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ii. Abstract

Bacteria rely on different motility mechanisns explore their surroundings and
interact with them. Keydrms of motility, swimming and swarming, are dependent
on a complex macromolecular system called the flage]luvhich functions as a
rotating molecular motor This structuras highly relevant for a variety of processes
that involve bacterial cells, such as biofilm formation, pathogenesichathotaxis.

The primary focus of this thesis is the flagellar system of the model organism
Shewanella putrefacierGN-32, which possesss a single primary polar flagellum. To
further delineatehow the flagellum is assembled and positioned, the interactions of
two highly conservegbroteins were investigated. These proteins are the Miik&

ATPase FIhG, atlde flagellar secretion systenomponent FIhB

This work has demonstrated that Flli@ctions as a switch in the assembly of the
flagellar &ing.It is capable of binding, througin overlappindinding site, both the
Gring component FliM, as well as the transcriptional regulator FIrAsWiehing of
interaction partners depends on the dimerization state of FIhG, and the presence of
the nucleotide ATP. FIrA interacts strictly with dimeric, -A®&nd FIhG. Upon
binding of FIhG, FIrA can no longer act as a transcriptional activator, and the
production of flagellar building blocks is halte@urthermore, it has been
demonstrated that a lack of interaction between FIhG and HirAivoresults in

hyperflagellation

Additionally,this work shows the structural characterization of the polar FIhB with
the help of Xray crystallography, and identifies a newd&@minal motif, termed the
ProlineRich Region (PRRRA removal of this region selts in a decrease in flagellar
filament and hook formationn vivo.With the help offurther in vitro experiments

involving FIhB, FliMias for the firstime identifiedas a binding partner.



iii. Zusammenfassung

Fur Bakterien ist es wichtig siftexibel in ihrerUmgebung zu bewegamd auch mit
dieser Umgebungzu interagieren.Swimmingund Svarming sind die zemalen
Bewegungsformen bei Bakterien underuhen auf der Rotation eines
MakromolekilkomplexedlamensFlagellun. Das Flagellurwird fur einige wichtige

Prozesse bendétigt wie unterandereanofilmbildung, Pathogenitat and Chemotaxis.

Im Fokus dieser Arbegteht das Flagellum von dem Modejanismus Shewanella
putrefaciensCN32, welches nur eireinziges Flagellum am Pol besitzt. Um

verstehen wie das Flagellum gebildet yrakitioniert wird, wurde die Interaktion von
zwei konservierten Proteinerdie MinD-&hnlicheATPase FIhGnd dem Bestandtell

des flagellaren SekretionsystefhB untersucht

Es konnte gezeigt werden, daBHhG eine regulierende Funktion beim Aufbau des
flagelaren GRing spieltEs kann durch esiberlappendeBindestelle sowohl FliM
(Bestandteil des Ringes) als auch den TranskriptionsfaktrA binden.Der
Wechsel dednteraktionspartners hangiavon ab, ol-IhG als Dimesder Monomer
vorliegt und ob ATP vorhanden iEirA kann nur mitlRG interagieren, wenn dieses
als Dimer vorliegt und ATP gebunden ha@oraufhin FFrA nicht mehr als
Transkriptionsfaktoragieren kann und die Bildung vdflagellumbausteinen zum
Erliegen kommt. Des weiteren konnte gezeigt werden, dassne in vivo
Deregulierungder Interaktion von FIhG unBrA zu einer Hyperflagaeédrungfiuhren

kann.

Au3erdem lonnte die 3D Struktur von dem polhegenden ProteinFIhB mittels
RontgenstrahKristallographiecharakterisiert und ein neuest€rminales Motiv mit
der Bezeichnung ProliReiche Region (PRRIentifiziert werden.Das entfernen
dieser Region fuhrizu eine verringerten Bildung von Flagellenn viva Durch
weiterfuhrendein vitro Experimentewirde FliM als neuer Interaktionspartner von

FIhB entdeckt.
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1. Introduction

1.1.Bacterial locomotion and surface interaction mechanisms
Overall, a variety of movememgchniques exist for different bacterial speciseme

employing flagella for this endeavour, and some not. The two forms of locomotion
that involve bacterial flagella are swimming and swarmitige former refers to
movement in solution(planktonic form) Twitching, gliding, sliding and spreading
occur withoutflagellar involvementtwitching is caused by anothemacromolecular
structure, calle the (type IV)pilus 12 These four movement types, together with
swarming,are important for interaction with surfacesnd will be further discussed

in this chapterA graphical summary of the movement types is showRigure 1.
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Figurel: graphical summary of the five bacterial locomotion typelnspired by
reference?. A ¢ swimming B; swarming @ twitching D¢ gliding E sliding Grey
zones represