant strains relative to the wild
type spreading phenotype. (B) BACTH assay of SpFipA mutants with wild type FipA. In each interaction
the protein named first is fused to T25 and the second protein is fused to T18., while N-terminal fusion
indicates a fusion of the respective catalytic domain to the N-terminus of the protein of interest and C-
terminal fusion indicates a fusion of the respective catalytic domain to the C-terminus of the protein of
interest. * = P value < 0.1, ** = P value < 0.01, *** = P value < 0.001, **** = P value < 0.0001.

In P. putida KT2440 the orthologous residues G'®, L'"® and L'?® of PpFipA (Supplemental
figure 49) were targeted for substitution, while the effects, caused by the deletion of the

PpFipA TMD, also were analysed.

Here, when viewing the micrographs, showing cells of each of the PpFipA mutant strains, the
localisation appears strongly affected in the PpFipA ATMD, the PpFipA L''°A and the PpFipA
L'23A strain, while the PpFipA G'®A strain still shows abundant PpFipA localisation (Figure
29.A). The localisation phenotype quantification data reveals a significant affect caused by all
of the PpFipA modifications on the overall ability of PpFipA to target the cell pole, with the
most severe effect being visible in the PpFipA ATMD mutant strain, which only possesses
diffuse fluorescence and no localising PpFipA ATMD-sfGFP foci (Figure 29.B). Diffuse
fluorescence also is significantly increased in the PpFipA G'%A (25 + 5 % of cells), the PpFipA
L"6A (94 £ 1 % of cells) and the PpFipA L'?°A strain (93 + 2 % of cells) if compared to the wild
type (1 £ 2 % of cells), with the increase occurring to the strongest degree, while also being
highly similar, in the PpFipA L"'°A and the PpFipA L'?A strain. The unipolar localisation of
PpFipA G'™A (63 + 3 % of cells), even though still being significantly different, almost appears
on the same level as the unipolar localisation of wild type PpFipA (65 + 2 % of cells). In the
PpFipA L'®A (6 + 1 % of cells) and the PpFipA L'>A strain (7 + 2 % of cells) unipolar
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localisation is significantly decreased and only observable in a few cells. Not being observable
and therefore significantly different to the wild type (35 + 2 % of cells), the bipolar localisation
of PpFipA does not appear in the PpFipA L''®A and the PpFipA L'?A strain. Unlike these two
mutant strains, the PpFipA G'%A strain (12 = 3 % of cells) still possesses bipolar PpFipA
localisation, with it however appearing to a significantly reduced degree if compared to the
wild type. Even though PpFipA G'%A (517 + 85 a.u.) appears to be significantly affected in its
ability to target the cell pole, its mean foci fluorescence intensity does not significantly differ
from that of the wild type (529 + 110 a.u.), while still not matching the foci intensity profile of
the wild type (Figure 29.C). The mean foci fluorescence intensities of the PpFipA L''®A (479
+ 62 a.u.) and the PpFipA L'?°A strain (501 *+ 67 a.u.) also are significantly decreased in

comparison to the wild type, while also showing strongly condensed foci intensity profiles.
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Figure 29. Effects of select residue substitutions in PpFipA on localisation and foci intensity in
P. putida KT2440. (A) Micrographs showing localisation phenotypes, (B) quantification of localisation
phenotypes and (C) foci fluorescence intensities of sfGFP tagged wild type and mutant variants of
SpFipA. White triangles indicate fluorescent foci formation. Scalebar: 5 pm. * = P value < 0.1, *** =P
value < 0.0001. n 2 900 cells.



Overall motility appears significantly affected by the introduction of modifications into the
PpFipA protein structure, when taking the wild type as reference, with the PpFipA L'"°A (59 +
5 % of WT spreading area), AfipA (54 + 5 % of WT spreading area), the PpFipA ATMD (53
3 % of WT spreading area) and the PpFipA L'3A strains (49 + 3 % of WT spreading area)
exhibiting the strongest decrease in spreading ability (Figure 30.A). The reduction in
spreading area observable in the PpFipA G'*A strain (70 + 5 % of WT spreading area), even
though it is significantly reduced in comparison to that of the wild type, appears to a less severe
degree than in the other corresponding strains of interest. While the localisation of PpFipA and
the overall motility mostly appears to be significantly affected by the insertion of residue
substitutions, PpFipA, as indicated by the BACTH assay, still is able to homologously interact
in a C- to C-terminal manner with PpFipA mutant variants carrying residue substitutions
(Figure 30.B).
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Figure 30. Effects of select residue substitutions in PpFipA on overall motility and homologous
interaction in P. putida KT2440. (A) Spreading area of FipA mutant strains relative to the wild type
spreading phenotype. (B) BACTH assay of PpFipA mutants with wild type PpFipA. In each interaction
the protein named first is fused to T25 and the second protein is fused to T18, while C-terminal fusion
indicates a fusion of the respective catalytic domain to the C-terminus of the protein of interest. **** =P
value < 0.0001.

Subsequently to having analysed the role, which certain protein structure features of FipA play
for its overall ability to function, the effects which the modifications of FipA have on the ability

of FIhF to target the cell pole and interact heterologously with FipA were investigated.

When observing the micrographs showing the appropriate S. putrefaciens CN-32 strains, even
with all strains still displaying polar SpFIhF-mVenus foci, there is a noticeable reduction in

SpFlhF localisation, accompanied by the occasional subpolar accumulation of SpFIhF (Figure
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31.A). The quantification of diffuse fluorescence caused by mainly cytoplasmic mVenus
tagged SpFIhF, only occurring in a fraction of wild type cells (5 £+ 4 % of cells), yields a
significant increase in all analysed strains, with the AfipA strain showing the strongest
increase, followed by the SpFipA L'?°A strain (26 + 2 % of cells), then the SpFipA L"'®A strain
(24 £ 3 % of cells), the SpFipA ATMD strain (24 + 4 % of cells) and finally the SpFipA G'%°A
strain (23 £ 3 % of cells) (Figure 31.B). The ability of SpFIhF to localise in a unipolar manner
is, in contrast to the diffuse fluorescence, significantly impeded in all analysed SpFipA residue
substitution strains if compared to the wild type (86 £ 3 % of cells). Here the AfipA strain (63
+ 2 % of cells) exhibits the strongest decrease, pursued closely by the SpFipA L'2°A strain (68
+ 1 % of cells), then the SpFipA L''8A (71 + 3 % of cells), the SpFipA G'%A (73 + 2 % of cells)
and lastly the SpFipA ATMD strain (73 £ 4 % of cells). Similarly, the ability of SpFlhF to localise
bipolarly is impeded in the SpFipA mutant strains, with the strongest decrease, in comparison
to the wild type (8 £ 2 % of cells), appearing to an equal degree in the AfipA (3 £ 1 % of cells)
and the SpFipA ATMD strain (3 = 2 % of cells), followed, in decreasing severity, by the SpFipA
L'2°A (4 £ 1 % of cells), the SpFipA L"8A (5 £ 1 % of cells) and ultimately the SpFipA G'%¢A
strain (5 = 2 % of cells). As already observed in the AfipA single deletion strain (4 £ 2 % of
cells) (Figure 9B), the modifications introduced into SpFipA lead to a subpopulation of SpFIhF
localising in a subpolar position, being a phenotype not observed in the wild type. Here the
SpFipA L'2°A strain (4 = 3 % of cells) shows the strongest phenotype, followed by the SpFipA
L"8A (3 £ 2 % of cells), the SpFipA ATMD (2 + 2 % of cells) and lastly the SpFipA G'®A strain
(1 £ 1% of cells). SpFlhF foci fluorescence intensity profiles appear to mostly not differ from
the wild type in a strong way, with the profile of the SpFipA L'?°A strain (819 + 418 a.u.)
however being the most dissimilar, while also having a significantly different mean value of
foci fluorescence intensity to that of the wild type (1105 £ 538 a.u.) (Figure 31.C). Following,
the SpFipA L'?°A strain, the AfipA (882 + 386 a.u.), the SpFipAL'"8A (917 + 423 a.u.) and
finally the SpFipA G'%A strain (957 * 446 a.u.) possess a significantly decreased mean foci
intensity, if compared to the wild type, while however still exhibiting a foci intensity profile
similar to that of the wild type. The SpFipA ATMD strain (1076 £ 452 a.u.) however does not
significantly differ from the wild type in its mean value of foci fluorescence intensity, while also
displaying a similar foci fluorescence intensity profile. Concerning the ability to heterologously
interact, the SpFipA LA mutant is mostly still able to interact with SpFIhF in both a C-to C-
terminal and a C- to N-terminal manner, which however appears much weaker than observed
in the interaction of the wild type proteins. For the SpFipA G'%A and the SpFipA L'"8A mutant
variants of SpFipA, the ability to interact with SpFIhF in a SpFIhF-N- to SpFipA-C-terminal

configuration is not possible.
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Figure 31. Effects of select residue substitutions in SpFipA on SpFIhF localisation, foci intensity
and heterologous interaction in S. putrefaciens CN-32. (A) Micrographs showing localisation
phenotypes, (B) quantification of localisation phenotypes and (C) foci fluorescence intensities of
mVenus tagged SpFIhF in SpFipA mutant strains. (D) BACTH assay of SpFipA mutants with wild type
SpFIhF. In each interaction the protein named first is fused to T25 and the second protein is fused to
T18, while N-terminal fusion indicates a fusion of the respective catalytic domain to the N-terminus of
the protein of interest and C-terminal fusion indicates a fusion of the respective catalytic domain to the
C-terminus of the protein of interest. White triangles indicate fluorescent foci formation. Scalebar: 5
pm. *** = P value < 0.001, **** = P value < 0.0001. n = 900 cells.
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The capacity to heterologously interact in a C- to C-terminal manner also is strongly affected
for these two SpFipA mutant proteins, as they only show a very low interaction with SpFIhF, if

compared to the control performed with the corresponding wild type proteins (Figure 31.D).

In P. putida KT2440 the introduction of modifications into PpFipA had an effect on PpFIhF
localisation comparable with the entire deletion of the fipA gene, as the formation of PpFIhF-
mCherry foci was strongly inhibited in all of the analysed strains (Figure 32.A). When viewing
the quantification data, a similar picture is presented, as the diffuse fluorescence, in
comparison to the wild type (26 + 4 % of cells), is significantly increased in all of the PpFipA
mutant strains, with the PpFipA ATMD (99 = 1 % of cells) and the AfipA strain (96 + 2 % of
cells) showing the strongest increase in diffuse fluorescence (Figure 32.B). The strains
carrying residue substitutions in PpFipA are, with the most severe defect in PpFIhF-mCherry
foci formation, led by the PpFipA L'2%A strain (92 + 1 % of cells) followed by the PpFipA L'%A
(92 £ 2 % of cells) and the PpFipA G''6A strain (88 + 2 % of cells) with decreasing amounts of
diffuse fluorescence. Opposingly to the strong increase in diffuse fluorescence, the PpFipA
mutant strains show a significant decrease in unipolarly localising PpFIhF, strongly differing
from the phenotype observable in the wild type (63 + 2 % of cells). Here the least cells with
unipolar aggregation of PpFIhF are observable for the PpFipA ATMD strain (1 £ 1 % of cells),
which is followed by the AfipA (4 £ 2 % of cells), the PpFipA G'™A (8 + 1 % of cells), the
PpFipA L'2A (8 £ 1 % of cells) and lastly the PpFipA L''®A strain (11 £ 1 % of cells) with an
increasing unipolar localisation of PpFIhF. Bipolar accumulation of PpFlhF, which is
observable in a subpopulation of the wild type (11 + 2 % of cells), is not exhibited for any of
the PpFipA mutant strains, except for the PpFipA LA (1 £ 1 % of cells) strain, in which the
amount of bipolarly localising PpFlhF is significantly reduced. The ability to heterologously
interact with wild type PpFIhF appears to in part be strongly affected by the introduction of
residue substitutions into PpFipA, as PpFipA L''®A and the PpFipA LA mutant proteins are
not able to interact with PpFIhF in a PpFIhF-N- to PpFipA-C-terminal manner (Figure 32.C).
The substitution of G'* in PpFipA also appears to severely affect the ability of PpFipA to
interact with PpFlhF in this manner, with there however still being a weak capacity to interact
in the N- to C-terminal configuration. A C- to C-terminal interaction with PpFIhF still appears
to be achievable for all PpFipA residue substitution mutants, as observable in the BACTH

assay.
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Figure 32. Effects of select residue substitutions in PpFipA on PpFIhF localisation and
heterologous interaction in P. putida KT2440. (A) Micrographs showing localisation phenotypes and
(B) quantification of localisation phenotypes of mCherry tagged PpFIhF in PpFipA mutant strains. (C)
BACTH assay of PpFipA mutants with wild type PpFIhF. In each interaction the protein named first is
fused to T25 and the second protein is fused to T18, while N-terminal fusion indicates a fusion of the
respective catalytic domain to the N-terminus of the protein of interest and C-terminal fusion indicates
a fusion of the respective catalytic domain to the C-terminus of the protein of interest. White triangles
indicate fluorescent foci formation. Scalebar: 5 pm. **** = P value < 0.0001. n = 900 cells.
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3.4 FIhB “Proline Rich Region” (PRR) is essential for flagellar hook
and filament but not C-ring assembly

Besides investigating the localisation dynamics of FIhF and its targeting factor FipA, this study
aimed to characterise a C-terminal feature of the fT3SS protein FIhB in S. putrefaciens CN-32
(SpFIhB) and its involvement in the flagellin export and the assembly of additional flagellar
substructures of the polar flagellar system. This peculiar element positioned at the C-terminus
of the cytoplasmic domain of SpFIhB (SpFIhB-C; residues 252-376) consists of an amino acid
motif rich in prolines and was therefore appropriately name “Proline Rich Region” (PRR).
Besides the deletion of this motif, the effects on the formation of the polar flagellar structure,
caused by substitution of the SpFIhB-C auto cleavage site N?%° and a substitution of the
residue Y7®, required for the facilitation of hydrophobic interactions between the PRR and the
SpFIhB-C core domain, were investigated '®°. The results obtained from this study were

published in the journal frontiers in Microbiology .

As SpFIhB, in the later stages of flagellar assembly, is essential for the export of flagellins,
required for the assembly of the flagellar filament, the effects, which modifications to the
protein structure of SpFIhB have on this function, were the first thing to be analysed. Here, as
clearly seen in the micrographs, the cells in the SpFIhB APRR and the SpFIhB Y37®A strain
still form wild type-like flagellar filaments, whereas the cells in the SpFIhB N?5°A and the AflhB
strain are devoid of filament structures (Figure 33.A). The quantification of filaments shows
that the deletion of the PRR motif of SpFIhB (46 + 5 % of cells) leads to a significant decrease
in flagellation, as indicated by the decline in stainable filaments, while the substitution of Y376
(64 £ 7 % of cells) does not cause a significant reduction of filament formation, in comparison
to the wild type (67 + 7 % of cells) (Figure 33.B). As observed in the micrograph data, both
the AflhB and the SpFIhB N2%°A strain significantly differ from the wild type, as they are
incapable of forming flagellar filaments. With the SpFIhB APRR strain showing a clear defect
in filament formation, the overall efficiency and stability of the flagellin export mechanism of
SpFlhB APRR was investigated by quantifying the abundance of flagellar filaments according
to their length, in relation to the wild type (Figure 33.C). Here the SpFIhB APRR strain, in
comparison to the wild type and the SpFIhB Y*"®A strain, which does not differ from the wild
type, shows a clear deficit in abundance, across the entire range of measured filament lengths,
with a much larger portion of filaments being shorter than 1 ym, 2 ym, 3 ym and 4 ym than in

the corresponding categories of the wild type and the SpFIhB Y3®A strain.



flagellar filament staining
wild type AflhB FIhB APRR FIhB N25°A FIhB Y?376A

/. \ | =

e\
“\

Phasecontrast

. .

(v
(@

80— 60
— ns .
) Nl wild type
5 I ~ 50— P
£ 60— ) S FIhB PRR
= : 2 a0 | mm FIhB Y%76A
@ _ S
g & 40 8 %
'8 )
g S 20
3 20_ ‘_“ T
= ]
- ) ) 10
- * *
0- T T |
o K S 21 22 23 24 25
S v"\\\e & & fil length
& Q’v & ‘g, ilament length (um)
s & &<

Figure 33. Flagellar filament (FlaAB) phenotype analysis in SpFIhB (Sputcn32_2563) mutant
strains in S. putrefaciens CN-32. (A) Micrographs showing maleimide stained filaments and (B)
quantification of filament formation in SpFIhB mutant strains with a wild type control. (C) Filament length
analysis of flagellated SpFIhB mutant strains with a wild type control. Scalebar: 5 pm. **** = P value <
0.0001. n 2 900 cells.

Prior to the export of flagellins, the flagellar hook, mostly comprising multiple SpFIgE copies,
is assembled. As SpFIhB, through the interaction with the molecular ruler SpFliK, is directly
involved in the assembly of the flagellar hook, it was investigated, if the modification of SpFIhB
influences the assembly and therefore overall abundance of the flagellar hook, of which the
formation was observed and quantified in the appropriate SpFIhB mutant strains, in both a

wild type and a AfliK background.

The micrographs of the SpFIhB mutant strains in a wild type background, with the exception
of the Af/hB strain, clearly show stained hook structures comparable to those of the wild type

(Figure 34.A), whereas a similar distribution of flagellar hook assembly is visible in the SpFIhB



mutant strains in a AfliK background, with the overall size of stained flagellar hook structures
however being much larger, presenting a so called polyhook phenotype '3, than in the

appropriate strains in a wild type background (Figure 34.E).
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Figure 34. Flagellar hook (SpFIgE) phenotype analysis in SpFIhB mutant strains in both a wild
type and AfliK (Sputcn32_2571) background in S. putrefaciens CN-32. (A) Micrographs showing
maleimide stained flagellar hooks and (B) quantification of flagellar hook formation phenotypes in
SpFIhB mutant strains with a wild type control. (C) Quantification of flagellar hook formation phenotypes
and (D) micrographs showing maleimide stained flagellar hooks in SpFIhB mutant strains in a AfliK
background with an appropriate control. White triangles indicate fluorescently stained flagellar hook
structures. Scalebar: 5 pm. **** = P value < 0.0001. n 2 900 cells.



When quantified, it is revealed that the abundance of flagellar hooks is similarly distributed
independently of fliK presence or absence, with the deletion of flhB (WT: 2 + 1 % of cells; AfliK:
2 + 2 % of cells) leading to a highly significant and the strongest decrease in overall hook
formation in both the wild type and the AfliK background, if compared to the appropriate control
strains (WT:56 £ 7 % of cells; AfliK: 56 + 5 % of cells) (Figure 34.B,D). The deletion of the
SpFIhB PRR motif (WT: 41 + 6 % of cells; AfliK: 44 + 4 % of cells) also leads to a significant
decrease in hook formation occurring equally in both backgrounds, which appears much
weaker in severity than in the corresponding AflhB strains. No significant difference to the
appropriate controls, concerning the formation of hook structures, is observable in the SpFIhB
N269A (WT: 54 + 4 % of cells; AfliK: 52 + 5 % of cells) and the SpFIhB Y376A strains (WT: 59
6 % of cells; AfliK: 55 = 3 % of cells). As the overall hook size, indicated by the measurable
area, which the stained hook structure occupies as a fluorescent focus, is strongly affected by
the absence of regulation through FliK, leading to the formation of polyhooks, it was indirectly
analysed, if the SpFIhB PRR is required for the interaction of SpFlhB with SpFIiK. For this the
hook areas were measured in the absence of the SpFIhB PRR in both a wild type and a AfliK
background and compared with their respective background strains. Here, if compared to the
appropriate control strain (WT: 0.18 + 0.05 um? AfliK: 0.29 £ 0.12 ym?), no significant
difference was visible in any of the SpFIhB APRR strains (WT: 0.17 £ 0.05 ym?; AfliK: 0.26 +

0.12 ym?2) as they formed similarly sized hook structures (Figure 34.C).

Besides analysing to what degree, the modification of SpFIhB affects the formation and
abundance of extracellular flagellar structures, the construction of the cytoplasmic C-ring,
through the localisation of SpFliM, was examined in each of the SpFIhB mutant strains in both

a wild type and a AfliK background.

As observable in the micrographs, polar SpFliM-sfGFP foci are present in all analysed strains
independent of SpFIhB modification or fliK presence, with there being the possibility of a slight
reduction of abundance in the AflhB strain (Figure 35.A,D). The quantification of SpFIliM in all
analysed strains reveals, that only the deletion of flhB, with its strongly increased diffuse
fluorescence (WT: 68 £ 5 % of cells; AfliK: 70 £ 5 % of cells), has a significant effect on unipolar
SpFliM localisation (WT: 32 £ 5 % of cells; AfliK: 30 £ 5 % of cells), independent of SpFIliK
presence, with the appropriate control strains comparatively possessing both a decreased
diffuse fluorescence (WT: 23 £ 5 % of cells; AfliK: 31 £ 6 % of cells) and an increased unipolar
(WT: 77 £ 5 % of cells; AfliK: 69 + 6 % of cells) presence of SpFliM (Figure 35.B,C).
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Figure 35 SpFliM (Sputcn32_2569) localisation phenotype analysis in SpFIhB mutant strains in
a wild type and a AfliK (Sputcn32_2571) background in S. putrefaciens CN-32. (A) Micrographs
showing sfGFP tagged SpFliM and (B) quantification of sfGFP tagged SpFIliM in SpFIhB mutant strains
with a wild type control. (C) Quantification of sSfGFP tagged SpFliM (D) micrographs showing sfGFP
tagged SpFliM in SpFIhB mutants in a AfliK background with an appropriate control. White triangles
indicate fluorescent foci formation. Scalebar: 5 ym. **** = P value < 0.0001. n = 900 cells.

Independent of SpFliK, diffuse fluorescence is not significantly altered in the SpFIhB APRR
(WT: 26 £ 7 % of cells; AfliK: 33 £ 5 % of cells), the SpFIhB N2¢°A (WT: 25 + 4 % of cells; AfliK:
32 + 7 % of cells) and the SpFIhB YA strains (WT: 21 + 5 % of cells; AfliK: 31 £ 5 % of cells),



with unipolar localisation of SpFliM also not being significantly affected in the three SpFIhB
mutant strains, if compared to the appropriate background strains. Unipolar localisation of
SpFliM, in both the wild type and AfliK backgrounds, also appears to not be significantly
affected in the SpFIhB APRR (WT: 74 + 7 % of cells; AfliK: 67 £ 5 % of cells), the SpFIhB
N25%A (WT: 75 + 4 % of cells; AfliK: 68 + 7 % of cells) and the SpFIhB Y376A strain (WT: 79 +
5 % of cells; AfliK: 69 £ 5 % of cells). Overall, the quantification data also reveals that the
abundance of SpFliM generally appears to be positively affected by the deletion of fliK in all

analysed strains.

With the deletion of the SpFIhB PRR motif having a strong effect on filament and to a lesser,
but still significant, degree hook abundance, the question arose, if the observed effects are
caused by an obstruction of the substrate specificity switch, occurring after the completion of
the hook, when SpFIhB-C autocleaves itself at the position of N2%°. This autocleavage
facilitates a substrate switch from hook to filament substrates and therefore marks an
important waypoint in the overall flagellar assembly. To determine, if the auto cleavage ability
of SpFIhB-C primarily in the SpFIhB APRR mutant is impeded, a Western blot was performed
to analyse the abundance of C-terminally 3xFLAG tagged cleaved, as determined by the
presence of the SpFIhB-C C-terminal region (SpFIhB-CC), and uncleaved SpFIhB for the
strains of interest carrying modifications in SpFIhB. The Western blot shows a strong decrease
in SpFIhB-CC for the sample of the SpFIhB APRR strain, with an accompanying increase in
full length uncleaved SpFIhB if compared to the wild type 3xFLAG tagged SpFIhB, while the
sample of the SpFIhB Y37®A strain appears to still possess a capacity to auto cleave as the
sample of the SpFInB Y376A strain expresses an abundance of both uncleaved and cleaved
SpFIhB comparable to that of the wild type sample (Figure 36.A). The observed, in
comparison to the wild type sample, increased abundance of uncleaved SpFIhB in the sample
of the SpFIhB APRR strain, still occurs to a much weaker degree than the abundance of
uncleaved SpFIhB in the sample of the SpFIhB N2%°A strain, which does not exhibit cleaved
SpFlhB. To quantify the observed protein band strengths, the individual amounts of uncleaved
and cleaved SpFIhB were determined via measuring the mean grey value of the appropriate
bands (Figure 36.B). Here, while the sample of the SpFIhB Y?37A strain (SpFIhB uncleaved:
44 + 9 a.u.; SpFIhB-CC: 68 £ 15 a.u.) shows no noticeable difference to the positive control
(SpFIhB uncleaved: 44 £ 1 a.u.; SpFIhB-CC: 69 + 15 a.u.), the sample of the SpFIhB APRR
strain (SpFIhB uncleaved: 73 £ 21 a.u.; SpFIhB-CC: 33 £ 8 a.u.) shows both a clear increase
in uncleaved SpFIhB and a clear decrease in SpFIhB-CC. The sample of the SpFIhB NZ5°A
strain, due to its excess in uncleaved SpFlhB, observable in the Western blot, was not included

in the protein quantification.



\ Q-
{\\SO\ (,\60 VQQ‘ éﬁ,‘b?“ A{g\@?“
() o)
A Qo \x\o Q\‘ﬂg) Q%\ Q\&g’ B Bl FlIhB uncleaved
T J— . 2 . FIhB-CC
SA L > _
uncleaved .. FIhB APRR 100
~42 kDa uncleaved —
~40kpa 2 807 T T
SN I p— P~ X
FIhB-CC----... 2 60—
~12 kDa _____________________ vué
z \ e i---‘—-HhB—CC S 40— T
APRR ©
m
: ~10kDa =& ]
= 20
- e SN ——— e I-L
- 5 5 0—% I I
N
) Q,V >
SN ¥

Figure 36. Expression, stability, and quantification analysis of various SpFIhB mutants in S.
putrefaciens CN-32. (A) Western blot and Coomassie stained SDS-PAGE with samples of individual
SpFIhB mutant strains carrying a C-terminally 3xFLAG tagged SpFlhB variant and appropriate controls.
(B) Protein amount quantification of SpFIhB variants according to mean grey value analysis with a wild

type control.



4. Discussion

4.1 FIhF dependencies on the path to polarity in the context of FipA
characterisation

With no clear target initially presenting itself for investigation as a possible factor required for
the polar recruitment of FIhF, the group of features chosen for analysis comprised elements
selected from a rather broad spectrum of cellular characteristics and factors. With the cell pole
being a cellular compartment known to house FIhF, the specific curvature imparted on the cell
pole membrane was predicted to be a possible morphological feature either directly or
indirectly involved in the polar targeting of FIhF. With the SRP-GTPase FtsY, which possesses
strong homology to FlhF, being determined as a possible candidate to facilitate membrane-
curvature sensing, this theory appeared promising '®%. As both the cytoskeletal structure and
the cell envelope possess a positive curvature at the cell pole their cytoplasm exposed
components and sections, being MreB and the cytoplasmic membrane, respectively, could
through a their curving structure form a unique target structure enabling FIhF to either directly
or indirectly interact 4197, Therefore, cells lacking poles, as observed in spheroplasts, would
not possess a targetable structure for FIhF leading to a strictly cytoplasmic fluorescence in
appropriately tagged mutant strains. The localisation behaviour of SpFIhF in outgrowing S.
putrefaciens CN-32 cells devoid of wild type-like polar morphology however do not support
this assumption as SpFIhF still appears to localise at the cell membrane. This localisation also
occurs in sections of the cell envelope, which do not possess positive but rather negative
curvature indicating an irrelevance of polar curvature for successful membrane targeting. The
fact that SpHubP appears to be equally independent of cell pole morphology for its membrane
targeting behaviour suggests that both SpFIhF and SpHubP might follow a similar path in
determining where to accumulate. This is additionally supported by their continuously
observable colocalisation throughout the micrographically displayed timespan. With HubP as
the polar landmark protein being a prime factor in determining polarity, the dependence of
SpFlhF for polar localisation might in part even require SpHubP or another factor, which

depends on SpHubP for localisation, to efficiently target the cell pole.

These assumptions are partially confirmed when observing the localisation behaviour of
SpFIhF in a mutant devoid of all motility related genes and hubP. Tagged SpFIhF expressed
from an arabinose inducible promoter appears to be severely affected in its pole targeting
behaviour as polar fluorescent foci are virtually absent in this mutant strain, with the bulk of
fluorescence appearing diffuse in the cytoplasm. This result clearly indicates a dependence of

SpFlhF on SpHubP including one or more factors, which most likely are expressed from the



polar flagellar gene cluster, as no connection between SpFlhF and the lateral flagellar system

has been observed 58.179.180,

The deletion of select known and characterised polar motility factors showed interesting
results, but the absence of none of them had a significant effect comparable with the
previously conducted entire deletion of motility related genes and hubP. The observed effects
concerning the localisation phenotypes of SpFIhF can rather be explained to different effects
than the overall inability of SpFIhF to target the cell pole successfully. In the case of the AfirA
mutant the decrease in localisation rather appears to be the result of a decreased abundance
of SpFlhF proteins as can be seen when comparing the FIhF-mVenus protein amount in the
AfirA mutant with that of the wild type. The decreased diffuse fluorescence and increase in
bipolar SpFIhF-mVenus foci formation in the AfliFG and AflhG mutants here also appears due
to the fact that on the one hand FIhG, which acts antagonistically to SpFlhF, cannot be
recruited to the pole due to the absence of the nascent basal body, caused by the absence of
the MS-ring component FIliF and the integral C-ring component FliG, and on the other hand
FIhG is absent altogether, as its gene had been deleted %8193, These two deletion
constellations also appear to cause an increase in SpFlhF abundance, as it seems to be
continuously expressed while GTP-bound SpFIhF homodimers accumulate at the cell pole.
Unsurprisingly the deletion of lhB had no effect on the localisation behaviour of SpFIhF as
FIhB is a component of the flagellar structure, which is known to be recruited to the pole and
incorporated into the nascent flagellum at a timepoint downstream of initial flagellar assembly

initiation 87:88,

Besides the known factors involved in the flagellar assembly and function of S. putrefaciens
CN-32, other, yet uncharacterised proteins were tested for their involvement in the polar
localisation behaviour of SpFIhF by deleting their respective genes, which are positioned in
close proximity to known genes of the polar flagellar system. By doing so a target was
discovered, which, when its gene was deleted, led to the strongest observed decrease in
SpFIhF localisation of all analysed single gene deletions and, without affecting SpFlhF protein
abundance, led to the formation of polar foci with weaker intensity than in the wild type. This
gene, with the number Sputcn32_2550, was annotated as “conserved hypothetical protein”
and interestingly is positioned only 10 genes downstream from flhF in S. putrefaciens CN-32.
Due to the putative direct involvement in the polar localisation behaviour of SpFIhF and the
ability of Sputcn32_2550 to directly interact with SpFIhF, as confirmed via BACTH assay, the

gene was named fipA, being an acronym for “FIhF interacting protein A”.

While the single deletion of hubP did not significantly affect SpFIhF in its overall ability to

accumulate at the cell pole, the double deletion of fipA and hubP led to an exacerbated



decrease of SpFIhF localisation if compared to the single fipA deletion. This decrease might
be a cumulative effect caused by an increased instability of the polar landscape or an
indication for SpFlhF being dependant on the presence of SpFipA, in combination with HubP,
for efficient polar targeting. Interestingly only the mutants carrying at least the single deletion
of fipA showed SpFIhF localising at subpolar positions, which implies a disruption of SpFIhF
being able to confidently target the cell pole. The observed insignificance of SpHubP for the
overall polar presence of SpFlhF might in part be due to SpFIhG not being able to target the
cell pole and deplete SpFIhF from the assembly site of the nascent flagellum in the absence
of HubP °’. This might cause an overcompensation and therefore could lead to a polar
accumulation of SpFIhF, even if its ability to target the cell pole through a SpHubP dependant
factor, like SpFipA, is partially inhibited.

These findings were confirmed by duplicating the experiments concerning fipA with the
lophotrichously flagellated P. putida KT2440. The deletion of the gene PP_4331, which
encodes an ortholog to Sputcn32_2550, led to an even more severe decrease in PpFIhF
localisation than observed in S. putrefaciens CN-32. Here PpFlhF additionally appears to be
much more dependent on the protein PpFimV, which generally possesses a similar function
to SpHuUbP in S. putrefaciens CN-32, as the absence of PoFimV shows an immense decrease
in polar PpFlhF-mCherry foci formation. As expected, the double deletion of fipA and fimV
therefore leads to a total absence of PpFIhF localisation in P. putida KT2440, indicating a
stronger dependence of PpFIhF on PpFipA than SpFIhF on SpFipA. This might either originate
in the different flagellation patterns the analysed species employ or on other factors involved
in the architecture of the polar landscape, as hinted by the differently levelled influence

PpFimV and SpHubP have on the localisation of FIhF in their corresponding organisms.

FipA, which like FIhF accumulates at the cell pole, as confirmed via microscopically observing
tagged FipA variants in both S. putrefaciens CN-32 and P. putida KT2440, appears to not
influence overall growth but rather only affects the abundance and localisation of motility
factors and structures. While the deletion of fipA leads to a decrease in SpFliM localisation
and hook formation in S. putrefaciens CN-32, the localisation of the chemotaxis component
SpCheA, which is known to be dependent on HubP for polar accumulation, does not appear
affected %°. This observation furthermore signifies FipA to be a factor associated with and
focused on the establishment of matility. Interestingly the flagellation phenotypes observed in
the AfipA strain of each organism show striking similarities to the flagellation exhibited by
strains lacking FIhF, albeit to a less severe degree, such as the delocalisation of flagella, which
usually are positioned at the cell pole in a wild type setting. An additional phenotype, which
was only observable accompanying the absence of SpFipA in S. putrefaciens CN-32, as i,

unlike P. putida KT2440, possesses only one polar flagellum, was the occurrence of



hyperflagellation. This phenotype commonly only occurs when flhG has been deleted and the
FIhF facilitated recruitment of flagellar components is not halted, pointing towards a possible
involvement of FipA in this process. The subsequently performed BACTH assay with SpFipA
and SpFIhG showed an interaction between the C-terminal region of SpFipA and the N-
terminal region of SpFIhG. As both the C-terminal region of FipA and the N-terminal region of
FIhG, containing the activator helix required for the induction of the GTPase activity of FIhF,
interact with the C-terminal region of FIhF, the made observations strongly suggest a likely
involvement of FipA in the interaction process of FIhF and FIhG and the accompanying
induction of the FIhnF GTPase activity '''5°. These findings imply FipA to not only be involved
in the polar recruitment of FIhF but rather also in the overall function of FIhF up until the
disbanding of the FIhF homodimer through FIhG.

Another difference between the two organisms, observable when analysing the localisation
behaviour of FipA is that SpFipA rather relies on SpHubP than SpFIhF and PpFipA rather
relies on PpFIhF than FimV for polar accumulation. This variation further highlights the
differences in the functioning of FipA exhibited by both analysed species. At this point it is
interesting to see that the deletion of hubP has nowhere near the same effect on the
localisation behaviour of SpFIhF as the deletion of fipA, even though the absence of SpHubP
leads to a strong decrease of polarly observed SpFipA. Perhaps the absence of SpHubP only
leads to a decreased polar persistence of SpFipA and not a total inability of SpFipA to target
the cell pole. This would still enable polar recruitment of SpFIhF, which most likely only
requires a small timeframe at the pole for successful initiation of flagellar assembly. SpFipA
therefore might not require HubP for actual localisation at the cell pole but rather requires it to
maintain a prolonged presence. Here preliminary observations have shown SpFipA to neither
directly interact with full-length nor various truncated versions of HubP, suggesting the
involvement of an additional factor (data not shown). The mutual dependence of PpFIhF and
PpFipA to accumulate at the cell pole might also originate in these two proteins stabilising
each other’s presence at the cell pole. With the absence of the one protein leading to a
decreased persistence and stability of the other protein at the pole of the cell. This assumption,
speaking against total absence of FIhF from the cell pole in strains devoid of FipA, might be
supported by wild type-like flagellation being much more prevalent in a AfipA strain than in the
corresponding AflhF strain, which is observable in both S. putrefaciens CN-32 and P. putida
KT2440. This decrease in polar stability and persistence of SpFIhF, in the context of a fipA
deletion, might also be hinted at by the generally lower foci fluorescence intensity, indicating
a smaller number of SpFlhF molecules at the visible foci, being a possible result of a higher

turnover or inability to efficiently anchor at the cell pole.



The idea of FipA being a dynamic protein is supported by the timelapse micrographs, which
show FipA shifting its position throughout the cell cycle in both S. putrefaciens CN-32 and P.
putida KT2440. Here FipA can be observed cycling between accumulation and dispersion at
the cell pole. It also is possible to draw the conclusion from the time lapse microscopy that
FipA localises at the cell pole prior to other polar factors such as FIhF and CheA, which only
accumulate in the presence of FipA, while HubP appears to target the cell pole independently
from FipA, as observed in S. putrefaciens CN-32. That HubP localises at the cell pole prior to
and independent from FipA also is supported by the presence of SpFipA at the cell pole being
decreased in the absence of SpHubP. When colocalising FipA with the polar flagellar
filament(s), it seems like the old cell pole, possessing a completed flagellar structure, does not
harbour FipA, while the new cell pole, at which filament polymerisation has not yet commenced
or only slightly progressed, shows an increased abundance of FipA. This observation, taken
together with SpFipA localising at the pole before SpFIhF, furthermore promotes the idea that
FipA is involved in flagellar construction from the point of assembly site determination and

initiation onwards.

To further analyse the nature of the FIhF/FipA relationship the interaction configurations of
FIhF and FipA were scrutinised. Here the interactions occur with both the N- and C-terminus
of FIhF being able to interact with the C-terminus of FipA. Additionally, both SpFipA and
PpFipA are able to self-interact, with both of the analysed FipA orthologs however slightly
varying in their interaction profiles. While SpFipA expresses the ability to interact in both a C-
to C-terminal manner and a N- to C-terminal manner, PpFipA only can interact in a C- to C-
terminal manner. The observed additional interaction configuration exhibited by SpFipA might
hint at why the mechanism, which stands behind the polar recruitment of FIhF under the
involvement of FipA appears to function differently from each other in the analysed organisms.
SpFipA seems to be able to facilitate different homologous interaction arrangements indicating
a difference in its functioning from that of PpFipA. These differences might influence
heterologous interaction with SpFIhF and lead to additional factors being involved in and
required for the polar targeting mechanism of SpFIhF, which could therefore alter its
dependency on SpFipA. This elusive factor might be encoded among the genes deleted in the
strain devoid of all motility related genes and hubP as polar accumulation of FIhF was, to the
furthest extent, inexistant in this strain. Perhaps this elusive additional factor stabilises SpFIhF
at the cell pole under the direct or indirect utilisation of SpHubP. In P. putida KT2440 this
mechanism appears to function in a simpler manner as PpFIhF only seems to require PpFipA

and PpFimV for successful polar recruitment.

The fact that FipA C-terminally interacts with the G-domain-harbouring C-terminus of FlhF,

suggests, as the homodimerization of FIhF is essential for function and polar targeting, a



possible involvement of FipA in the formation of these homodimers or the necessity of prior
FIhF homodimerization for successful interaction with FipA. While the N-terminus of FipA
possesses a predicted TMD, the interaction between the B-domain harbouring N-terminus of
FIhF with the most likely cytoplasmic C-terminus of FipA, might strengthen the idea of FipA

functioning as a membrane anchor for FlhF.

As FipA interacts with the C-terminus of FIhF, which contains the G-domain and therefore
presents itself as a region of FlhF vital for homodimerization and polar accumulation, specific
conserved residues were substituted to assess their overall role in the function of FIhF and its
interaction with FipA in both S. putrefaciens CN-32 and P. putida KT2440. These conserved
residues are positioned in the G1-, G3- and G4-loop and consequently play a role in the
nucleotide binding ability of FIhF '35 Interestingly the substitutions appear to have a stronger
effect on PpFIhF than on SpFIhF as the mutant variants of PpFIhF, except for the PpFIhF
K2%A variant, which still is able to localise and homologously interact with wild type PpFIhF,
neither are able to localise at the pole nor interact with a wild type variant of PpFIhF. The
residue K2 in PpFIhF, albeit being conserved at a position 5 residues downstream from the
G1-loop and might structurally stabilise the G5-loop, does not impact the functioning of FIhF
to a degree, at which polar localisation and homologous interaction are completely abolished.
The residue substitution in the G1- (K??°A), G3- (D*'A) and G4-loop (D%?A) however, as
conclusion to the made observations, are presumed to impact the GTP binding ability of
PpFIhF in such a way that efficient homodimerization can no longer be established.
Concerning the overall capacity of P. putida KT2440 to be motile in the context of PpFIhF
residue substitution, the ability to interact with GTP phosphate groups and the binding of Mg?*
appears to be more important than efficient nucleotide recognition. Oddly, despite PpFIhF not
being observable at the cell pole in the PpFIhF D*°'A and the PpFIhF D3%2A strain, the motility
phenotypes do not signify a total absence of PpFIhF regulation in the establishment of motility,
while the substitution of PpFIhF K?2° appears to lead to an equal motility phenotype as an flhF
deletion. This highlights the possibility of FIhF being required either not in high quantities or
only for a short timespan at the cell pole for the initiation of flagellar assembly. This previously
mentioned prioritisation of phosphate group and Mg?* binding over nucleotide recognition,
appears to occur in a similar manner in S. putrefaciens CN-32, where however the additional
substitution of a G4-loop residue (D3°A_E*'A) leads to a complete functional breakdown of
SpFlhF, with SpFIhF being mostly absent from the cell pole and the motility phenotype of the
respective strain matching the AflhF strain. This phenotype most likely occurs due to the
residue E*' functioning as an additional nucleoside interacting residue for the G4-loop, which
also facilitates trans binding of the two SpFIhF monomers. For general robust polar

accumulation, SpFlhF however appears to rather require interaction with the phosphate



groups of GTP and nucleoside specificity, facilitated by the substituted residues in G1- and
G4-loop, respectively, than the binding of Mg?* through the substituted residue in the G3-loop.
To be able to form a stable SpFIhF homodimer, the nucleoside specificity facilitated by the
D% residue, contained in the G4-loop, understandably appears to be more critical, as it most
likely occurs as an initial step of homodimerization, than the interaction with GTP phosphate
groups or the binding of Mg?*. The reduced motility observed in the SpFIhF D3?8A strain might
be caused by the GTPase ability of SpFIhF being impeded, which could cause a prolonged
recruitment of flagellar components resulting in hyperflagellation. The observation that wild
type FIhF displays a homologous interaction in an N- to C-terminal manner, also observed in
all SpFlhF mutant variants still possessing the ability to specifically bind GTP, might originate
in the putatively unstructured N-terminal B-domain, which has been predicted to regulate
homodimerization, interacting with the C-terminal G-domain in a cis or trans configuration,
when an FIhF homodimer is formed. Concerning the C- to C-terminal interaction of SpFIhF
mutant variants, the results either allow no clear conclusion or rather oppose the additional
data and current understanding of FIhF functioning, therefore warranting further investigation.
Overall, the observations confirm a strong dependence of FIhF on its ability to efficiently bind
the nucleoside and phosphate regions of GTP to form stable homodimers and localise at the
cell pole in both S. putrefaciens CN-32 and P. putida KT2440, while also allowing the
hypothesis of FIhF not requiring a strong prolonged polar presence for the initiation of flagellar
assembly, ultimately resulting in motility, which requires further investigation for absolute

confirmation.

To substantiate or refute a possible link between these residues in FIhF and the FipA-mediated
localisation of FIhF to the cell pole, the effects, which the substitutions in FIhF have on the
localisation behaviour of FipA and its ability to heterologously interact were quantified. Here
SpFipA exhibits a severely decreased ability to interact with the SpFIhF mutant variants, as it
with its C-terminus is not able to interact with the N-terminus of the SpFIhF residue substitution
mutants but still able to interact with the C-terminus of the SpFIhF E**'A variant and to a
strongly decreased degree with the C-terminus of the SpFIhF KA and the SpFIhF D328A
variant. With SpFipA only being dependant on SpFlhF for its polar presence to a lesser degree,
the putative inability of SpFIhF K2%6A to efficiently interact with GTP phosphate groups and the
probable absence of nucleoside binding in SpFIhF D3%°A and SpFIhF D3A_E*'A appears to
have a similar effect on the localisation behaviour of SpFipA, as the complete deletion of flhF
in S. putrefaciens CN-32. Unimpeded localisation of SpFipA however seems to occur in
strains, which possess either the D3?®A or the E**'A variant of SpFIhF. These variants have
previously been observed to only affect SpFIhF functioning to a lesser degree, indicating that

even a weak C- to C-terminal interaction between SpFIhF and SpFipA is sufficient for wild



type-like polar anchoring of SpFipA, with the efficient interaction of SpFIhF with the phosphate
groups of GTP and the ability to bind the nucleoside section of GTP being the most important
of all analysed SpFIhF functions, if viewed from both the SpFipA and SpFIhF side. In P. putida
KT2440, with PpFipA being much more dependent on PpFIhF than SpFipA on SpFIhF,
PpFipA, while being able to interact with non-other than the K23°A variant of PpFIhF, is still
able to maintain a stronger polar presence in all the PpFIhF mutant strains than in the total
absence of PpFIhF. Here PpFipA appears to rather require PpFIhF to be able to efficiently
interact with the nucleoside section of GTP and successfully bind Mg?* than interact with the
phosphate groups of GTP, albeit still requiring this ability in PpFIhF to attain wild type-like
levels of localisation. Interestingly the substitution of the putatively G5-loop stabilising residue
K2%, of which the substitution does not impact the ability of PpFIhF and PpFipA to interact,
rather led to an increase in unipolar localisation and a decrease in bipolar localisation
indicating an involvement in the timing of the proposed dynamic behaviour of FipA at the cell
pole. Taken together these observations furthermore allow the assumption that PpFipA
directly depends on PpFIhF and select residues in its G-domain for polar attachment and
persistence, while SpFIhF also appears to, even if to a lesser degree than in P. putida KT2440,

modulate the function of SpFipA directly through interaction with G-domain residues.

To equally assess residues and putative domain features on the FipA side, possessing
functional significance for FipA and additionally might play a role in the FIhF/FipA interaction,
the conserved putative TMD at the N-terminus of FipA and residues sequentially positioned in
a highly conserved region of the C-terminal DUF2802 domain were deleted and substituted,
respectively, while the effect, which a deletion of the TMD had on homo- and heterologous
interaction, was not analysed and remains to be evaluated. Here the predicted N-terminal
TMD of FipA was determined as vital for protein stability and the pole targeting capability of
FipA in both S. putrefaciens CN-32 and P. putida KT2440, with also the motility phenotype
being identical with the one observed in the strains lacking fipA altogether. Concerning the
substituted conserved residues in FipA, SpFipA and PpFipA however appear to diverge from
each other in dependence on individual residues, when it comes to the ability of FipA to target
the cell pole. While the residue L''® in SpFipA and the heterologous L' in PpFipA appear to
both be vital for FipA functioning, the substitution of residue G'% in SpFipA affects localisation
and overall motility more than the substitution of the orthologous residue G'* in PpFipA in
comparison to each corresponding control. Similarly, the substitution of the residue L'?® in
SpFipA does not affect SpFipA localisation and motility to a similar degree as the substitution
of its conserved counterpart, L'2, in PpFipA, additionally indicating a general difference in the
functioning of FipA in S. putrefaciens CN-32 and P. putida KT2440. The observed dysfunctions

in both SpFipA localisation and overall motility are mirrored in the interaction phenotypes of



wild type SpFipA with individual mutant variants, as the G'%A and L'"®A residue substitutions
strongly affect the ability of SpFipA to homologously interact, while the LA substitution has
no effect on either the N- to C-terminal or C- to C-terminal interaction ability of SpFipA. While
the residue substitutions in PpFipA significantly affect localisation and overall motility to
varying degrees, they have no impact on the previously observed capacity of PpFipA to
homologously interact in a C- to C-terminal manner. This suggests that the residue
substitutions introduced into PpFipA, despite not influencing the ability to C-terminally self-
interact, are crucial for polar targeting. This proposes a possibility for most of these residues
to be important for heterologous interaction(s) or a homologous interaction, which was not

discovered by the performed assays.

Having firstly determined the effects of the TMD deletion and the substitution of select residues
in FipA on its general function, the impact, which these modifications have on the functioning
of FIhF were analysed. Additionally, to the deletion of the TMD, which equated in a phenotype
more or less similar to the one observed when fipA was completely deleted, as the stability of
FipA ATMD was severely impacted, the role of the SpFipA residues G'% and L''® as well as
the PpFipA residues L'"® and L'?3, in spite of the strains displaying clear defects in polar FIhF
localisation and the inability of these FipA variants to interact with FIhF, could not be accurately
assessed. This stemmed from the individual FipA variants in S. putrefaciens CN-32 and P.
putida KT2440 themselves being significantly hindered in their functioning and polar targeting
behaviour by these residue alterations. Therefore, all observed effects on FIhF were
preliminarily classified as downstream effects caused by the disfunction of FipA. To determine,
how these residues of FipA affect the polar targeting of FIhF, as well as their exact role in the
establishment of motility, therefore remains to be elucidated by future studies. The observation
of how the substitution of SpFipA residue L'?° affected both the localisation behaviour of
SpFipA and SpFIhF, made this residue a prime candidate implicated in facilitation of the
SpFipA/SpFIhF interaction, as its substitution comparatively has a minimal effect on SpFipA
localisation, while SpFIhF localisation is dissimilarly strongly affected. This assumption is
equally reflected in the ability of SpFipA L'?°A to interact with SpFIhF, as a wild type-like
interaction is no longer possible in a SpFIhF-N- to SpFipA-C-terminal manner, which is
predicted to be the interaction of choice to indirectly anchor FIhF to the inner membrane
through FipA. Due to this SpFipA variant still being able to interact with SpFIhF in a C- to C-
terminal manner, this termini interaction constellation appears as not that necessary for polar
recruitment of FIhF but rather plays a role in the later stages of the FipA/FIhF interaction. This
theory is further supported by the effects, which the introduction of residue substitutions into
PpFipA had on the capacity of PpFipA to interact with PpFIhF in a C- to C-terminal manner,

as the establishment of this interaction configuration still was possible with all PpFipA variants,



while PpFIhF was significantly affected in its ability to target the cell pole. The PpFIhF-N- to
PpFipA-C-terminal interaction configuration however is mostly completely absent in all tested
PpFipA mutant variants, additionally reinforcing the idea of FIhF interacting with its N-terminal
B-domain with the C-terminus of FipA at the initial targeting of the pole, as the PpFipA G'%A
strain only exhibits a mild defect in polar PpFipA localisation, while the ability of PpFIhF to
accumulate at the cell pole appears strongly compromised. Here the interaction also appears
strong enough to likely initiate membrane anchoring of PpFipA, as a total inability to interact
would presumably have the same effect on PpFipA as the absence of PpFlhF, leading to
PpFipA being mostly dispersed in the cytoplasm. The faint observable N- to C-terminal
interaction of PpFIhF with the PpFipA G'*Avariant in the BACTH assay, respectively, and the
motility and FipA localisation phenotype caused by PpFipA G'%A, which appears inequal to a
total absence of PpFIhF mediated regulation of flagellar assembly, suggests that an interaction
between PpFipA G'™A and PpFIhF still occurs, but with a significantly decreased efficiency
than in the wild type. This therefore only allows limited establishment of flagellar structures,

causing diminished overall motility.

All considered, the observations made, surrounding the novel motility factor FipA,
characterised for both S. putrefaciens CN-32 and P. putida KT2440, allow the assumption that
it is a prime factor involved in the ability of FIhF to target the cell pole and therefore participates
in the initial steps of polar flagellar assembly. Despite this study only analysing FipA of the two
y-proteobacteria S. putrefaciens CN-32 and P. putida KT2440, FipA orthologs, sharing vast
conserved stretches in the amino acid sequence, have been discovered for many other
bacterial species, with the protein domain structure being universally conserved as an N-
terminal TMD and a C-terminal DUF2802 domain. Here FipA always occurs in conjunction
with a flagellation pattern characterised by flagellar structures precisely being positioned at
the cell pole, through the regulation by FIhF and FIhG, with the addition of a polar landmark
protein, such as HubP or the orthologously functioning FimV being present. Furthermore, the
genomic position of fipA generally also is conserved adjacent to the gene cluster encoding the
polar flagellar system, directly adjacent to cheW and approximately 10 genes downstream

from flhF (Supplemental figure 47).

Due to the mostly overlapping observations made in S. putrefaciens CN-32 and P. putida
KT2440 the proposition can be made that FipA, through its TMD, functions as an anchor at
the inner membrane, which aids efficient polar attachment of FIhF. This hypothesis partially
opposes the previously published notion that FIrD, which is the ortholog to FipA in Vibrio
cholerae, only acts as an element, that indirectly regulates the expression of late flagellar
genes through the transcriptional factors FIrB and FIrC '%1%° The observed effects caused by

the deletion of firD could therefore mostly be attributed to a disturbed feedback loop, blocking



the transcription of late flagellar genes due to the flagellar assembly not being able to move
past a distinct waypoint, at which FIrD might be released from the cell pole so that it can
positively interact with FIrB and FIrC to indirectly induce the expression of late flagellar genes.
This effect on FIrB and FIrC, which remains to be investigated for FipA of S. putrefaciens CN-
32 and P. putida KT2440, might rather be an additional function of FipA, which, like FIhG
regulating flagellar gene expression through the interaction with FIrA, could play a role in the
complete flagellar assembly mechanism besides just being involved in the polar recruitment
of FInF 197:161.162_ The proposed anchoring of FIhF to the inner membrane most likely occurs
through the interaction of the FipA DUF2802 domain and the FIhF B-domain, which in turn
positively affects the polar persistence and stability of FipA. Here it appears plausible that
either FIhF must be in a homodimeric state to achieve this docking or FipA plays a role in the
facilitation of FIhF homodimerization through interaction with the FIhF G-domain either in the
cytoplasm or at the membrane. An additional function of FipA, besides the initial recruitment
of FIhF to the cell pole, might be an involvement in the ultimate disbanding of the FIhF
homodimer by assisting the interaction of FIhF with FIhG. This theory is based on the
observation made for the flagellation phenotype in the AfipA strain of S. putrefaciens CN-32,
which exhibited hyperflagellation, being indicative for a dysfunction of FIhG and on the fact
that FipA and FIhG are able to interact. Overall FipA does not appear as essential as FIhF in
the mechanism governing the establishment of motility, while it does however appear to
greatly enhance the efficiency of flagellar assembly. The putative mode of interaction between
the B-domain of FIhF and the DUF2802 domain of FipA and the observed variations
concerning the proposed interaction residues on both the FIhF and FipA side in both utilised
model organisms, might point towards the assumed species-specific function of the variable
FIhF B-domain playing a role in the development of unique species-specific flagellation
patterns. Variations in FIhF/FipA interaction might therefore have an impact on the polar
presence of FIhF, which in turn could lead to a variation in the abundance of assembled
flagellar structures. This theory makes it essential to analyse individual stretches of the FIhF
B-domain for their function in the facilitation of an FIhF/FipA interaction. With the witnessed
diversity of FipA functioning in S. putrefaciens CN-32 and P. putida KT2440, FipA has an
impact on the formation of moatility structures, which varies in intensity depending on the
organism. The underlying broad mechanisms however appear to be the same. For the utilised
model organisms this might originate in S. putrefaciens CN-32 natively possessing only a
single flagellum at the cell pole, of which the assembly mechanism might be more robust and
have more redundancies instead of heavily relying on individual factors for essential waypoints
in the construction process, as the disruption of a single factor would lead to an immotile cell.
In P. putida KT2440, which is lophotrichously flagellated, the mechanism might not need to be

as robust, as an error in the assembly of one polar flagellum would not lead to total immobility



due to the sheer number of polar flagella, which are assembled. The validity of this hypothesis
and the exact relationship of FIhF and FipA concerning the involvement and timing of their

interaction in the flagellar assembly process remains to be analysed by future studies.
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Figure 37. Preliminary model of flagellar assembly in S. putrefaciens CN-32. 1. HubP is recruited
to the cell pole. 2. FipA is recruited to the pole in an indirect HubP-dependant manner. 3. FIhF
homodimerizes in the cytoplasm under the utilisation of GTP and Mg?* and travels to the cell pole. 4.
The FIhF homodimer is anchored at the pole through an interaction between the B-domain and the C-
terminal region of FipA. 5. The FIhF homodimer, with its B-domain, accumulates components of the
basal body such as FliF and FliG, which are incorporated into the nascent flagellar structure. 6. FIhG
bound to the FIIMN complex through an interaction with the EIDAL motif of FIiM migrates to the pole. 7.
Upon membrane contact with its C-terminal MTS FIhG homodimerizes under the utilisation of ATP. 8.

82 |




The FIhG homodimer interacts with both the C-terminal region of FipA and the G-domain of FIhF
enabling GTPase activity induction. 9. This induction leads to the disbanding of the FIhF homodimer
and an end of the polar recruitment of MS- and C-ring components. The FIhG homodimer leaves the
pole and represses FIrA activity, blocking further expression of early flagellar genes, while FipA remains
present at the pole in a dynamic manner. 10. Once the flagellar structure has been completed FipA
leaves the cell pole. (N-termini of protein models are highlighted in blue and C-termini are highlighted
inred.)

4.2 Role of SpFIhB PRR in overall flagellar assembly and export
specificity switching

The characterisation contained in this study covering the “Proline Rich Region” (residues 358-
376), located at the very C-terminal end of SpFlhB, offers a new insight into the overall
functioning of FIhB. Its spatial proximity to the SpFIhB-C autocleavage site, N?%°, previously
described for Salmonella sp., suggested an involvement in the autocleavage ability of SpFlhB
and therefor the switching of substrate specificity upon hook completion from hook to filament
subunits %518 This assumption was supported by the filament staining results, with the
deletion of the PRR leading to a significant decrease in flament occurrence. Additionally, the
deletion of the complete flhB gene and the substitution of the autocleavage site N%%° in the
conserved NPEH motif caused the absence of filament formation, confirming the necessity of
SpFlhB and the distinct conserved autocleavage feature for native flagellum formation in S.
putrefaciens CN-32. The residue Y*7® positioned at the C-terminal end of the PRR motif, which
through substitution also was assessed for its effect on flagellation, does not appear to play a
vital role in the functioning of SpFIhB related to substrate specificity switching, as its deletion
only had an insignificant effect on the formation of flagella in the respective strain. With the
flagellation being significantly impacted but not completely abolished by the deletion of the
PRR in SpFIhB, the overall export efficiency of filament subunits was assessed in the strains
still forming observable filaments. This was achieved by measuring the length of the produced
filament structures in the SpFIhB APRR, as well as the accompanying strains of interest. Here,
just like on the overall abundance of flagella, the substitution of SpFIhB Y*'¢ did not affect the
length of the observable flagella, as the SpFIhB Y376A strain still formed filaments that matched
those of the wild type across all analysed filament lengths. The SpFIhB APRR strain however
clearly displayed a strong decrease in flagella across all quantified filament lengths, indicating
a clear decrease in not just overall filament quantity but also assembly quality in the absence
of the SpFIhB PRR. This observation suggests the SpFlhB PRR to be involved in overall export
efficiency of filament subunits rather than export specificity switching, as its absence does not

totally negate filament assembly, but rather severely impacts the length of formed filaments.

To assess, if these observed phenotypes are possible downstream effects caused by a

disruption of the hook assembly process, in which the SpFIhB PRR might also play a role, the



abundance of hook structures was quantified. While the SpFIhB Y37A strain, again mirrored
the wild type phenotype, concerning the hook formation, and the SpFIhB N2¢°A strain, lacking
the ability to autocleave FIhB-C, also showed a hook abundance phenotype similar to that of
the wild type, the SpFIhB APRR strain significantly differed from the wild type in the amount
of displayed hook structures. This indicates that the SpFIhB PRR does not only affect filament
formation, but also the assembly of the flagellar hook. As this step in flagellar assembly is
governed by the interaction of FIhB and the hook length measuring FliK, the occurrence of
hook structures was analysed in strains lacking fliK additionally to the introduced SpFIhB
modifications '®°. This added deletion, besides predictably causing a polyhook phenotype, due
to the hook length not being measured during the assembly process, did not lead to an
abundance of hook structures differing from the strains with functioning FliK, proposing that
the PRR does not play a role in the SpFlhB/FIiK interaction, but rather is involved in the export
process of hook subunits. Furthermore, these findings show that the ability to autocleave is

not instrumental in the export process of hook subunits.

With having assessed the involvement of the SpFIhB PRR in late stages of the flagellar
assembly, such as the construction of the hook and filament, the effects, which a deletion of
the PRR has on early stages of the flagellar assembly, precisely the C-ring assembly, was
analysed. The formation of the C-ring was assessed via the localisation behaviour of the C-
ring component SpFliM at the cell pole. While the complete deletion of flhB lead to a significant
decrease in SpFliM localisation, none of the other modifications of SpFIhB including the
deletion of the PRR influenced SpFliM localisation. The decline of localising SpFliM in the
context of AflhB here most likely was caused by a general destabilisation of the entire basal
body of which SpFIhB is an integral structural and functional component. The absence of
effects on SpFliM localisation in the individual strains carrying modifications in SpFlhB shows
that the correct functioning of the substituted or deleted features of SpFIhB is not required for
the assembly and stability of the basal body, but rather, as proposed by the previous
observations, is involved in the export of flagellar components, required at a later point in time
as seen from the basal body assembly stage. Even with the additional absence of SpFliK, the
previously observed lack of effect on SpFliM localisation, caused by SpFIhB modifications, did
not change, reiterating that the functioning of SpFIhB and SpFliK, which plays an essential
role in the assembly of extracellular flagellar components, does not affect the assembly of the

C-ring and basal body altogether.

The witnessed effects on the assembly of extracellular substructures of the flagellum, such as
the hook and filament, caused by the deletion of the SpFIhB PRR, which at the same time did
not affect C-ring assembly, raised the question if the decrease in filament formation and

apparent assembly efficiency is a downstream effect of the hook formation being affected by



the deletion of the PRR, or a direct consequence of the PRR being involved in the
autocleavage ability of SpFIhB. This effect was assessed via Western blot performed with
samples from all SpFIhB mutant strains of interest, in which the SpFlhB variant was tagged
with a triple FLAG tag at the C-terminal end. This tagging constellation allows to quantification
of uncleaved SpFIhB and cleaved SpFIhB, represented by SpFIhB-CC. As expected, and
suggested by the previous observations, the SpFIhB autocleavage residue mutant SpFlhB
N?%°A was incapable of performing autocleavage leading to an excessive build-up of
uncleaved SpFIhB, while at the same time no FIhB-CC was detectable. The substitution of
Y376 in SpFIhB predictably, as this substitution also had no effect on the assembly of flagellar
substructures, did not influence the ability of SpFIhB to autocleave, with the abundance of
uncleaved SpFIhB and SpFIhB-CC matching those exhibited by the positive control sample.
When observing and comparing the sample of the SpFIhB APRR variant with the positive
control sample, a strong increase in uncleaved SpFIhB and a sharp decline in SpFIhB-CC is
detectable. Even though these effects aren’t as strong as in the non-cleaver variant of SpFlhB,
the deletion of the PRR clearly affects the ability of SpFIhB to perform autocleavage. This
result suggests that the PRR of SpFIhB is involved in the autocleavage ability of SpFIhB, which

would explain the effects observed on the terminal stages of flagellar assembly.

Summarised, while the residue Y3¢ at the C-terminal end of the PRR motif in SpFIhB does
not play an essential role in the overall activity of SpFIhB and the cleavage site at residue N25°,
just like in Salmonella sp. is essential for substrate specificity switching, the PRR itself is
involved in a multitude of SpFIhB functions '%®. These range from the observed export
substrate specificity switching, indicated by the decline in export efficiency of filament
substrates and a decreased autocleavage activity, to a general reduction of flagellar hook
substructures. These effects occur independently from FliK presence or absence, therefore
promoting the assumption that the PRR, besides all the other analysed SpFIhB residues, is
not part of the FIhB/FIliK interaction, which is essential for functional flagellum assembly. These
results derived from in vivo experiments generally suggest that the SpFIhB PRR, besides
assisting the autocleavage ability of SpFlhB, enables an efficient export of hook and filament
substrates. The accompanying in vitro data and structural analysis, accumulated and
performed for this publication by the co-author, revealed the PRR to possess a “wave”-shaped
linear motif capable of interacting with the SpFIhB-C core domain in a strongly defined manner
and therefore might function as a distinct interaction site for a factor involved in the export
mechanism or cover a binding region at the core domain for an unknown interaction partner
of SpFIhB. This putative interaction partner might be part of the basal section of the flagellum,
with the two known interaction partners of SpFIhB, SpFIhA and SpFliK, not requiring the PRR

to interact with SpFIhB as confirmed via pulldown assay %172, The unknown factor, which



interacts with the PRR of SpFIhB might however assist the export of extracellular flagellum
components and raise the overall efficiency of the export process. That the PRR is not directly
involved in the binding efficiency of export substrates is implied by a hydrophobic patch
comprising four residues in FIhB, required for the binding of proteins targeted for export, as
characterised in a previous study, not being near the PRR as confirmed by the structural
analysis performed in this study '". The fact that the PRR appears widely conserved in 3- and
y-proteobacteria, indicates that it is involved in efficient filament substrate export in a wide
variety of bacterial species and therefore can be understood as an integral part to overall
flagellar assembly '. Nevertheless, the exact mechanism of how it is involved in flagellar
assembly and influences the efficiency of extracellular flagellum substructure construction,

through a possible yet unknown interaction partner, remains to be elucidated by future studies.



5. Materials and methods
5.1 Materials

5.1.1 Microorganisms

Table 5-1 Microorganisms used in this study.

Strain Genotype Purpose/description Sourcel/reference
Escherichia coli
strains
DH5a Apir $80d/acZ AM15  cloning strain 201
A(lacZYA-argF) U169
recA1 hsdR17 deoR
thi-l supE44 qyrA96
relA1/\pir
BL21 (DE3) fhuA2 [lon] ompT gal cloning strain NEB
(A DE3) [dem]
AhsdS A DE3 = A
sBamHlo AEcoRI-B
int::(lacl::PlacUV5::T7
genel) i21
Anin5
WM3064 thrB1004 pro thi rpsL = conjugation strain for S. W. Metcalf,
hsdS lacZ AM15 putrefaciens CN-32 and P. putida University of lllinois,
RP4-1360 A(araBAD) KT2440 Urbana-Champaign
567AdapA 1341: [erm
pir(wt)]
BTH101 F, cya-99, araD139, host strain for two-hybrid assay Euromedex, France
galE15, galK16,
rpsL1 (Str), hsdR2,
mcrA1, merB1.
Shewanella
putrefaciens CN-32
strains
S757 wild type wild type strain of S. putrefaciens '
CN-32
S3132 AflhF deletion of the gene flhF Rossmann et
(Sputcn32_2561) al.,2015
S3735 CheA-mCherry C-terminal mCherry tag of CheA this study
(Sputcn32_2556)
S3998 AaraAD deletion of the genes araA this study
(Sputcn32_2066) and araD
(Sputcn32_2067)
S4063 flge; T183C markerless in-frame substitution of 2%2

Thr183 to Cys in the polar hook




S4401

S$4623

S4890

S4891

S5151

S$5180

S$5286

S$5294

S$5307

flaB; T166C flaA,
T174C AflagL

FIhB-FLAG

AfipA

CheA-mCherry AfipA

flaB;, T166C flaA
T174C Aflagl AfipA

FIhF-GS-mVenus

FipA-DILEL-sfGFP

FIhF-GS-mVenus
AfipA

FIhF-GS-mVenus
AflhB

protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining and deletion of
the lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)

C-terminal 3x FLAG tag of FIhB
(Sputcn32_2563)

deletion of the gene fipA
(Sputcn32_2550)

C-terminal mCherry tag of CheA
(Sputcn32_2556) and deletion of
the gene fipA (Sputcn32_2550)
markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)
and deletion of the gene fipA
(Sputcn32_2550)

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser

C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the gene
fipA (Sputcn32_2550)

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly

39

this study

this study

this study

this study

this study

this study

this study



S5441

S$5607

S5675

S5714

S5806

S5807

S$5910

S6036

S6053

AaraAD

FIhF-GS-
mVenus Ara ind.

FIhF-GS-mVenus

AflhG

FIhF-GS-mVenus

AflrA1

FipA-DILEL-sfGFP

AflhF

FIhF-GS-mVenus

AhubP

FIhF-GS-mVenus
AfipA AhubP

flgE1 T183C AflagL

FipA-DILEL-sfGFP

AhubP

AaraAD FIhF-1xGS-

mVenus

Ara

ind.

ASputcn32_2548-

2608

AhubP

and Ser and deletion of the gene
flhB (Sputcn32_2563)

deletion of the genes araA
(Sputcn32_2066) and araD
(Sputcn32_2067) and insertion of C-
terminal mVenus tagged FIhF
(Sputcn32_2561) linked with Gly
and Ser upstream from
Sputcn32 2068

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the gene
flhG (Sputcn32_2560)

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the gene
flhG (Sputcn32_2560)

C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu and deletion of
the gene flhF (Sputcn32_2561)

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the gene
hubP (Sputcn32_2442)

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the genes
fipA (Sputcn32_2550) and hubP
(Sputcn32_2442)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining and deletion of
the lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)

C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu and deletion of
the gene hubP (Sputcn32_2442)

deletion of the genes araA
(Sputcn32_2066) and araD
(Sputcn32_2067), insertion of C-
terminal mVenus tagged FIhF

this study

this study

this study

this study

this study

this study

this study

this study



S6117

S6128

S6164

S6305

S6306

ASputcn32 _3444-
3485

HubP-mCherry FIhF-
GS-Venus

AaraAD FIhF-GS-
mVenus Ara. indu.
AflhF

FIhF-GS-mVenus
AhubP
ASputcn32 3157

flaB; T166C flaA,
T174C AflagL AflhB

flgE, T183C Aflagl
AflhB

(Sputcn32_2561) linked with Gly
and Ser upstream from
Sputcn32 2068 and deletion of the
polar gene cluster (Sputcn32_2548-
2608), the gene hubP
(Sputcn32_2442) and the lateral
gene cluster (Sputcn32_3444-
Sputcn32_3485)

C-terminal mCherry tag of HubP
(Sputcn32_2442) and C-terminal
mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser

deletion of the genes araA
(Sputcn32_2066) and araD
(Sputcn32_2067), insertion of C-
terminal mVenus tagged FIhF
(Sputcn32_2561) linked with Gly
and Ser upstream from
Sputcn32 2068 and deletion of the
native flhF gene (Sputcn32 2561)

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the genes
hubP (Sputcn32_2442) and
Sputcn32_3157

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)
and deletion of the gene flhB
(Sputcn32_2563)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE+ (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster and deletion of
the gene flhB (Sputcn32_2580)

this study

this study

this study



S6327 flaB; T166C flaA,
T174C AflagL AflhB

FIhB A358-376*

S6328 flgE; T183C Aflagl

AflhB FIhB A358-376*

S6581 flaB; T166C flaA,
T174C AflagL FipA-

DILEL-sfGFP

S6606 flaB; T166C flaAq

T174C AflaglL AflhF

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32 _3485)

and deletion of the gene flhB
(Sputcn32_2563) with subsequent
reconstitution of flhB with a
truncated version (FIhB A358-376)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32 _3485)

and deletion of the gene flhB
(Sputcn32_2563) with subsequent
reconstitution of flhB with a
truncated version (FIhB A358-376)

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA: (Sputcn32_2586), fully
functional and suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)
and C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA; (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)

1

this study

this study



S6671

S6789

S6803

S6804

S6880

S6889

S$6920

S6994

FIhF-1xGS-mVenus
AybcG
(Sputcn32_1603)

AfipA fipA
(Sputcn32_2550) Kl

FipAL118A

FipA G106A

FipA L118-DILEL-
sfGFP

FipA  G106A-DILEL-
sfGFP

flgE; T183C AflagL
AflhB A358-376"
FIiM;-GS-GFP

flgE; T183C Aflagl
FliM:-GS-SfGFP

and deletion of the gene flhF
(Sputcn32_2561)

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the gene
ybcG (Sputcn32_1603)

deletion of the gene fipA
(Sputcn32_2550) and reconstitution
of the gene fipA (Sputcn32_2550)

markerless in-frame substitution of
Leu118 to Ala in the protein FipA
(Sputcn32_2550)

markerless in-frame substitution of
Gly106 to Ala in the protein FipA
(Sputcn32_2550)

markerless in-frame substitution of
Leu118 to Ala in the protein FipA
(Sputcn32_2550) with a C-terminal
sfGFP tag linked with Asp, lle, Leu,
Glu and Leu

markerless in-frame substitution of
Gly106 to Ala in the protein FipA
(Sputcn32_2550) with a C-terminal
sfGFP tag linked with Asp, lle, Leu,
Glu and Leu

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),

C-terminal sfGFP tag of FliM,
(Sputcn32_2569) linked with Gly
and Ser and deletion of the gene
flhB (Sputcn32_2563) with
subsequent reconstitution of flhB
with a truncated version (FIhB A358-
376)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)

this study

this study

this study

this study

this study

this study



S6995

S6996

S7032

S7064

S7067

flgE; T183C Aflagl
AflhB FliM;-GS-
SfGFP

FipA L125A

flaB; T166C flaAs
T174C Aflagl AfipA
AhubP

FipA  L125A-DILEL-
sfGFP

flaB; T166C flaA,
T174C AflaglL AfliKi

and C-terminal sfGFP tag of FliM;
(Sputcn32_2569) linked with Gly
and Ser

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),
C-terminal sfGFP tag of FliM,
(Sputcn32_2569) linked with Gly
and Ser and deletion of the gene
flhB (Sputcn32_2563)

markerless in-frame substitution of
Leu125 to Ala in the protein FipA
(Sputcn32_2550)

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB;
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining and deletion of
the lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)
and the genes fipA
(Sputcn32_2550) and hubP
(Sputcn32_2442)

markerless in-frame substitution of
Leu125 to Ala in the protein FipA
(Sputcn32_2550) with a C-terminal
sfGFP tag linked with Asp, lle, Leu,
Glu and Leu

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA; (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)
and deletion of the gene fliK
(Sputcn32_2571)

this study

this study

this study



S7068

S7069

S7070

S7071

flaB; T166C flaA,
T174C AflagL AflhB
AfliKs

flaB; T166C flaA,
T174C AflagL AflhB
FIhB A358-376" AfliKi

flgE; T183C AflaglL
AflhB FIhB A358-376*
FliM:-GS-GFP AfiiK;

flgE; T183C AflaglL
FliM1-GS-GFP AfliK;

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA: (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),
deletion of the genes fIhB
(Sputcn32_2563) and fliK
(Sputcn32_2571)

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32 _3485)

and deletion of the genes fliK
(Sputcn32_2571) and flhB
(Sputcn32_2563) with subsequent
reconstitution of flhB with a
truncated version (FIhB A358-376)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),

C-terminal sfGFP tag of FliM,
(Sputcn32_2569) linked with Gly
and Ser and deletion of the genes
flik (Sputcn32_2571) and flhB
(Sputcn32_2563) with subsequent
reconstitution of flhB with a
truncated version (FIhB A358-376)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and suitable  for
maleimide staining, deletion of the
lateral gene cluster, C-terminal
sfGFP tag of FliM4 (Sputcn32_2569)

1

1



S7072

S7080

S7081

S7082

flgE: T183C AflagL
AflhB  FliM4-GS-GFP
AfliK4

flaB; T166C flaA,
T174C AflagL FIhB
Y376A

flgE: T183C AflagL
FliM1-GS-sfGFP FIhB
Y376A

flaB; T166C flaA:
T174C AflagL AfliKs
FIhB Y376A

linked with Gly and Ser and deletion
of the gene fliK (Sputcn32_2571)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),

C-terminal sfGFP tag of FliM,
(Sputcn32_2569) linked with Gly
and Ser and deletion of the genes
flnB (Sputcn32 _2563) and fliK
(Sputcn32_2571)

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB;
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32 _3485)
and in-frame substitution of Tyr376
to Ala in FIhB (Sputcn32_2563)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),

C-terminal sfGFP tag of FliM,
(Sputcn32_2569) linked with Gly
and Ser and in-frame substitution of
Tyr376 to Ala in FIhB
(Sputcn32_2563)

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA: (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),



S7083

S7093

S7094

S7095

flgE; T183C Aflagl
FliM:-GS-GFP  AfliK;
FIhB Y376A

flaB; T166C flaA:
T174C AflagL FIhB
N269A

flgE: T183C AflagL
FliM1-GS-sfGFP FIhB
N269A

flaB; T166C flaA:
T174C AflagL AfliKs
FIhB N269A

in-frame substitution of Tyr376 to
Ala in FIhB (Sputcn32 2563) and
deletion of fliK (Sputcn32_2571)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),
C-terminal sfGFP tag of FliM,
(Sputcn32_2569) linked with Gly
and Ser, deletion of fliK
(Sputcn32_2571) and markerless
in-frame substitution of Tyr376 to
Ala in FIhB (Sputcn32_2563)

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA1 (Sputcn32_2586), fully
functional and suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485)
and in-frame substitution of Asn269
to Ala in FIhB (Sputcn32_2563)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),

C-terminal sfGFP tag of FliMy
(Sputcn32_2569) linked with Gly
and Ser and in-frame substitution of
Asn269 to Ala in FIhB
(Sputcn32_2563)

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB+
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA; (Sputcn32_2586), fully
functional and suitable  for
maleimide staining, deletion of the



S7096

S7113

S7116

S7117

S7362

S7811

flgE; T183C Aflagl
FliM-GS-sfGFP
AfliK: FIhB N269A

FIhB N269A-FLAG

AflnB FIhB A358-376-
FLAG

FIhB Y376A-FLAG

flaB; T166C flaAq
T174C AflagL FipA-
DILEL-sfGFP  FliM;-
GS-mCherry

FIhF D390A-GS-
mVenus

lateral gene cluster
(Sputcn32_3444-Sputcn32 _3485),
in-frame substitution of Asn269 to
Ala in FIhB (Sputcn32_2563) and
deletion of fliK (Sputcn32_2571)

markerless in-frame substitution of
Thr183 to Cys in the polar hook
protein FIgE1 (Sputcn32_2594), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),

C-terminal sfGFP tag of FliMy
(Sputcn32_2569) linked with Gly
and Ser, deletion of fliK
(Sputcn32_2571) and markerless
in-frame substitution of Asn269 to
Ala in FIhB (Sputcn32_2563)

markerless in-frame substitution of
Asn269 to Ala in FIhB
(Sputcn32_2563) with C-terminal 3x
FLAG tag

deletion of the gene flhB
(Sputcn32_2563) with subsequent
reconstitution of flhB with a
truncated version (FIhB A358-376)
with C-terminal 3x FLAG tag

markerless in-frame substitution of
Tyr376 to Ala in FIhB
(Sputcn32_2563) with C-terminal 3x
FLAG tag

markerless in-frame substitution of
Thr166 to Cys in the polar major
flagellin protein FlaB;
(Sputcn32_2585) and Thr174 to
Cys in the polar minor flagellin
protein FlaA: (Sputcn32_2586), fully
functional and  suitable  for
maleimide staining, deletion of the
lateral gene cluster
(Sputcn32_3444-Sputcn32_3485),
C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu and C-terminal
GFP tag of FliM1 (Sputcn32_2569)
linked with Gly and Ser

markerless in-frame substitution of
Asp390 to Ala in FlhF

this study

this study



S7935

S7990

$8002

S8003

S8004

S8017

S8018

S8099

FIhF-GS-mVenus
fliFG, KO

FIhF-mCherry FipA-
DILEL-sfGFP

FipA L118A FIhF-GS-
mVenus

FipA G106A FlhF-
GS-mVenus

FipA L125A FIhF-GS-
mVenus

FipA-DILEL-sfGFP
FIhF K256A

FipA-DILEL-sfGFP
FIhF D328A

FInF K256A-GS-
mVenus

(Sputcn32_2561) with C-terminal
mVenus tag linked with Gly and Ser

C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser and deletion of the genes
fliF; (Sputcn32_2576) and fliGy
(Sputcn32_2575)

C-terminal mCherry tag of FIhF
(Sputcn32_2561) and C-terminal
sfGFP tag of FipA (Sputcn32_2550)
linked with Asp, lle, Leu, Glu and
Leu

markerless in-frame substitution of
Leu118 to Ala in the protein FipA
(Sputcn32_2550) and C-terminal
mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser

markerless in-frame substitution of
Gly106 to Ala in the protein FipA
(Sputcn32_2550) and C-terminal
mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser

markerless in-frame substitution of
Leu125 to Ala in the protein FipA
(Sputcn32_2550) and C-terminal
mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser

C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu and
markerless in-frame substitution of
Lys256 to Ala in FIhF
(Sputcn32_2561)

C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu and
markerless in-frame substitution of
Asp328 to Ala in FlhF
(Sputcn32_2561)

markerless in-frame substitution of
Lys256 to Ala in FIhF

this study

this study

this study

this study

this study

this study

this study

this study



S8100

S8156

S8246

S8247

S8248

Pseudomonas
putida KT2440
strains

P3811
P4135

P5405

P5406

P6506
P6507

FInF D328A-GS-
mVenus

FipA-DILEL-sfGFP
FIhF D390A

FipA ATMD

FIhF-GS-mVenus
FipA ATMD

FipA  ATMD-DILEL-
sfGFP

wildtype
FliC S267C

FIiC S267C AfleN

FIiC S267C AflhF

AfipA
FIiC S267C AfipA

(Sputcn32_2561) with C-terminal
mVenus tag linked with Gly and Ser

markerless in-frame substitution of
Asp328 to Ala in FIhF
(Sputcn32_2561) with C-terminal
mVenus tag linked with Gly and Ser

C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu and
markerless in-frame substitution of
Asp390 to Ala in FIhF
(Sputcn32_2561)

in-frame deletion of the N-terminal
transmembrane domain in the
protein FipA (Sputcn32 2550)
markerless in-frame deletion of the
N-terminal transmembrane domain
in the protein FipA (Sputcn32_2550)
and C-terminal mVenus tag of FIhF
(Sputcn32_2561) linked with Gly
and Ser

in-frame deletion of the N-terminal
transmembrane domain in the
protein FipA (Sputcn32_2550) and
C-terminal sfGFP tag of FipA
(Sputcn32_2550) linked with Asp,
lle, Leu, Glu and Leu

wild type strain of P. putida KT2440

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and deletion of the
gene fleN (PP_4342)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIliC (PP_4378) and deletion of the
gene flhF (PP_4343)

deletion of the gene fipA (PP_4331)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and deletion of the
gene fipA (PP_4331)

this study

this study

this study

this study

this study

this study
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P6508

P6510

P6511

P6515

P6529

P6908

P7745

P7774

P7775

P7779

FipA -DILEL-sfGFP

FIiC S267C AflhF

FipA-DILEL-sfGFP

FIhF-GS-mCherry

FIiC S267C AfimV

FipA -DILEL-sfGFP

AfipA FIhF-GS-

mCherry

FIiC S267C
G104A

FipA L123A

FIiC S267C
L123A

FipA

FipA

FIIC S267C FipA-

DILEL-sfGFP

FliC S267C
L116A

FipA

C-terminal sfGFP tag of FipA
(PP_4331) linked with Asp, lle, Leu,
Glu and Leu

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378), deletion of the gene
flnF  (PP_4343) and C-terminal
sfGFP tag of FipA (PP_4331) linked
with Asp, lle, Leu, Glu and Leu

C-terminal mCherry tag of FIhF
(PP_4343) linked with Gly and Ser

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378), deletion of the gene
fimvV (PP_1992) and C-terminal
sfGFP tag of FipA (PP_4331) linked
with Asp, lle, Leu, Glu and Leu

deletion of the gene fipA (PP_4331)
and C-terminal mCherry tag of FIhF
(PP_4343) linked with Gly and Ser

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and in-frame
substitution of Gly104 to Ala in the
protein FipA (Sputcn32_4331)

markerless in-frame substitution of
Leu123 to Ala in the protein FipA
(Sputcn32_4331)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and in-frame
substitution of Leu123 to Ala in the
protein FipA (Sputcn32_4331)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and C-terminal
sfGFP tag of FipA (PP_4331) linked
with Asp, lle, Leu, Glu and Leu

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIIC (PP_4378) and in-frame
substitution of Leu116 to Ala in the
protein FipA (Sputcn32_4331)

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study



P7841

P7864

P7865

P7939

P7951

P7962

P8038

P8039

FliC S267C

FipA

G104A-DILEL-sfGFP

FIiC S267C

FipA

L123A-DILEL-sfGFP

FliC S267C

FipA

L116A-DILEL-sfGFP

FIhF-GS-mCherry

AfimV

FIIC S267C AfipA

FipA KI

FIhF-GS-mCherry

AfimV AfipA

FliC S267C
DILEL-sfGFP
K235A

FIiC S267C
DILEL-sfGFP
D301A

FipA-
FIhF

FipA-
FIhF

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378) and in-frame
substitution of Gly104 to Ala in the
protein FipA (Sputcn32_4331) with
C-terminal sfGFP tag linked with
Asp, lle, Leu, Glu and Leu

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and in-frame
substitution of Leu123 to Ala in the
protein FipA (Sputcn32_4331) with
C-terminal sfGFP tag linked with
Asp, lle, Leu, Glu and Leu

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378) and in-frame
substitution of Leu116 to Ala in the
protein FipA (Sputcn32_4331) with
C-terminal sfGFP tag linked with
Asp, lle, Leu, Glu and Leu

C-terminal mCherry tag of FIhF
(PP_4343) linked with Gly and Ser
and deletion of the gene fimV
(PP_1992)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378), deletion of the gene
fipA (Sputcn32_4331) and
reconstitution of the gene fipA
(Sputcn32_4331)

C-terminal mCherry tag of FIhF
(PP_4343) linked with Gly and Ser
and deletion of the genes fimV
(PP_1992) and fipA
(Sputcn32_4331)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378), C-terminal sfGFP
tag of FipA (PP_4331) linked with
Asp, lle, Leu, Glu and Leu and in-
frame substitution of Lys235 to Ala
in FIhF (PP_4343)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378), C-terminal sfGFP

this study

this study

this study

this study

this study

this study

this study

this study



P8040

P8041

P8042

P8152

P8206

P8207

P8209

FIhF-GS-mCherry
FipA L123A

FIhF-GS-mCherry
FipA L116A

FIhF-GS-mCherry
FipA G104A

FIIC S267C FipA-
DILEL-sfGFP  FlhF
K229A

FIiC S267C FIhF
D301A-GS-mCherry

FIiC S267C FIhF
D362A-GS-mCherry

KT2440 FIiC S267C
FIhF K229A-GS-
mCherry

tag of FipA (PP_4331) linked with
Asp, lle, Leu, Glu and Leu and in-
frame substitution of Asp301 to Ala
in FIhF (PP_4343)

C-terminal mCherry tag of FIhF
(PP_4343) linked with Gly and Ser
and markerless in-frame
substitution of Leu123 to Ala in the
protein FipA (Sputcn32_4331)

C-terminal mCherry tag of FIhF
(PP_4343) linked with Gly and Ser
and markerless in-frame
substitution of Leu116 to Ala in the
protein FipA (Sputcn32 4331)

C-terminal mCherry tag of FIhF
(PP_4343) linked with Gly and Ser
and markerless in-frame
substitution of Gly104 to Ala in the
protein FipA (Sputcn32_4331)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378), C-terminal sfGFP
tag of FipA (PP_4331) linked with
Asp, lle, Leu, Glu and Leu and in-
frame substitution of Lys229 to Ala
in FIhF (PP_4343)

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378) in-frame
substitution of Asp301 to Ala in FIhF
(PP_4343) with C-terminal mCherry
tag linked with Gly and Ser

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378) in-frame
substitution of Asp362 to Ala in FIhF
(PP_4343) with C-terminal mCherry
tag linked with Gly and Ser

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378) in-frame
substitution of Lys229 to Ala in FIhF
(PP_4343) with C-terminal mCherry
tag linked with Gly and Ser

this study

this study

this study

this study

this study

this study

this study



P8210

P8243

P8244

P8245

P8467

KT2440 FliC S267C
FIhF K235A-GS-
mCherry

FIiC S267C FIhF-GS-
mCherry FipA ATMD

FIiC S267C FIhF-GS-
mCherry FipA ATMD

FIiC S267C FipA
ATMD-DILEL-sfGFP

FIiC S267C FipA-
DILEL-sfGFP  FlhF
D362A

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378) in-frame
substitution of Lys235 to Ala in FIhF
(PP_4343) with C-terminal mCherry
tag linked with Gly and Ser

markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and in-frame
deletion of the N-terminal
transmembrane domain in the
protein FipA (Sputcn32 4331)
markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378), C-terminal
mCherry tag of FIhF (PP_4343)
linked with Gly and Ser and in-frame
deletion of the N-terminal
transmembrane domain in the
protein FipA (Sputcn32 4331)
markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FIiC (PP_4378) and in-frame
deletion of the N-terminal
transmembrane domain in the
protein FipA (Sputcn32_4331) with
C-terminal sfGFP tag linked with
Asp, lle, Leu, Glu and Leu
markerless in-frame substitution of
Ser267 to Cys in the flagellin protein
FliC (PP_4378), C-terminal sfGFP
tag of FipA (PP_4331) linked with
Asp, lle, Leu, Glu and Leu and in-
frame substitution of Asp362 to Ala
in FIhF (PP_4343)

Abbreviations: KO: knock out; KI: knock in

5.1.2 Plasmids and starter oligonucleotides (primer)

this study

this study

this study

this study

this study

All listed primers were acquired from and synthesized by the company Sigma-Aldrich,

Steinheim.

Table 5-2 Plasmids used in this study.

Plasmid

Purpose/description

Reference

pNPTS138-R6KT

mobRP4+ ori-R6K sacB; B-galactosidase fragment alpha; | 24
suicide vector for in-frame deletions or integrations; Kan"

pKT25

plac ori p15A vector for protein-protein interaction analysis; | 205
MCS downstream from T25 fragment encoding region; Kan’




pPKNT25 plac ori p15A vector for protein-protein interaction analysis; | 2°°
MCS upstream from T25 fragment encoding region; Kan'

pUT18 plac ori Col E1 vector for protein-protein interaction | 205
analysis; MCS downstream from T18 fragment encoding
region; Amp’

pUT18C plac ori Col E1 vector for protein-protein interaction | 20

analysis; MCS upstream from T18 fragment encoding
region; Amp’

Plasmids for S.
putrefaciens CN-32

pPNPTS138-R6KT polar | plasmid for deletion of the polar flagellar gene cluster | this study
flagellar cluster KO | (Sputcn32_2548-2608) in S. putrefaciens CN-32; Kan'
(Sputcn32_2548-2608)

pNPTS138-R6KT lateral | plasmid for deletion of the lateral flagellar gene cluster | '
flagellar cluster KO | (Sputcn32_3444-3485) in S. putrefaciens CN-32; Kan'
(Sputcn32_3444-3485)

pNPTS138-R6KT flagL plasmid for deletion of the lateral flagellin genes | *

KO (Sputcn32_3455, | (Sputcn32_3455, Sputcn32 _3456) in S. putrefaciens CN-
Sputcn32_3456) 32; Kan’

pNPTS138-R6KT hubP | plasmid for deletion of the hubP gene (Sputcn32_2442) in |

KO (Sputcn32_2442) S. putrefaciens CN-32; Kan'

pNPTS138-R6KT fIrA; | plasmid for deletion of the flrA; gene (Sputcn32_2580) in S. | 2%

KO (Sputcn32_2580) putrefaciens CN-32; Kan'

pNPTS138-R6KT  flhF  plasmid for deletion of the flhF gene (Sputcn32_2561)in S. | %

KO putrefaciens CN-32; Kan"

(Sputcn32_2561)

pNPTS138-R6KT flhG | plasmid for deletion of the flhG gene (Sputcn32_2560) in S. | '8

KO (Sputcn32_2560) putrefaciens CN-32; Kan'

PNPTS138-R6KT fliFG, | plasmid for deletion of the fliFs (Sputcn32_2576) and fliG | this study
KO (Sputcn32_2576, gene (Sputcn32_2575) in S. putrefaciens CN-32; Kan'
Sputcn32_2575)

pNPTS138-R6KT flhB | plasmid for deletion of the flhB gene (Sputcn32_2563)in S. |

KO (Sputcn32_2563) putrefaciens CN-32; Kan'

pNPTS138-R6KT fliK; @ plasmid for deletion of the fliK; gene (Sputcn32_2571)in S. |’

KO (Sputcn32_2571) putrefaciens CN-32; Kan'

pPNPTS138-R6KT plasmid for deletion of the gene Sputcn32 3157 in S. | this study
Sputcn32_3157 KO putrefaciens CN-32; Kan'

pPNPTS138-R6KT ybcG | plasmid for deletion of the ybcG gene (Sputcn32_1603) in | this study

KO (Sputcn32_1603)

S. putrefaciens CN-32; Kan'




PNPTS138-R6KT FIhF | plasmid for in frame complementation of flhF | this study
K256A (Sputcn32_2561) with FIhF K256A mutant in S
(Sputcn32_2561) putrefaciens CN-32; Kan'
pNPTS138-R6KT FIhF | plasmid for in frame complementation of flhF | this study
D328A (Sputcn32_2561) with FIhF D328A mutant in S.
(Sputcn32_2561) putrefaciens CN-32; Kan"
pPNPTS138-R6KT FIhF | plasmid for in frame complementation of flhF | this study
D390A (Sputcn32_2561) with FIhF D390A mutant in S.
(Sputcn32_2561) putrefaciens CN-32; Kan"
PNPTS138-R6KT FIhF- | plasmid for in frame complementation of flhF | this study
GS-Venus (Sputcn32_2561) with FIhnF-GS-mVenus in S. putrefaciens
(Sputcn32_2561) CN-32; Kan'
PNPTS138-R6KT FIhF- | plasmid for insertion of FIhF-GS-mVenus upstream from | this study
GS-mVenus arabinose | Sputcn32_2068 in S. putrefaciens CN-32; Kan'
inducible
(Sputcn32_2561)
pNPTS138-R6KT FIhF | plasmid for in frame complementation of flhF | this study
K256A-GS-mVenus (Sputcn32_2561) with FIhnF K256A-GS-mVenus mutant in
(Sputcn32_2561) S. putrefaciens CN-32; Kan'
pPNPTS138-R6KT FIhF | plasmid for in frame complementation of flhF | this study
D328A-GS-mVenus (Sputcn32_2561) with FIhF D328A-GS-mVenus mutant in
(Sputcn32_2561) S. putrefaciens CN-32; Kan'
pPNPTS138-R6KT FIhF | plasmid for in frame complementation of flhF | this study
D390A-GS-mVenus (Sputcn32_2561) with FIhF D390A-GS-mVenus mutant in
(Sputcn32_2561) S. putrefaciens CN-32; Kan'
PNPTS138-R6KT fipA | plasmid for deletion of the fipA gene (Sputcn32_2550) in S. | this study
KO (Sputcn32_2550) putrefaciens CN-32; Kan'
pPNPTS138-R6KT fipA | plasmid for in frame complementation of fipA | this study
Kl (Sputcn32_2550) (Sputcn32_2550) with wild type fipA in S. putrefaciens CN-

32; Kan"
pPNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study
ATMD (AS5-23) | (Sputcn32_2550) with FipA ATMD mutantin S. putrefaciens
(Sputcn32_2550) CN-32; Kan'
PNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study
G106A (Sputcn32_2550) with FipA G106A mutant in S.
(Sputcn32_2550) putrefaciens CN-32; Kan'
PNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study

L118A (Sputcn32_2550)

(Sputcn32_2550) with FipA L118A mutant in S
putrefaciens CN-32; Kan'




PNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study
L125A (Sputcn32_2550) | (Sputcn32_2550) with FipA L125 mutant in S. putrefaciens

CN-32; Kan"
pPNPTS138-R6KT FipA- | plasmid for in frame complementation of fipA | this study
DILEL-sfGFP (Sputcn32_2550) with FipA-DILEL-sfGFP in S. putrefaciens
(Sputcn32_2550) CN-32; Kan'
pNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study
ATMD-DILEL-sfGFP (Sputcn32_2550) with FipA ATMD-DILEL-sfGFP mutant in
(AS5-23) S. putrefaciens CN-32; Kan'
(Sputcn32_2550)
PNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study
G106A-DILEL-sfGFP (Sputcn32_2550) with FipA G106A-DILEL-sfGFP mutant in
(Sputcn32_2550) S. putrefaciens CN-32; Kan'
pPNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study
L116A-DILEL-sfGFP (Sputcn32_2550) with FipA L116A-DILEL-sfGFP mutant in
(Sputcn32_2550) S. putrefaciens CN-32; Kan'
pPNPTS138-R6KT FipA | plasmid for in frame complementation of fipA | this study

L125A-DILEL-sfGFP
(Sputcn32_2550)

(Sputcn32_2550) with FipA L125A mutant in S
putrefaciens CN-32; Kan"

PNPTS138-R6KT FIliM;-
GS-sfGFP
(Sputcn32_2569)

plasmid for in frame complementation of fliM;
(Sputcn32_2569) with FliM-GS-sfGFP in S. putrefaciens
CN-32; Kan'

pPNPTS138-R6KT FIhB
A358-376*
(Sputcn32_2563)

plasmid for in frame complementation of flhB
(Sputcn32_2563) with FIhB A358-376" mutant in S.
putrefaciens CN-32; Kan"

PNPTS138-R6KT FIhB
N269A
(Sputcn32_2563)

plasmid for in frame complementation of flhB
(Sputcn32_2563) with FIhB N269A mutant in S.
putrefaciens CN-32; Kan"

pNPTS138-R6KT FIhB
Y376A
(Sputcn32_2563)

plasmid for in frame complementation of flhB
(Sputcn32_2563) with FIhB Y376A mutant in S.
putrefaciens CN-32; Kan'

pNPTS138-R6KT FIhB-
3xFLAG
(Sputcn32_2563)

plasmid for in frame complementation of flhB
(Sputcn32_2563) with FIhB-3xFLAG in S. putrefaciens CN-
32; Kan'

pNPTS138-R6KT FIhB
A358-376*-3xFLAG
(Sputcn32_2563)

plasmid for in frame complementation of flhB
(Sputcn32_2563) with FIhB A358-376"-3xFLAG mutant in
S. putrefaciens CN-32; Kan'

pNPTS138-R6KT FIhB
N269A-3xFLAG
(Sputcn32_2563)

plasmid for in frame complementation of flhB
(Sputcn32_2563) with FIhB N269A-3xFLAG mutant in S.
putrefaciens CN-32; Kan'




pNPTS138-R6KT FIhB
Y376A-3xFLAG
(Sputcn32_2563)

plasmid for in frame complementation of flhB
(Sputcn32_2563) with FIhB Y376A-3xFLAG mutant in S.
putrefaciens CN-32; Kan'

1

Plasmids for P. putida
KT2440

PNPTS138-R6KT  flhF

KO (PP_4343)

plasmid for deletion of the flhF gene (PP_4343) in P. putida
KT2440; Kan'

this study

pNPTS138-R6KT  FIhF
K229A (PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhnF K229A mutant in P. putida KT2440; Kan'

this study

pNPTS138-R6KT FIhF
K235A (PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhnF K235A mutant in P. putida KT2440; Kan"

this study

pNPTS138-R6KT FIhF
D301A (PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhF D301A mutant in P. putida KT2440; Kan'

this study

pNPTS138-R6KT FIhF
D362A (PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhF D362A mutant in P. putida KT2440; Kan"

this study

pNPTS138-R6KT FIhF-
GS-mCherry (PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhF-GS-mCherry in P. putida KT2440; Kan"

this study

pNPTS138-R6KT FIhF
K229A-GS-mCherry
(PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhF K229A-GS-mCherry mutant in P. putida KT2440;
Kan'

this study

pNPTS138-R6KT FIhF
K235A-GS-mCherry
(PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhF K235A-GS-mCherry mutant in P. putida KT2440;
Kan'

this study

pNPTS138-R6KT FIhF
D301A-GS-mCherry
(PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhF D301A-GS-mCherry mutant in P. putida KT2440;
Kan'

this study

pNPTS138-R6KT FIhF
D362A-GS-mCherry
(PP_4343)

plasmid for in frame complementation of flhF (PP_4343)
with FIhF D362A-GS-mCherry mutant in P. putida KT2440;
Kan'

this study

pNPTS138-R6KT
KO (PP_4331)

fipA

plasmid for deletion of the fipA gene (PP_4331) in P. putida
KT2440; Kan'

this study

pNPTS138-R6KT
Kl (PP_4331)

fipA

plasmid for in frame complementation of fipA (PP_4331)
with wild type fipA in P. putida KT2440; Kan’

this study

pNPTS138-R6KT FipA
ATMD (AS5-22)
(PP_4331)

plasmid for in frame complementation of fipA (PP_4331)
with FipA ATMD mutant in P. putida KT2440; Kan'

this study

pNPTS138-R6KT FipA
G104A (PP_4331)

plasmid for in frame complementation of fipA (PP_4331)
with FipA G104A mutant in P. putida KT2440; Kan'

this study

PNPTS138-R6KT FipA
L116A (PP_4331)

plasmid for in frame complementation of fipA (PP_4331)
with FipA L116A mutant in P. putida KT2440; Kan"

this study




PNPTS138-R6KT FipA | plasmid for in frame complementation of fipA (PP_4331) | this study
L123A (PP_4331) with FipA L123A mutant in P. putida KT2440; Kan"

PNPTS138-R6KT FipA- | plasmid for in frame complementation of fipA (PP_4331) | this study
DILEL-sfGFP (PP_4331) | with FipA-DILEL-sfGFP in P. putida KT2440; Kan'

pPNPTS138-R6KT FipA | plasmid for in frame complementation of fipA (PP_4331) | this study
ATMD-DILEL-sfGFP with FipA ATMD-DILEL-sfGFP mutant in P. putida KT2440;

(AS5-22) (PP_4331) Kan'

PNPTS138-R6KT FipA | plasmid for in frame complementation of fipA (PP_4331) | this study
G104A-DILEL-sfGFP with FipA G104A-DILEL-sfGFP mutantin P. putida KT2440;

(PP_4331) Kan’

PNPTS138-R6KT FipA | plasmid for in frame complementation of fipA (PP_4331) | this study
L116A-DILEL-sfGFP with FipA L116A-DILEL-sfGFP mutant in P. putida KT2440;

(PP_4331) Kan'

pPNPTS138-R6KT FipA | plasmid for in frame complementation of fipA (PP_4331) | this study
L123A-DILEL-sfGFP with FipA L123A-DILEL-sfGFP mutant in P. putida KT2440;

(PP_4331) Kan'

S. putrefaciens CN-32

BACTH plasmids

pKT25 FIhF | plasmid for BACTH assay carrying T25-FIhF | this study
(Sputcn32_2561) (Sputcn32_2561); Kan'

PKNT25 FIhF | plasmid for BACTH assay carrying FIhF-T25 | this study
(Sputcn32_2561) (Sputcn32_2561); Kan'

puUT18 FIhF | plasmid for BACTH assay carrying FIlhF-T18 | this study
(Sputcn32_2561) (Sputcn32_2561); Amp’

puUT18C FIhF | plasmid for BACTH assay carrying T18-FIhF | this study
(Sputcn32_2561) (Sputcn32_2561); Amp’

pKT25 FIhF K256A | plasmid for BACTH assay carrying T25-FIhF K256A | this study
(Sputcn32_2561) (Sputcn32_2561); Kan'

PKNT25 FIhF K256A | plasmid for BACTH assay carrying FIhF K256A -T25 | this study
(Sputcn32_2561) (Sputcn32_2561); Kan'

pUT18 FIhF K256A | plasmid for BACTH assay carrying FIhF K256A -T18 | this study
(Sputcn32_2561) (Sputcn32_2561); Amp’

pUT18C FIhF K256A | plasmid for BACTH assay carrying T18-FIhF K256A | this study
(Sputcn32_2561) (Sputcn32_2561); Amp’

pKT25 FIhF D328A | plasmid for BACTH assay carrying T25-FIhnF D328A | this study
(Sputcn32_2561) (Sputcn32_2561); Kan'

pPKNT25 FIhF D328A | plasmid for BACTH assay carrying FIhF D328A -T25 | this study

(Sputcn32_2561)

(Sputcn32_2561); Kan'




pUT18 FIhF D328A | plasmid for BACTH assay carrying FIhF D328A -T18 | this study
(Sputcn32_2561) (Sputcn32_2561); Amp'
pUT18C FIhF D328A | plasmid for BACTH assay carrying T18-FIhnF D328A | this study
(Sputcn32_2561) (Sputcn32_2561); Amp'
pKT25 FIhF D390A | plasmid for BACTH assay carrying T25-FIhnF D390A | this study
(Sputcn32_2561) (Sputcn32_2561); Kan'
pPKNT25 FIhF D390A | plasmid for BACTH assay carrying FIhF D390A -T25 | this study
(Sputcn32_2561) (Sputcn32_2561); Kan'
pUT18 FIhF D390A | plasmid for BACTH assay carrying FlhF D390A -T18 | this study
(Sputcn32_2561) (Sputcn32_2561); Amp'
pUT18C FIhF D390A | plasmid for BACTH assay carrying T18-FIhnF D390A | this study
(Sputcn32_2561) (Sputcn32_2561); Amp'
pKT25 FipA | plasmid for BACTH assay carrying T25-FipA | this study
(Sputcn32_2550) (Sputcn32_2550); Kan'
pKNT25 FipA | plasmid for BACTH assay carrying FipA-T25 | this study
(Sputcn32_2550) (Sputcn32_2550); Kan'
puUT18 FipA | plasmid for BACTH assay carrying FipA-T18 | this study
(Sputcn32_2550) (Sputcn32_2550); Amp'
puUT18C FipA | plasmid for BACTH assay carrying T18-FipA | this study
(Sputcn32_2550) (Sputcn32_2550); Amp'
pKT25 FipA G106A | plasmid for BACTH assay carrying T25-FipA G106A | this study
(Sputcn32_2550) (Sputcn32_2550); Kan'
pKNT25 FipA G106A | plasmid for BACTH assay carrying FipA G106A -T25 | this study
(Sputcn32_2550) (Sputcn32_2550); Kan'
pUT18 FipA G106A | plasmid for BACTH assay carrying FipA G106A -T18 | this study
(Sputcn32_2550) (Sputcn32_2550); Amp'
pUT18C FipA G106A | plasmid for BACTH assay carrying T18-FipA G106A | this study
(Sputcn32_2550) (Sputcn32_2550); Amp'
pKT25 FipA L116A | plasmid for BACTH assay carrying T25-FipA L116A | this study
(Sputcn32_2550) (Sputcn32_2550); Kan'
pKNT25 FipA L116A | plasmid for BACTH assay carrying FipA L116A -T25 | this study
(Sputcn32_2550) (Sputcn32_2550); Kan'
pUT18 FipA L116A | plasmid for BACTH assay carrying FipA L116A -T18 | this study
(Sputcn32_2550) (Sputcn32_2550); Amp'
pUT18C FipA L116A | plasmid for BACTH assay carrying T18-FipA L116A | this study
(Sputcn32_2550) (Sputcn32_2550); Amp'
pKT25 FipA L125A | plasmid for BACTH assay carrying T25-FipA L125A | this study

(Sputcn32_2550)

(Sputcn32_2550); Kan'




PKNT25 FipA L125A | plasmid for BACTH assay carrying FipA L125A -T25 | this study

(Sputcn32_2550) (Sputcn32_2550); Kan'

pUT18 FipA L125A | plasmid for BACTH assay carrying FipA L125A -T18 | this study

(Sputcn32_2550) (Sputcn32_2550); Amp'

pUT18C FipA L125A | plasmid for BACTH assay carrying T18-FipA L125A | this study

(Sputcn32_2550) (Sputcn32_2550); Amp'

P. putida KT2440

BACTH plasmids

pKT25 FIhF (PP_4343) | plasmid for BACTH assay carrying T25-FIhF (PP_4343); | this study
Kan'

pPKNT25 FIhF (PP_4343) | plasmid for BACTH assay carrying FIhF-T25 (PP_4343); | this study
Kan'

pUT18 FIhF (PP_4343) | plasmid for BACTH assay carrying FIhF-T18 (PP_4343); | this study
Amp’

pUT18C FIhF (PP_4343) | plasmid for BACTH assay carrying T18-FIhF (PP_4343); | this study
Amp’

pKT25 FIhF K229A | plasmid for BACTH assay carrying T25-FIhF K229A | this study

(PP_4343) (PP_4343); Kan"

PKNT25 FIhF K229A | plasmid for BACTH assay carrying FIhF K229A -T25 | this study

(PP_4343) (PP_4343); Kan"

pUT18 FIhF K229A | plasmid for BACTH assay carrying FIhF K229A -T18 | this study

(PP_4343) (PP_4343); Amp’

pUT18C FIhF K229A | plasmid for BACTH assay carrying T18-FIhF K229A | this study

(PP_4343) (PP_4343); Amp’

pKT25 FIhF K235A | plasmid for BACTH assay carrying T25-FIhF K235A | this study

(PP_4343) (PP_4343); Kan"

pPKNT25 FIhF K235A | plasmid for BACTH assay carrying FIhF K235A -T25 | this study

(PP_4343) (PP_4343); Kan"

pUT18 FIhF K235A | plasmid for BACTH assay carrying FIhF K235A -T18 | this study

(PP_4343) (PP_4343); Amp’

pUT18C FIhF K235A | plasmid for BACTH assay carrying T18-FIhF K235A | this study

(PP_4343) (PP_4343); Amp’

pKT25 FIhF D301A | plasmid for BACTH assay carrying T25-FIhF D301A | this study

(PP_4343) (PP_4343); Kan"

pKNT25 FIhF D301A | plasmid for BACTH assay carrying FIhF D301A -T25 | this study

(PP_4343) (PP_4343); Kan"

pUT18 FIhF D301A | plasmid for BACTH assay carrying FIhF D301A -T18 | this study

(PP_4343)

(PP_4343); Amp'




pUT18C FIhF D301A | plasmid for BACTH assay carrying T18-FIhF D301A | this study

(PP_4343) (PP_4343); Amp’

pKT25 FIhF D362A | plasmid for BACTH assay carrying T25-FIhnF D362A | this study

(PP_4343) (PP_4343); Kan"

pKNT25 FIhF D362A | plasmid for BACTH assay carrying FlhF D362A -T25 | this study

(PP_4343) (PP_4343); Kan’

pUT18 FIhF D362A | plasmid for BACTH assay carrying FIhF D362A -T18 | this study

(PP_4343) (PP_4343); Amp’

pUT18C FIhF D362A | plasmid for BACTH assay carrying T18-FIhnF D362A | this study

(PP_4343) (PP_4343); Amp’

pKT25 FipA (PP_4331) | plasmid for BACTH assay carrying T25-FipA (PP_4331); | this study
Kan'

pPKNT25 FipA | plasmid for BACTH assay carrying FipA-T25 (PP_4331); | this study

(PP_4331) Kan’

pUT18 FipA (PP_4331) | plasmid for BACTH assay carrying FipA-T18 (PP_4331); | this study
Amp’

puUT18C FipA | plasmid for BACTH assay carrying T18-FipA (PP_4331); | this study

(PP_4331) Amp’

pKT25 FipA G104A | plasmid for BACTH assay carrying T25-FipA G104A | this study

(PP_4331) (PP_4331); Kan'

PKNT25 FipA G104A | plasmid for BACTH assay carrying FipA G104A -T25 | this study

(PP_4331) (PP_4331); Kan"

pUT18 FipA G104A | plasmid for BACTH assay carrying FipA G104A -T18 | this study

(PP_4331) (PP_4331); Amp’

pUT18C FipA G104A | plasmid for BACTH assay carrying T18-FipA G104A | this study

(PP_4331) (PP_4331); Amp’

pKT25 FipA L116A | plasmid for BACTH assay carrying T25-FipA L116A | this study

(PP_4331) (PP_4331); Kan'

pPKNT25 FipA L116A | plasmid for BACTH assay carrying FipA L116A -T25 | this study

(PP_4331) (PP_4331); Kan"

pUT18 FipA L116A | plasmid for BACTH assay carrying FipA L116A -T18 | this study

(PP_4331) (PP_4331); Amp’

pUT18C FipA L116A | plasmid for BACTH assay carrying T18-FipA L116A | this study

(PP_4331) (PP_4331); Amp’

pKT25 FipA L125A | plasmid for BACTH assay carrying T25-FipA L123A | this study

(PP_4331) (PP_4331); Kan'

pPKNT25 FipA L125A | plasmid for BACTH assay carrying FipA L123A -T25 | this study

(PP_4331)

(PP_4331); Kan'




pUT18 FipA L125A | plasmid for BACTH assay carrying FipA L123A -T18 | this study
(PP_4331) (PP_4331); Amp'
pUT18C FipA L125A | plasmid for BACTH assay carrying T18-FipA L123A | this study
(PP_4331) (PP_4331); Amp’
Table 5-3 Primers used in this study.
Identifier Name Sequence (5’2 3’) Purpose
M13 TGT AAA ACG ACG GCC AGT CC CP/SP
M13r CAC ACA GGA AAC AGC TATGACC CP/SP
JH3 fliE1-fliF1 fwd TTT GAA GCG ACG GTACAAGTGC CP
JH8 fliG1-fliH1 rev TTT CAGCCATTIGTTG GAG GTGC CP
JH11 flil1-fliJ1 fw GCG ATG AATGCC TTC TTAAGG C CP
JH27 fliQ1-fliR1 fw GCAGTGTITCAAGCTGCCACTT CP
JH36 flhF1-flhG1 fwd GCG CTGAGT GTG TTG ATC CAA A CP
JH37 flhG1-fliA1 rev CAA CGG AGCATACTGTTCAACG CP
JH77 EcoRV-flIhB KO- GCC AAG CTT CTC TGC AGG AT GCG ATG KO
fwd GGG TTT GTT TCC CAG A
JH78 OL-flhB KO-rev TTT AAT GGG CTG CTC TCT TCA GCC ATA KO
CTG AG
JH79 OL-flhB KO-fwd AGA GAG CAG CCC ATT AAA TCA GCC TAT KO
CCCTGATGATTT AAAATATTA ATG
JH80 EcoRV-flIhB KO- GCGAATTCG TGG ATC CAG AT TCC ATC GCA
rev CCATAG AAATCT GC KO
JH81 Check-flnB KO- GCA AAT TCC AGG GCT ATTGCT G CP
rev
JH84 EcoRV-fliIK KO- GCC AAG CTT CTC TGC AGG AT GAT GGC KO
fwd GAATGC AGATCCCTTA
JH85 OL-fliK KO-rev ACC AGA ATG CAT TTG TTG CAT ATC AGC KO
TCC CAA ACC
JH86 OL-fliK KO-fwd CAA CAAATG CAT TCT GGT ATA GAT TAT TAC KO
GCT TAAGC
JH87 EcoRV-fliIK KO- GCG AAT TCG TGG ATC CAG AT CCT TAACCT KO
rev CTT TAA GGT ACT GAA ATT ACG
JH88 Check-fliKk KO-rev TCA AGATCATCATCG TCATCG ACG CP
JH98 EcoRV FliM1 N- GCGAAT TCG TGG ATC CAG AT GCT CAT TGA Kl

term fwd

AGATGC TCT CCT G




JH101

JH102

JH103

JH104

JH105

JH148

JH151

JH152

JH166

JH171

JH172
JH173
JH199

JH200

JH201

JH202

JH211

JH212

JH218

EcoRV FIliM1 N-

term rev

Check-GFP FliM1-

fwd

Check-GFP FIliM1

KO-rev

OL FliM1 GFP rev

OL FliM1 GFP fwd

EcoRV FIhF C-

term fwd

EcoRV FlhF C-

term rev

Check-FlhF-
FLAG-fwd

EcoRV-
2069_GFP-fwd

EcoRV-2068-rev

Check-ParB-fwd
Check-ParB-rev

OL-FIhF-Venus
rev

OL_Venus fwd

OL_Venus rev

OL-FIhF-Venus
fwd

FIhF-Ven
Seq_Primer

FIhG-Ven
Seq_Primer

FIhF-Ven
Seq_Primer fwd

GCC AAG CTT CTC TGC AGG AT AAT AAAACT
GCG GCCCACTTCC

GCA GTT CAG ATG AGT CATCCT C

GAC ATT TTG GCA GTT GAT GCG AC

GAA AAG TTC TTC TCC TTT GCT GCT GCC
TAATTC AGATATATC TCT AGC TTT GCC TTT
GC

GGA TGA GCT CTA CAA AGG ATC C TAA GGT
GAA GCA AGA TGA GCA CAG AAG ATA

GCG AAT TCG TGG ATC CAG AT GCA AGA AAT
GGTTGGACAGCCT

GCCAAGCTT CTC TGC AGG AT GCCACATCT
AAA AAT CGG TCG G

GCATCA GTC AAT GCAAGC AAC C

GCGAATTCGTGG ATC CAGATCCGTTTAGC
CGTAGAACATGAT

GCC AAG CTT CTC TGC AGG AT GCC GCT
TGT CTT ACT TCG GTAT

GCCAACCTTTGC TTG GTATCTC
GCG GTAATT TGC TGT GCC TCT A

CAC GCT GCC CTC AAA TGC ACA GGC CAT
ATTATC TG

GCA TTT GAG GGC AGC GTG AGC AAG GGC
GAG GAGCTGTT

GTCATAACTTTACTT GTACAG CTC GTC CAT
GCC

TAC AAG TAA AGT TAT GAC CCT GGA TCA
AGC AAG

GCT GAG TTAGTACGA GCACTAC
CGATATTATTGTCCGTGG GCC T

GCT GTT GTAGTT GTACTC CAG C

Ki

CP

CP

Ki

Ki

Ki

Ki

CcP

Ki

Ki

CP
CP
Ki

Ki

Ki

Ki

SP

SP

SP



JH151

JH252

JH253

JH254

JH255

JH256

JH257

JH294

JH295

JH296

JH297

JH298

JH299

JH320

JH321

JH322

JH323

JH324

JH325

EcoRV FIhF C-
term rev

EcoRV-2550-GFP-
fwd

OL-2550-GFP-rev

OL-2550-GFP-fwd

EcoRV-2550-GFP-
rev

Check-2550-GFP-
fwd

Check-2550-GFP-
rev

OL-2069_FIhF-rev
OL-FIhF-Ven-fwd
OL-FIhF-Ven-rev
OL-2068-fwd
FIhF-Ven Ara ind

Seq fwd

FIhF-Ven Ara ind
Seq rev

BACTH 2550
pkT25 fwd
BACTH 2550
pkT25 rev

BACTH 2550 fwd

BACTH 2550 rev

EcoRV-
firA1_KO_fwd

EcoRV-
firA1_KO_rev

GCCAAGCTTCTC TGC AGG AT GCCACATCT
AAA AAT CGG TCG G

GCG AAT TCG TGG ATC CAG AT GCC ATC AAT
AAC GGAAAA GGG G

GAA AAG TTC TTC TCC TTT GCT CAG TTC
CAG AAT ATC TTT ACG ATG TAA CCG GAT
CAATAATTC AGC

GGA TGA GCT CTA CAA AGG ATC C TAA CGA
AGT GTA GGG GCT AAG ACG

GCCAAGCTTCTCTGCAGGATGCCTTTGTT
TAT ATG CTC GAC GG

CGA TGA AGA ATG GGC TGAACT C

CGA AGG ATGCGAGAATGACGAA

AAT CTT CAC TAG CAT CCC CGT ACA TTG
AAC TC

GGG ATG CTA GTG AAG ATT AAA CGA TTT
TTT GCC AAA GAC

AACATTAGCTTACTT GTACAG CTC GTC CAT
GC

TAC AAG TAAGCT AATGTTTTAGGG TCT TAC
GCG

GCA CAG GCC ATATTATCT GACC

GCATTG GCG CCT ATG AGC AATT

CA GGG TCGACT CTAGAG GGC GAT GAATTT
TTG ATC GCG G

TTA GTT ACT TAG GTA CCC GGG G TTT ACG
ATG TAA CCG GAT CAATAATTC AGC

C TGC AGG TCG ACT CTA GAG GGC GAT GAA
TTITTTGATC GCG G

GA GCT CGG TAC CCG GGG TTT ACG ATG
TAA CCG GAT CAATAATTC AGC

GCC AAG CTT CTC TGC AGG AT AGT AAT AGT
TTG AAC ATG GAT GAA GG

GCG AATTCG TGG ATC CAG AT CAG ATAACC
GCT GCA GAT GTG

Ki

KlI/ CP

KI/CP

Ki

Ki

KI/CP

KI/CP

Ki

Ki

Ki

Ki

SP

SP

BACTH

BACTH

BACTH

BACTH

KO

KO



JH331

JH339

JH340

JH341

JH342

JH343

JH344

JH345

JH346

JH349

JH350

JH367

JH425
JH426
JH427
JH460
JH461
JH462
JH463
JH464
JH465
JH466
JH467

OL_FIliM1 mCh
rev

EcoRV-
PolClusTotAdj
fwd

OL-PolClusTotAdj
rev

OL-PolClusTotAdj
fwd

EcoRV-
PolClusTotAdj rev

PolClusTotAdj
Check fwd

PolClusTotAdj
Check rev

Clusterll KO
Check fwd

Clusterll KO
Check rev

OL-FIhF_D390A
rev

OL-FIhF_D390A
fwd

FIhF-Ven
Seq_Primer rev

OL-GFP-fwd
OL-GFP-rev
OL -mCherry fwd
pKT25-for
pKT25-rev
pUT18-for
pUT18-rev
pKNT25-for
PKNT25-rev
pUT18C-for
pUT18C-rev

TTT GTATAA CTC ATC CAT ACC A

GCGAATTCG TGG ATC CAG AT GCT ACT TGG
CTCTTC TAAGTTC

AGC ATA TGC CGA CTC CAT GGG ATG ACC
TTAA

ATG GAG TCG GCA TAT GCT TAA TGT CCA
TGAACAC

GCC AAG CTT CTC TGC AGG AT GCC ATT
GGG TCT GAAAATTGC T

CGG CCA CAT CAAAAACGC CTAA

GCAAGACTTGCACTATAGCCGT

GCC GAG TAC GAC ACC ATT AAAG

GCC AGAGGACATTTGTCT CCTA

GAC TGATTC GGC GAG TTT TGT GAG CAC G

ACA AAA CTC GCC GAATCAGTC TCCCTCG

GCT GGA GTACAACTACAACAGC

AGC AAA GGA GAAGAACTTTTC
GGATCCTTT GTAGAG CTCATCC
GTT TCC AAA GGG GAA GAG GAC A
CAC TGA CGG CGG ATATCGACATGTT
CCG CCG GAC ATC AGC GCCATTC
CCAGGC TTT ACACTT TAT GCT TCC
GAC GCG CCTCGG TGC CCACTGC
CCCAGGCTTTACACTTTATGCTTCC
GTTTTTTTC CTT CGC CACGGCCTT G
CGG CGT GCC GAG CGGACGTTCG
TCA GCG GGT GTT GGC GGG TGT C

Ki

KO

KO

KO

KO

CcP

CP

CcP

CcP

Ki

Ki

SP

Kl

Ki

Kl
CP/SP
CP/SP
CP/SP
CP/SP
CP/SP
CP/SP
CP/SP
CP/SP



JH501

JH502

JH503

JH504

JH505

JH506

JH521

JH522

JH523

JH524

JH525

JH526

JH550
JH551

JH552

JH553

JH559

JH560

JH561

JH566

FIhF Seq_Primer
fwd

FIhF Seq_Primer
rev

EcoRV FliFG1 KO
fwd

OL- FliFG1 KO rev

OL- FIiIFG1 KO
fwd

EcoRV FliFG1 KO
rev

EcoRV-ybcG KO-
fwd

OL-ybcG KO-rev

OL-ybcG KO-fwd

EcoRV-ybcG KO-
rev

Check-ybcG KO-
fwd

Check-ybcG KO-
rev

OL-fipA L118A rev

OL-fipA L118A
fwd

OL-fipA G106A
rev
OL-fipA G106A
fwd

Check-firA1-KO-
rev_new

OL_flrA1_new_re
'

OL_flrA1_new_fw
d

OL-PPfipA G104A
rev

GCCCACTTTGGATCAACACACT

CGT GCT CAC AAAACT CGATGA A

GCG AAT TCG TGG ATC CAG AT GCC GAAAAC
TTG TGG CTG AAA A

ATC GCC ACC CCC GAC AAT CAT TTC TGT
GCTC

ATT GTC GGG GGT GGC GAT GAG TTC CTC
TAAT

GCCAAGCTT CTC TGC AGG AT GCAACC TAA
TAGTCACTGCTTG

GCGAATTCG TGG ATC CAG AT GCAGTAACG
GTGGCC TATTGAT

TGC ACT GTC CCA ATG AAA CGT CAT TTA
ATG AAA GCA AG

TTT CAT TGG GAC AGT GCA AGC TGA TAT
GTCG

GCCAAGCTT CTC TGC AGG AT GCT GGAATT
GCC GCAAATAGAC

GCT TCC TGT GGC AAAGTTTTG G

GCT TGG CGA TGC AAAATACTG G

AGC TTC AGC TTT GGG CGC TTC ACA
ATA AAA GAG TGT GAA GCG CCC AAA

TTC ATC GAC TCC CGC GGC AAG TCC

AAA ATG GTC GGA CTT GCC GCG GGA

CCG GAG TTAAAG GAGTAATGG C

AAGACTATTCATCTGTTT GCATCATTC AGT

AGGC

GCAAACAGATGAATAGTCTTTTGCATTTTT
AGT TATATTATT G

CAT CGATAC TCG CAG CCATCCC

SP

SP

KO

KO

KO

KO

KO

KO

KO

KO

CcP

CP

Ki
Ki

Ki

Ki

CP

KO

KO

Ki



JH567

JH568

JH569

JH576

JH577

JH578

JH579

JH587
JH588

JH598

JH608

JH609

JH634

JH635

JH636

JH637

JH638

JH639

OL-PPfipA G104A
fwd

OL-PPfipA L123A
rev

OL-PPfipA L123A
fwd

EcoRV-flhnF KO-
fwd

OL-flhF KO-rev

OL-flhF KO-fwd

EcoRV-flhF KO-
rev

OL-fipA L125A rev

OL-fipA L125A
fwd

EcoRV FIhF sub
rev

BACTH 2550
L125A pkT25 rev
BACTH 2550
L125A rev

OL-FipA L125A-
GFP-rev

EcoRV FIhB C-
term fwd

OL FIhB Y376A
FLAG rev

OL FIhB FLAG
fwd

EcoRV FIhB C-
term rev

Check FIhB C-
term fwd

GCT GGT GGG GATGGC TGC GAG T

ACACCTTGC TCATCG CCT CCGC

GGC CGA GGC GGA GGC GATGAG C

GCC AAG CTT CTC TGC AGG AT GCA TAG
GCGTCG GTGATT GAG G

TAA GTG AAG GCA TTT GAG TAG AGT TAT
GAC CCT GG

CTC AAA TGC CTT CAC TTA TGC GTC CTC
TAC TGG

GCG AAT TCG TGG ATC CAG ATG CTA AGC
ATTCTC CTAAGC TTG TTG

TAA CCG GAT CAAGGC TTC AGC TTC
GCT GAA GCT GAA GCC TTG ATC CGG

GCCAAGCTT CTC TGC AGG AT GCT CGT CAC
ATA CAACGACTAG

TTA GTT ACT TAG GTA CCC GGG G TTT ACG
ATG TAA CCG GAT CAAGGC TTC AGC

GA GCT CGG TAC CCG GGG TTT ACG ATG
TAA CCG GAT CAAGGC TTC AGC

GAA AAG TTC TTC TCC TTT GCT CAG TTC
CAG AAT ATC TTT ACG ATG TAA CCG GAT
CAAGGC TTC AGC

GCG AAT TCG TGG ATC CAG AT GAT TGT GGT
CATTGATGT GCCA

AAT ATCATGATCTTT ATAATC GCC ATC ATG
ATCTTT ATAATC CGC TTT TAAATC ATC AGG
GAT AGG C

ATT ATAAAG ATC ATG ATATTG ATT ATA AAG
ATG ATG ATG ATAAATAATGG CTT GCT CGT
TCACTCTT

GCCAAGCTT CTC TGC AGG AT GGATGA TAA
ATACCACTAAACCCAC

CAC CAT GCG TTAGATCTG TTG A

Ki

Ki

Ki

KO

KO

KO

KO

Ki
Ki

Ki

BACTH

BACTH

Ki

Ki

Ki

Ki

Ki

CP



JH640

JH641

JH642

JH643

JH644

JH645

JH646

JH647

JH648

JH649

JH655

JH656

JHG657

JH658

JH659

JH687

JH688

JH689

Check FIhB C-
term rev

OL FIhB A358-
376-FLAG rev

EcoRV-FIhB
N269A-fwd

OL FIhB N269A
rev

OL FIhB N269A
fwd

EcoRV-FIhB
N269A-rev

Check FIhB
N269A fwd

OL FIhB Y376A
rev

OL FIhB Y376A
fwd

EcoRV-FIhB
dPRR-FLAG-fwd

EcoRV FIhB C-
term fwd

OL FIhB FLAG rev

OL FIhB FLAG
fwd

Check FIhB C-
term fwd

Check FIhB C-
term rev

BACTH FIhF
pkT25 fwd
BACTH FIhF
pkT25 rev

BACTH FIhF fwd

ACT CAC CTC TGC AAT ACGACCA

AAT ATCATGATCTTT ATAATC GCC ATC ATG
ATCTTT ATAATCCCGTCCCTTTTGGTATTG
ACG CAA

GCG AAT TCG TGG ATC CAG AT GCG ATG
GGG TTT GTT TCC CAG A

ATA ATG CTC AGG GGC GAC GAC AATC

GTG ATT GTC GTC GCC CCT GAG CAT

GCCAAGCTT CTC TGC AGG AT TCC ATC GCA
CCA TAG AAATCT GC

GCCATGGCGATTACCTTTGCAA

ACG AGC AAG CCA TTA CGC TTT TAA ATC
ATC

CCT GAT GAT TTA AAA GCG TAA TGG CTT
GCT

GCG AAT TCG TGG ATC CAG AT GCG ATG
GGG TTT GTT TCC CAG A

GCG AAT TCG TGG ATC CAG AT GAT TGT GGT
CATTGATGT GCCA

AAT ATCATG ATC TTT ATAATC GCC ATC ATG
ATC TTT ATAATC ATATTT TAAATC ATC AGG
GATAGGC

ATT ATAAAG ATC ATGATATTG ATT ATA AAG
ATG ATG ATG ATAAATAATGG CTT GCT CGT
TCACTCTT

CAC CATGCG TTAGATCTGTTG A

ACT CAC CTC TGC AAT ACGACCA

CA GGG TCGACT CTA GAG AAG ATT AAA CGA
TTTTTT GCC AAAGAC A

TTA GTT ACT TAG GTA CCC GGG G CTC AAA
TGC ACA GGC CAT ATTATCT

C TGC AGG TCG ACT CTA GAG AAG ATT AAA
CGATTT TTT GCC AAA GAC A

CP

Ki

Ki

Ki

Ki

Ki

CP

Ki

Ki

Ki

Ki

Ki

Ki

CP

CcP

BACTH

BACTH

BACTH



JH690

JH691

JH758

JH759

JH760

JH761

JH762

JH763

JH768

JH769

JH770

JH771

JH796

JH797

JH798

JH799

JH800

JH801

JH802

BACTH FIhF rev

BACTH FIhF GTG
fwd

EcoRV_FipA KO
fwd

OL-FipA KO rev

OL-FipA KO fwd

EcoRV-FipA KO
rev

Check-FipA KO
fwd

Check-FipA KO
rev

OL-PPfipA L116A
rev

OL-PPfipA
L1164A fwd

Check-PP_4331
(FipA) fwd
Check-PP_4331
(FipA) rev
EcoRV-PP_4331
KO-fwd

PP_4331 KO-OL-
rev

PP_4331KO-OL-
fwd

EcoRV-PP_4331
KO-rev

Check-
PP_4331KO-fwd

Check-
PP_4331KO-rev

EcoRV-PP_4331-
GFP-fwd

GA GCT CGG TAC CCG GGG CTC AAA TGC
ACA GGC CATATTATCT

C TGC AGG TCG ACT CTA GAG GTG AAG ATT
AAACGATTT TTT GCC AAAG

GCG AAT TCG TGG ATC CAG AT TTT TAG GTA
TCATTAACT TAC GTG GTAATG T

ACA CTT CGC TAT TTACGA TG ATC GCC CAT
TAAAAATCCTTATGC A

AAG GAT TTT TAATGG GCG AT CAT CGT AAA
TAG CGA AGT GTA GGG

GCCAAGCTT CTC TGC AGG AT GAACTG ATC
GCCTTTGTT TATATGC

AAG AAATGT CGC AGC CGT AGC

CCAGTT GCGACAATCTTCGGAG

CAT CAA CTC CGC CTC GGC CTG GGT CGC
GCC GCA GCT CTG GGT

GAGTTGACCCAGAGCT GCGGCG CGACCC
AGG CC GAG GCG

GCT TAC GAA CAG AAC GCAAGGC

GCA ATACGT GAT TTC GGT GCA G

GCG AAT TCG TGG ATC CAG AT GCAGAT GCA
CGC CAA ACA GAAA

TCA AGG AGC TAG GAT CAA CTC AGA TGT
TCT CCAGC

TTG ATC CTA GCT CCT TGA CGG GGT ACC
CTCG

GCCAAGCTTCTC TGC AGG AT GCATGAATT
GCC TGT ACA ACA CCA

GCG AAACGATCG ATC AGG TCG A

GCA CCG TAATCG AACACATGT G

GCG AAT TCG TGG ATC CAG AT GCAGAT GCA
CGC CAAACA GAAA

BACTH

BACTH

KO

KO

KO

KO

CcP

CP

Ki

Ki

CcP

CP

KO

KO

KO

KO

CP

CP

Ki



JH803

JH804

JH805

JH806

JH807

JH808

JH809

JH810

JH811

JH812

JH813

JH814

JH815

JH816

JH817

JH818

JH819

JH820

JH821

PP_4331-GFP-OL-
rev

PP_43310-GFP-
OL-fwd

EcoRV-PP_4331-
GFP-rev

EcoRV-FIhF-mCh-
fwd

FIhF-mCh-OL-rev

FIhF-mCh-OL-fwd

EcoRV-FIhF-mCh-
rev

Check-PP_4343
KO-fwd

Check-PP_4343
KO-rev

BACTH PP FipA
pkT25 fwd

BACTH PP FipA
pkT25 rev

BACTH PP FipA
fwd

BACTH PP FipA
rev

BACTH PP FIhF
pkT25 fwd

BACTH PP FIhF
pkT25 rev

BACTH PP FIhF
fwd

BACTH PP FIhF
rev

EcoRV FIhF sub
fwd

OL-FIhF
rev

K256A

GAA AAG TTC TTC TCC TTT GCT CAG TTC
CAG AAT ATC AGG AGC CCG GTA CAC CTT
GCTC

GGA TGA GCT CTA CAA AGG ATC C TGA CGG
GGT ACC CTC GGC AGC A

GCCAAGCTT CTC TGC AGG AT GCATGAATT
GCC TGT ACA ACA CCA

GCGAAT TCG TGG ATC CAG ATGCATGGACA
GCTTCC GTATCG G

CTC TTC CCC TTT GGA AAC GCT GCC ACC
CGCTCGCCGTGG GTT GTG A

ATG GAT GAG TTA TAC AAA TGA CCA TGA
AGC GTG TGC AAAG

GCCAAGCTTCTC TGC AGG AT GCC AACACA
CGG AAACGGTTCA

GCC TGA AAT CGA GCC GAT CGA A

GCG TCG GTAATC GAG GTAGGT T

CAGGG TCGACT CTAGAGATCCTAGAGGTT
GCTGTCATCT

TTA GTT ACT TAG GTA CCC GGG G AGG AGC
CCG GTACACCTTGCTC

C TGC AGG TCG ACT CTA GAG ATC CTA GAG
GTTGCT GTCATCT

GA GCT CGG TAC CCG GGG AGG AGC CCG
GTACACCTTGCTC

CA GGG TCG ACT CTA GAG CAA GTT AAG
CGATTTTTC GCC GC

TTA GTT ACT TAG GTA CCC GGG G ACC CGC
TCG CCGTGG GTTGTG A

C TGC AGG TCG ACT CTA GAG CAA GTT AAG
CGATTTTTC GCC GC

GA GCT CGG TAC CCG GGG ACC CGC TCG
CCGTGG GTTGTGA

GCGAATTCG TGG ATC CAGATGCATCAGTC
AAT GCAAGC AACC

AGC TAA TGA GGT CGT GGC ACC CAC GCC

Ki

Ki

Ki

Ki

Ki

Ki

Ki

CcP

CcP

BACTH

BACTH

BACTH

BACTH

BACTH

BACTH

BACTH

BACTH

Ki

Ki



JH822

JH823

JH824

JH825

JH826

JH827

JH828

JH829

JH830

JH831

JH832

JH833

JH834

JH835

JH838

JH839

JH840

JH841

JH842

OL-FIhF
fwd

Check-FIhF KI/O-
fwd

K256A

OL-FIhF D328A
rev

OL-FIhF D328A
fwd

EcoRV PPFIhF
sub fwd
OL-FIhF K235A
rev

OL-FIhF K235A
fwd

EcoRV PPFIhF
sub rev

Check-PP_4343
Kl-fwd

OL-FIhF D301A
rev

OL-FIhF  D301A
fwd

OL-FIhF  D362A
rev

OL-FIhnF  D362A
fwd

EcoRV PPFIhF
sub 1 rev

KT2440 FIhF Seq
primer rev

EcoRV-FipA dTM
fwd

OL-FipA dTM rev

OL-FipA dTM fwd

OL-PP_FipA dTM
rev

CCT ACT GGC GTG GGT GCC ACG ACC TCA

GCC ACT GGG TAG TGT CGT AAA A

CCC CAT ACC AGC GGT GGC TAT CAA TAC

AAG CTAGTA TTG ATA GCC ACC GCT GGT

GCG AATTCG TGG ATC CAG AT GCATGT TCT
GGC GTATCAGGAA

GCG CGC GGC CAG CGC GGC CAG GGT

GGC AAG ACC ACC ACC CTG GCC GCG CTG
GCC GCG

GCCAAGCTT CTC TGC AGG AT GCATGC TAC
CCATGTCTGTTCT

GCT ACC AGT GAT TAC CCT GGA G

TTG CAG GCC GGC AGT TGC GAT CAG CAC

CGC GTG GTG CTG ATC GCA ACT GCC GGC

AAG GCTTGC CGT TTC TGC GAG TTT GGT

ATC CTG ACC AAA CTC GCA GAA ACG GCA

GCC AAG CTT CTC TGC AGG AT GCG TCG
GTAATC GAG GTAGGT T

GCT GGT GAG CATGGA CAGCTTC

GCG AAT TCG TGG ATC CAG AT GCC GTAGCT
GCA AGT AAAGAT G

CTGCTTTTGTTC ATC GCC CAT TAAAAATCC
TTATGC

GGC GAT GAA CAA AAG CAG TTG AGT AAA
TTA CGT AAT AAAGTT G

GCT GTA GTT CTC TAG GAT CAA CTC AGA
TGT TCT CC

Ki

CP

Ki

Ki

Ki

Ki

Ki

Ki

CP

Ki

Ki

Ki

Ki

Ki

SP

Ki

Ki

Ki

Ki



JH843

MS352

MS353

MS354

MS355

MS356
MS357

OL-PP_FipA dTM ATC CTA GAG AAC TAC AGC AAG CGC CAG Kl
fwd CGCG

EcoRV-FIhB-fwd GCG AAT TCG TGG ATC CAG ATT TGC GAT Ki
GGG GTTTGT TTC CCA

OL-FIhB KO AAG CCA TTA CCG TCC CTT TTG GTA TTG Ki

C20AS rev ACG C

OL-FIhB KO AAG GGA CGG TAA TGG CTT GCT CGT TCA Ki

C20AS-fwd CTCTTC

EcoRV-FIhB-rev GCC AAG CTT CTC TGC AGG ATA ATC GCC Ki
ATT TGC TTA CCA GGC

Check-FlIhB-fwd AGAGTT CCAGCGTTT AGATCG G CP

Check-FlhB-rev TCAATG TCAAGC CGATGGCTT G CP

Abbreviations: fwd: forward; rev: reverse; KO: Knock out primer; Kl: Knock in primer, CP:
Check primer, SP: Sequencing primer, BACTH: Bacterial adenylate cyclase two-hybrid
system primer

5.1.3 Reagents

Reagents, which are not listed, were acquired from the companies Sigma-Aldrich, Taufkirchen
and Roth, Dautphetal.

5.1.4 Media, buffers, solutions

Acrylamide gels:

>

>
>
>

30 % acrylamide/ bisacrylamide-solution 37.5: 1 — Rotiphorese, Roth, Dautphetal
APS: 10 % (w/v) in ddH20; storage under exclusion of light at -20 °C
SDS-Lésung: 10 % (w/v) in ddH20

4x lower buffer (SDS-PAGE stacking gel buffer): 0.4 % SDS, 1.5 M Tris-HCI, pH 8.8;
storage at RT

4x upper buffer (SDS-PAGE separating gel buffer): 0.4 % SDS, 0.5 M Tris-HCI, pH 6.8;
storage at RT

10x SDS-PAGE running buffer: 250 mM Tris-Base, 1.92 M glycine, 0.25 % (w/v) SDS, pH
8.3; storage at RT

SDS-PAGE sample buffer, denaturing (2 x): 125 mM Tris, 4 % SDS, 20 % glycerol, 10 %
B-mercaptoethanol, 0.02 % bromophenol blue, pH 6.8; storage at RT

Coomassie staining solution: 0.1 % (w/v) Coomassie, 200 ml methanol, 50 ml acetic acid,
250 ml H2O; storage at RT

Fixing solution: 25 % (v/v) ethanol, 5 % (v/v) acetic acid, 70 % (v/v) H2O; storage at RT



Western blot:
» 10x Western transfer buffer: 0.25 M Tris Base, 1.92 M glycine; storage at RT

» 1x Western transfer buffer: 100 ml 10x Western transfer buffer, 100 ml methanol (100%),
add ddH20 up to one litre; storage at RT

» 10x PBS: 80 g NaCl, 2 g KCI, 17.8 g Na2HPO4 x 2 H20, 2.4 g KH2PO4, add ddH20O up to
one litre, pH 7.4; storage at RT

» 1x PBS-T: 100 ml 10x PBS, 1 ml Tween 20, add ddH>O up to one litre; storage at RT
» Blocking solution: 5 % milk powder in PBS-T; storage at 4 °C
» Antibody solution: 2.5 % milk powder in 1x PBS-T; storage at 4°C

Agarose gel electrophoresis:
» 50x TBE-Puffer: 2 M Tris-Base, 4.4 M boric acid (100 %), 50 mM EDTA, pH 8.0; storage
at RT

» 1x TBE-Puffer: 89 mM Tris-Base, 89 mM boric acid (100 %), 1 mM EDTA, pH 8.0; storage
at RT

» 6x Agarose gel electrophoresis loading buffer: 0.5 % (w/v) xylene cyanole, 0.5 % (w/v)
bromophenol blue, 30 % (w/v) glycerine; storage at RT

Spheroplast generation:

» 1 M Tris-HCI (pH 8.0); storage at RT
» 0.5 mg/ml lysozyme: dissolve in 10 - 20 mM Tris-HCI (pH 8.0); storage at -20 °C

» 5 mg/ml DNase: dissolve in DNase buffer (10 mM Tris-HCI (pH 7.5), 25 mM MgCI2, 1 mM
CacCl2)]; storage at -20 °C

> 125 mM EDTA-NaOH (pH 8.0); storage at RT
» STOP solution: 10 mM Tris-HCI at pH 8, 0.7 M sucrose, 20 mM MgCl,; storage at 4 °C

Antibiotic und additional media supplement stock solutions:

» Kanamycin-stock solution: 50 mg/ml in ddHO; storage at -20 °C
= Working concentration 50 pug/ml

» Ampicillin-stock solution: 50 mg/ml in ddHO; storage at -20 °C
=> Working concentration 50 pg/ml

» DAP-stock solution: 11.4 mg/ml in ddH20 = 60 mM; storage at -20 °C
=>» Working concentration 300 uM

» Arabinose-stock solution: 20% (w/v) in ddH»0; storage at -20 °C
=>Working concentration: 0.08 %

» Sucrose-stock solution: 80 % (w/v) in ddH2O; storage at RT
=>» Working concentration 10 %

» IPTG-stock solution: 100 mM in ddH20; storage at -20 °C



=>» Working concentration 100 uM
» X-Gal-stock solution: 50 mg/ml in ddH>0O; storage at -20 °C
= Working concentration 50 pug/ml

Media:

» LB-medium: 10 g tryptone, 5 g yeast extract, 10 g NaCl (readymade medium from Roth,
Karlsruhe) add ddH2O up to one litre; storage at RT

» LB-agar plates: 1.5 % (w/v) Micro Agar (Roth, Karlsruhe) in LB-Medium; addition of
appropriate supplement (e.g., antibiotic) after autoclaving and cooling to approx. 50 °C;
storage at4 °C

» LB-swimming plates: 0.3 % (w/v) Micro Agar in LB-Medium; let cool to 35 °C before
pouring; storage at 4 °C

Additional solutions:

» 5x isothermal reaction buffer: 25 % (w/v) PEG 8000, 500 mM Tris HCI pH 7.5, 50 mM
MgClz, 50 mM DTT, 5 mM NAD, 1 mM of every dNTP, fill up to 1 ml with ddH,O; storage
at-20 °C

» Gibson Assembly mix: 320 ul 5x isothermal reaction buffer, 0.64 ul T5 exonuclease, 20 pl
Phusion DNA polymerase (2 U/ul), 160 ul Tag DNA ligase (40 U/ul), 699,36 pl ddH20;
storage at -20 °C

5.1.5 Enzymes, antibodies, markers, kits, stains

Enzymes:
» Phusion polymerase — produced in house

» Taq polymerase — produced in house

Antibodies:
Monoclonal Anti-FLAG M2, HRP coupled (1:1000) — Sigma Aldrich, Taufkirchen

Anti-GFP from mouse IgG1k (1:5000) — Sigma Aldrich, Taufkirchen
Anti-mCherry from rabbit IgG (1:10000) — Biovision, USA

Anti-Mouse 1gG from goat, AP coupled (1:5000) — Sigma Aldrich, Taufkirchen
Anti-Rabbit 1IgG, AP coupled (1:20000) — Sigma Aldrich, Taufkirchen

YV V ¥V V VYV

Marker:
» BLUeye Prestained Protein Ladder — GeneDireX Inc., USA

> GeneRuler™ 1 kb DNA Ladder — Life Technologies, USA
» E.Z.N.A. DNA Probe Purification Kit — Omega Bio-tek, USA
» E.Z.N.A. Plasmid DNA Mini Kit — Omega Bio-tek, USA

» E.Z.N.A. Gel Extraction Kit — Omega Bio-tek, USA



» Western Lightning® Plus-ECL, Enhanced Chemiluminescence Substrate — PerkinElmer,
USA

» CDP-Star, Chemiluminescence Substrate — Sigma Aldrich, Taufkirchen

Stain:

» CF™ 405M maleimide dye — Sigma Aldrich, Taufkirchen

» CF™ 488A maleimide dye — Sigma Aldrich, Taufkirchen

» Alexa Fluor™ 568 C5 maleimide dye — Thermo Fisher Scientific GmbH, Dreieich

5.1.6 Consumables

» Immobilon™-P Transfer Membrane (PVDF-membrane) — Merck Chemicals GmbH,
Darmstadt

» Filtropur S 0,2 sterile filtre — Sarstedt AG, Nuimbrecht

5.1.7 Devices and software
Devices

Mastercycler nexus gradient — Eppendorf SE, Hamburg

NanoDrop 1000 Spectrophotometer — PEQLAB Biotechnologie GmbH, Erlangen
Leica DMI6000 B — Leica Camera AG, Wetzlar

Intas Photo imager — INTAS science imaging, Goéttingen

TE77 ECL Semi-Dry Transfer Unit — Amersham Biosciences Corp., UK
Ultrospec 2100 pro — Amersham Biosciences Corp., UK

Fusion SL4 — PEQLAB Biotechnologie GmbH, Darmstadt

YV V V¥V V VYV V VYV V

EPOCH2 microplate spectrophotometer — Biotek Instruments Inc, USA

Software

> ImageJ 1.52e Freeware 2%

» Silverfast 8.5.0r5 — LaserSoft Imaging, Inc., USA
» Prism 9.1.1 — GraphPad Software, USA

> BacStalk 1.7stable 2%®



5.2 Methods

5.2.1 DNA cloning for the generation of plasmids

For the creation of plasmids, listed in Table 5-2, with the aim of genomic mutation or ectopic
expression of proteins, the primers, listed in Table 5-3, were utilised. The creation of DNA
fragments for insertion into linearised vectors was achieved via PCR for which the Phusion
polymerase was used. Depending on the desired aim, the wild type or mutant strain DNA of
either S. putrefaciens CN-32 or P. putida KT2440 or plasmids carrying a fluorophore gene
were used as template. The volumes for all PCR components and the temporal and thermic

settings for the PCR cycler to run a Phusion-PCR are listed in Table 5-4.

Table 5-4. Recipe for 1x Phusion-PCR/ thermal and temporal parameters of the Phusion-
PCR.

reagent amount per temperature time step
PCR

10x High Fidelity 10 pl 98 °C 1 min 1. initial

buffer 30s denaturing

10 mM dNTPs 1.5 ul 98 °C 15s 2. denaturing

template-DNA (1:10) 1 pl 65 °C 25s 3. annealing

50 uM primer 1 0.25 pl 72 °C 15-30 4. extension =
s/ 1 kb ' return to 2.

X-times

50 uyM primer 2 0.25 ul 72 °C 5 min 5. final extension

Phusion polymerase 0.25 pl 4°C 0

ddH20 add up to 50 pl

5.2.2 Agarose gel electrophoresis

The analysis of PCR products was conducted via agarose gel electrophoresis. To achieve this
2 ul PCR product was mixed with the appropriate volume of sample buffer and loaded onto a
1 % (w/v) TBE-agarose gel containing 0.005 % (w/v) (20,05 ug/ml) ethidium bromide (EtBr)
and immersed in 0.5x TBE-buffer. To be able to determine the size of the PCR products on
the gel, 5 yl GeneRulerTM 1 kb DNA Ladder (Life Technologies, USA) was additionally loaded
onto the gel. The gel electrophoresis was run at a constant 120 V for 20-30 min at RT. After

the run the DNA products in the agarose gel were detected using UV light.

5.2.3 Purification of PCR products and ligation of plasmids

Following the detection of PCR product DNA bearing the correct size through gel
electrophoresis, the remaining PCR product was purified via the E.Z.N.A. DNA Probe
Purification Kit according to the accompanying protocol and eluted with ddH>O. The DNA
concentration of the eluate was then measured with the NanoDrop spectrophotometer which

had previously been blanked with ddH2O. Depending on the aim either the linearised pNPTS



vector for the genomic integration of mutations or one of the linearised BACTH (pKT25,
pKNT25, pUT18 and pUT18C) vectors was chosen for the next step. Here the ligation of the
linearised vector and insert was accomplished by utilisation of the Gibson Assembly method

for which the required amount of DNA insert was calculated with the following formula:

vector (ng) X insert (bp)
vektor (bp)

X 10 = required DNA insert amount (ng)

The amount of linearised vector used for the Gibson Assembly was 1 pl containing 25 ng/ul
DNA. If the concentration was higher or lower, the used volume was adjusted accordingly.
The calculated volumes of insert and vector were added to 15 uyl Gibson Assembly Mix and
filled up to 20 pl with ddH20O and incubated at 50 °C for 1 hour.

5.2.4 Bacterial transformation and selection of positive clones

To achieve transformation of bacterial cells 1 pl plasmid DNA or an entire Gibson Assembly
mix containing the ligated plasmid (20 ul) were added to 50 ul chemically competent E. coli
DH5a Apir, E. coli WM3064 or E. coli BTH101 and incubated on ice or 4 °C for 10 minutes.
Following this, a heat shock was performed at 42 °C for 30 s after which 800 pl LB medium
were added to the entire mixture. Regeneration of the bacteria then was conducted on a
thermoblock shaker at 37 °C (30 °C for BTH101) and 600 rpm for 1 h after which the bacterial
cells were precipitated by centrifugation (13000 rpm for 1 min) and 700 ul of the supernatant
were discarded. The bacterial pellet then was resuspended in the remaining supernatant and
plated on an agar plate, or in the case of the BTH101 strain inoculated into 5 ml LB medium,
containing the appropriate selection factor(s) or supplements. The cells then were incubated
over night at either 37 °C (DH5a Apir and WM3064) or 30 °C (BTH101). To check if the DH5a
Apir cells, which were directly transformed with the plasmid ligated by the Gibson Assembly
mix, contained the plasmid carrying the PCR insert used in the Gibson Assembly reaction, a
colony PCR Table 5-5 was conducted with 8 colonies which were streak from the plate. The
success of the Gibson Assembly and transformation then was analysed via agarose gel
electrophoresis after which a positive colony was inoculated in 10 ml LB medium + Kan and
incubated over night at 37 °C for plasmid extraction. For the conjugation, the extracted plasmid
was retransformed into WM3064 cells which were plated onto plates containing Kan and DAP

and incubated at 37 °C overnight.

5.2.5 Plasmid extraction and sequencing

The plasmid DNA was extracted out of the DH5a Apir cells by usage of the E.Z.N.A. Plasmid
DNA Mini Kit | (OMEGA Bio-tek, USA). Approximately 5 ml of overnight culture were used and
processed according to the operation manual. At the final step between 30 and 50 pl ddH20

were used to eluate the plasmid DNA. Following this the DNA content of the eluate was



measured by NanoDrop spectrophotometer and 15 pl containing at least 30 ng/ul DNA were
sent to the company SEQLAB Sequence Laboratories Géttingen for sequencing. If necessary,
appropriate sequencing primers were added to the shipment in the concentration of 10 uM. If
the sequencing result of the plasmid showed the expected DNA profile, the DH5a Apir cells
carrying the plasmid were inoculated into 10 ml LB + Kan medium and incubated overnight at
37 °C. on the following day 1,8 ml of the culture were mixed with 180 yl DMSO and shock

frozen in liquid nitrogen after which the strain then was stored at -80 °C.

5.2.6 Conjugation, colony PCR and strain storage

The conjugation of either Shewanella putrefaciens CN-32 or Pseudomonas putida KT2440
with the aim of genomic modification was initiated with the unification of equicellular amounts
(approximately 1 ml) of an over day culture containing either of the previously mentioned
species and of an over day culture, which had been supplemented with Kan and DAP,
containing WM3064 carrying the appropriate plasmid. Prior to unification the WM3064 cells
were washed, by centrifugation and resuspension in LB or another appropriate medium, to
remove any remaining Kan. The unified cells were resuspended in 200 pl LB medium and
dropped onto an LB + DAP plate in 4 individual 50 ul drops. Following an overnight incubation
at 30 °C the cells were washed from the plate with 2 ml LB + Kan medium. To remove any
excess DAP the acquired cells were additionally washed twice with 1 ml LB + Kan medium
before they were resuspended in 1 ml LB + Kan medium and diluted by a factor of 1:10 and
1:100, of which 100 ul then were plated on individual LB + Kan agar plates. After an overnight
incubation of these plates at 30 °C or over a weekend at RT, which from this step onward
alternatively can be done to overnight incubation at 30 °C, 25 Kan resistant colonies were
individually restreaked first onto an LB + Suc plate and then with the same toothpick onto an
LB + Kan plate. These plates then were incubated overnight at 30 °C and checked for colonies
which were resistant to Kan and sensitive to Succ. For the loop out 2 times 3 colonies were
selected carrying the previously mentioned traits and inoculated into 2 individual flask
containing10 ml LB medium. The inoculated cultures were then incubated for 3 h 30 min at 30
°C on a shaker at 160rpm and subsequently plated onto LB + Suc plates in 1:10 and 1:100
dilutions. After an overnight incubation at 30 °C, a total of 50 colonies (25 colonies per loop
out) were individually restreaked first onto an LB + Kan agar plate and then onto an LB + Suc
agar plate, which was followed by another overnight incubation at 30 °C. To now determine,
if the desired mutation had been achieved, a so-called Colony-PCR, for which the Taq
polymerase was utilised, was performed with colonies, which were both sensitive to Kan and
insensitive to Suc. The volumes for all PCR components and the temporal and thermic settings
for the PCR cycler to run a Colony-PCR are listed in Table 5-5.



Table 5-5. Recipe for 1x Tag-PCR/ thermal and temporal parameters of the Tag-PCR.

reagent amount per temperature time step
PCR
10x Taqg-buffer 2.5 ul 98 °C 1 min 1. initial
30s denaturing
10 mM dNTPs 0.5 ul 98 °C 15s | 2. denaturing
template-DNA (1:10) 1 pl 65 °C 25s 3. annealing
50 uyM primer 1 0.15 ul 72 °C 15-30 4. extension 2
s/ 1 kb ' return to 2.
X-times
50 uM primer 2 0.15 ul 72 °C 5 min 5. final extension
Taqg-polymerase 0.9 ul 4°C 0
High Fidelity 0.1 pl
Phusion polymerase
ddH.0 add up to 25 pl

The subsequently acquired PCR products were analysed via agarose gel electrophoresis to
determine a colony, which was carrying the desired genetic traits. If all the colonies were
negative the PCR was repeated. To prepare the positive colony the remaining colony material
was inoculated into 10 ml LB and incubated over night at RT while shaking at 116 rpm.
Following the incubation 1,8 ml of the culture were mixed with 180 ul DMSO and shock frozen

in liquid nitrogen. The strain then was stored at -80 °C.

5.2.7 Preparation of cells for microscopy

The strain of interest was inoculated into 10 ml of LB medium at OD 0.02 from an overnight
culture and grown to an approximate OD of 0.5. Once this point was reached 2 pl of the culture
were dropped on a slide consisting of 1 % agarose solved in LM medium. Following this a
coverslip was placed onto the agarose slide once the drop of culture had dried and the sample
was analysed via microscopy. If a time-lapse microscopy analysis was to be performed, a
specialised agarose slide was prepared inside an adhesive chamber stuck to a glass
microscopy slide, which could be sealed with a coverslip after the culture had been dropped

onto the agarose slide.

5.2.8 Staining of hook and filament structure
For the staining of extracellular structures, the stain of interest was always handled with cut
off pipet tips. To determine the required amount of exponentially growing culture the following

formula was used:

O;D * 1000 = required amount of culture (ul)

The appropriate amount of culture the was centrifuged at 3500 rpm for 5 min while the

maleimide stain was brought into RT about 1 min before the centrifuge cycle ended. Following



the centrifugation step, the supernatant was discarded, and the pellet was resuspended in 50
I sterile filtered 1x PBS. Then, depending on the stain used, between 0.5 and 1.5 pl of the
maleimide stain were added and everything was mixed by flicking the reaction tube. After a
15 min incubation at RT and under the exclusion of light, during which at the median timepoint
the reaction tube was reflicked, the sample was centrifuged at 3500 rpm for 5 min. After
discarding the supernatant anew, the resulting pellet was resuspended in 1 ml sterile filtered
PBS and again centrifuged at 3500 rpm for 5 min. The resulting supernatant was again
discarded, and the pellet was resuspended in 1 ml PBS of which then 2 pl were used for

microscopy.

5.2.9 Induction of expression from an L-arabinose inducible promoter

Prior to inoculating the strain of interest into LB medium at OD 0.02 from an overnight culture,
0.08 % sterile filtered L-arabinose was added to the medium for the induction of an L-
arabinose inducible promoter. Following this the strains were processed according to the

method being next in line of the individual procedure.

5.2.10 Initiation of spheroplast formation

The overnight culture of the strain of interest was inoculated at OD 0.02 and grown until it
reached the exponential phase (approx. OD 0.5) while 50 pg/ml Ampicillin were added
approximately 30 — 40 min before harvesting. When the desired growth phase was reached
0.5 to 1 ml of culture was harvested and centrifuged at 500 rpm for 1 min. While the
supernatant was discarded, the resulting pellet was resuspended in 500 ul of an 800 mM
sucrose solution. Following this 30 pl 1 M Tris-HCI (pH 8.0), 24 ul 0.5 mg/ml lysozyme, 6 ul 5
mg/ml DNase, and 6 pl 125 mM EDTA-NaOH (pH 8.0) were added in this exact order and the
sample was incubated for 5-20 min at RT after which the reaction was stopped with 100 pl
STOP solution (10 mM Tris-HCI at pH 8, 0.7 M sucrose, 20 mM MgCl,). Then 2 ul were
pipetted onto an agarose slide and the coverslip was added before the drop dried to prevent

the bursting of cells. Following this the sample was ready for microscopy.

5.2.11 Motility/swimming assay

Approximately 2 ul of an exponentially growing over day culture containing a strain of interest
were dropped onto a semi solid agar plate containing 0.25 % agar dissolved in LB medium.
The plate then was incubated over night at either 30 °C for S. putrefaciens CN-32 or RT for P.
putida KT2440. Following the incubation period, the swimming phenotype was documented

by scanning of the plates.



5.2.12 Growth curve assay

The strain of interest was taken from an overnight culture, set to OD 0.02 in LB medium and
loaded into a 96 well plate. The plate subsequently was put into the EPOCH2 microplate
spectrophotometer (Biotek Instruments Inc, USA), and incubated for 24 h at 30 °C, during

which the OD measurements were taken every 5 min.

5.2.13 Bacterial adenylate cyclase two-hybrid assay

The bacterial adenylate cyclase two-hybrid system 2% was utilised in this study to determine
if proteins of interest from S. putrefaciens CN-32 or P. putida KT2440 are able to interact
homologously and heterologously with proteins of the same species. To cover various protein
interaction constellations, plasmids were used on which the individual proteins of interest were
genetically fused to either the N- or the C-terminus of either the T18 or T25 fragment of the
adenylate cyclase catalytic domain. For the assay 1 pl of each appropriate plasmid, including
the positive and negative control plasmid combinations, were individually cotransformed into
20 ul E. coli BTH101. After regeneration at 30 °C for at least 1 h the entire transformation
reaction mix was inoculated into 5 ml LB medium containing Kan and Amp. The subsequent
incubation step was done overnight at 30 °C. Following the incubation, 10 ul of each
cotransformation culture were dropped onto an LB agar plate containing Kan, Amp, IPTG and
X-gal, which was incubated at 30 °C overnight after the drops had dried into the plate. After
the final incubation the plates were checked for the interaction phenotype of each colony drop
according to the colour and scanned. To intensify the colour, the plates were then additionally
stored at 4 °C.

5.2.14 SDS-PAGE and Western blot

The individual proteins of interest were expressed in a homologous manner in the appropriate
strains and analysed through Coomassie stained polyacrylamide gel and Western blot. The
gel electrophoretic analysis was conducted according to the method by Laemlli 2°° The
individual reagents used for the stacking and separating gel are listed in Table 5-6. The
samples harvested from exponentially growing cultures containing the strain of interest were
taken in such a manner that the resuspension of the cell pellet, resulting from centrifugation,
in 2x SDS sample buffer, would reach an OD 10. The sample was subsequently additionally
denatured at 95 °C. Approximately 10 pl of each sample were then loaded onto a gel with the
additional loading of 5 yl BLUeye Prestained Protein Ladder (GeneDireX Inc., USA) as

reference. Empty gel pockets were loaded with 10 pl 2x SDS sample buffer.



Table 5-6. Recipe for two SDS-PAA gels.

reagent 5 % stacking gel 12,5 % separating gel
ddH.0 2.8 ml 3.2ml

30 % acrylamide (37,5: 1) 825 ul 4.2 ml

4x upper buffer 1.25 ml - -

4x lower buffer - - 2.5 mi

10 % APS 50 pl 80 pl

TEMED 3.75 yl 6 pl

If not mentioned otherwise, two gels were prepared for the gel electrophoresis to be able to
subsequently stain one gel with Coomassie and use the other gel for Western blotting. The
electrophoretic separation was conducted at 70 V and stopped once the bromophenol blue
front passed the lower edge of the gel. One of the resulting gels was stained using Coomassie
according to Neuhoff 2'° and incubated overnight after which it was washed with fixing solution
to remove excess Coomassie staining. The second gel was used for the Western blot in a
semi-dry system to subsequently detect proteins of interest. The blot stacks consisted of 3
individual layers of blotting paper, soaked in 1x Western transfer buffer, per electrode. The
PVDF membrane was initially equilibrated in 100% methanol followed by a 2 min bath in ddH-0
and a final equilibration in Western transfer buffer. The blotting stack then was assembled in
the following order: Cathode, 3x blotting paper soaked in 1x Western transfer buffer, PAA-gel,
PVDF-membrane equilibrated in 1x Western transfer buffer, 3x blotting paper soaked in 1x
Western transfer buffer, anode. The electrical transfer of the proteins from the gel to the
membrane took approximately 45 min if a current of 0.8 mA per cm? membrane was applied.
After blotting the membrane was incubated in a blocking solution for 1-2 h and subsequently
washed 3x with 1x PBS-T for 10 min to remove excess blocking solution. Following the
washing the membrane was incubate with the appropriately diluted primary antibody for 1-2 h
at RT or overnight at 4 °C, which was succeeded by an additional washing step with 1x PBS-
T as mentioned previously. If a secondary antibody was required, the membrane additionally
was incubated with the appropriately diluted secondary antibody for 1.5 h and again washed
to remove excess antibody solution. The final step depended on the enzyme the antibody was
conjugated to. If an antibody conjugated with HRP was used, the membrane was treated with
1-2 ml of reagent mixture from the Western Lightning® Plus-ECL, Enhanced
Chemiluminescence Substrate Kit (PerkinElmer, USA). If the antibody was conjugated with
AP, membrane was equilibrated in 10 ml detection buffer for 5 min after which it was placed
in a clear foil with 1 ml CDP-Star (Roche, Switzerland) working solution and incubated for 5
min. The final capturing and analysis of the individual membrane independent of development
method was done with the Fusion SL4 (PEQLAB Biotechnologie GmbH, Darmstadt).



5.2.15 In silico data acquisition and processing

Scanning and pre-processing of swimming plates, growth plates and Coomassie stained SDS
polyacrylamide gels was achieved with the software Silverfast 8.5.0r5 (LaserSoft Imaging,
Inc., USA). Images were analysed and edited with ImageJ 1.52e 2°” and Adobe lllustrator CS6
16.0.3 (Adobe Systems Incorporated). The software Prism 9.1.1 (GraphPad Software, USA)
was utilized for statistical analysis via unpaired t test and the creation of graphs. Fluorescence
intensities and flagellar filaments lengths were measured and analysed through BacStalk
1.7stable 28, Amino acid sequence homology and conservation analysis was conducted via
Jalview 2.11.0 2'"" and the webtools Basic Local Alignment Search Tool 2'2, Consurf 2'* and
Clustal Omega 2'*. The protein structure was determined with the Simple Modular Architecture

Research Tool ?'° and the synteny analysis for fipA was performed with EDGAR 2.
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Supplemental figure 38. Expression and stability analysis of SpFIhF (Sputcn32_2561)
expressed from an arabinose inducible promoter and in strains carrying motility factor
deletions in S. putrefaciens CN-32. (A) Western blot and Coomassie stained SDS-PAGE with
samples of strains expressing mVenus tagged SpFIhF from an arabinose inducible promoter. (B)
Western blot and Coomassie stained SDS-PAGE with samples of strains expressing mVenus tagged
SpFIhF and carrying motility factor deletions.

Q
— Sy — |
5 3 2 T 2 & § & £¥¢
€ £ a d € 5§ ¥ a a w o
Q Q << S < Q 8 L <
o © S S S o o Low w o wS
AT T 5 5 3 =z & EEEEL
T T I | I ao-GFP T T ! I |
= T
TUSFlhF-mVenus 2l
. & mutants -7
~77 kDa
-------------- Y. mVenus T

- B '

Supplemental figure 39 Expression and stability analysis of SpFIhF (Sputcn32_2561) and
SpFIhF mutants in S. putrefaciens CN-32. (A) Western blot and Coomassie stained SDS-PAGE
with samples of strains expressing mVenus tagged SpFlhF carrying either single gene deletions of
fipA and hubP or a double deletion of both these genes. (B) Western blot and Coomassie stained
SDS-PAGE with samples of strains expressing mVenus tagged SpFIhF mutants.
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Supplemental figure 40. Expression and stability analysis of wild type SpFIhF (Sputcn32_2561)
in AfipA and SpFipA mutant strains in S. putrefaciens CN-32. (A) Western blot and Coomassie
stained SDS-PAGE with samples of strains expressing mVenus tagged SpFIhF in a AfipA and SpFipA
mutant strains. (B) Western blot and Coomassie stained SDS-PAGE with samples of a strain carrying
a SpFipA variant with deleted transmembrane domain and expressing mVenus tagged SpFIhF.
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Supplemental figure 41. Expression and stability analysis of SpFipA (Sputcn32_2550) in flhF
and hubP deletion and SpFIhF mutant strains in S. putrefaciens CN-32. (A) Western blot and
Coomassie stained SDS-PAGE with samples of strains expressing sfGFP tagged SpFipA in a AflhF
and a AhubP background. (B) Western blot and Coomassie stained SDS-PAGE with samples of
SpFIhF mutant strains expressing sfGFP tagged SpFipA.
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Supplemental figure 42. Expression and stability analysis of SpFipA (Sputcn32_2550) mutants
in S. putrefaciens CN-32. (A) Western blot and Coomassie stained SDS-PAGE with samples of
strains expressing sfGFP tagged SpFipA mutants. (B) Western blot and Coomassie stained SDS-

PAGE with samples of a strain expressing an sfGFP tagged SpFipA variant with deleted
transmembrane domain.
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Supplemental figure 43. Expression and stability analysis of wild type PpFIhF (PP_4343) in
fipA and fimV single and double deletion strains and PpFIhF mutants in P. putida KT2440. (A)
Western blot and Coomassie stained SDS-PAGE with samples of strains expressing mCherry tagged
PpFlhF in a AfipA, AfimV and AfipA AfimV strain. (B) Western blot and Coomassie stained SDS-
PAGE with samples of strains expressing mCherry tagged PpFIhF mutants.
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Supplemental figure 44. Expression and stability analysis of wild type PpFIhF (PP_4343) in
AfipA and PpFipA mutant strains in P. putida KT2440. (A) Western blot and Coomassie stained
SDS-PAGE with samples of strains expressing mCherry tagged PpFIhF in a AfipA and PpFipA mutant
strains. (B) Western blot and Coomassie stained SDS-PAGE with samples of a strain carrying a
PpFipA variant with deleted transmembrane domain and expressing mCherry tagged PpFIhF.
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Supplemental figure 45. Expression and stability analysis of wild type PpFipA (PP_4331) in
fIhF and fimV deletion and PpFIhF mutant strains in P. putida KT2440. (A) Western blot and
Coomassie stained SDS-PAGE with samples of strains expressing sfGFP tagged PpFipA in a AflhF
and AfimV strain. (B) Western blot and Coomassie stained SDS-PAGE with samples of PpFIhF
mutant strains expressing sfGFP tagged PpFipA.
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Supplemental figure 46. Expression and stability analysis of PpFipA (PP_4331) mutants in P.
putida KT2440. (A) Western blot and Coomassie stained SDS-PAGE with samples of strains
expressing sfGFP tagged PpFipA mutants. (B) Western blot and Coomassie stained SDS-PAGE with
samples of a sSfGFP tagged PpFipA mutant with deleted transmembrane domain.
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Supplemental figure 47. Gene positioning of fipA in y-proteobacteria determined through
synteny analysis. (A) Gene positioning of fipA on the genome of various bacteria from the Shewanella
genus. (B) Gene positioning of fipA on the genome of various bacteria from the Pseudomonas genus.
(C) Gene positioning of fipA on the genome of various bacteria from the Vibrio genus.
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Supplemental figure 48. Amino acid sequence homology and conservation analysis for FIhF
conducted with ConSurf 23, Red arrows indicate residues substituted in both S. putrefaciens CN-32
and P. putida KT2440, whereas the orange arrow indicates a residue substituted in only S. putrefaciens
CN-32 and the blue arrow indicates a residue substituted only in P. putida KT2440.
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7. Abbreviations

AB

AP
Amp
APS
Ara
Asn
a.u.
BACTH

Clusterl!

Clusterll

CP
DAP
ddH:0
DMSO
DNA
E. coli
EDTA
et al.
EtBr
fT3SS
fwd

HRP

antibodies

alkaline phosphatase

Ampicillin

ammonium peroxydisulfate

arabinose

asparagine

arbitrary units

bacterial adenylate cyclase two-hybrid system

polar flagellar gene cluster of Shewanella putrefaciens CN-32
(Sputcn32_2548-2608)

lateral flagellar gene cluster of Shewanella putrefaciens CN-32
(Sputcn32_3444-3485)

check primer
2,6-diaminopimelinic acid
double distilled water
dimethyl sulfoxide
desoxyribonucleic acid
Escherichia coli
ethylenediaminetetraacetate
lat.: et alii (and others)
ethidium bromide

flagellar type Il secretion system
forward

horseradish peroxidase

inner membrane



IPTG isopropyl-p-D-1-thiogalactopyranoside

Kan Kanamycin

Ki knock in

KO knock out

LB lysogeny broth

MCS multiple cloning site

NEB New England Biolabs
oD optical density

OM outer membrane

PAA polyacrylamide

PCR polymerase chain reaction
PMF proton motive force

Pp prefix to protein of interest from Pseudomonas putida KT2440
PPG peptidoglycan layer

P. putida Pseudomonas putida
Primer starter oligonucleotide
Pro proline

PRR proline rich region

rev reverse

RT room temperature

Suc sucrose

SDS sodium dodecyl sulphate

S. putrefaciens ~ Shewanella putrefaciens

SIMIBI SRP, MinD und BioD (SIMIBI)-type nucleotide triphosphate-binding

proteins

SMART Simple Modular Architecture Research Tool



SP

Sp

S. putrefaciens
SRP

Taq

TEMED

TMD

viv

wiv

WT

X-Gal

sequencing primer

prefix to protein of interest from Shewanella putrefaciens CN-32
Shewanella putrefaciens

signal recognition particle

Thermus aquaticus

tetramethyl ethylenediamine

transmembrane domain

volume per volume

weight per volume

wild type

5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
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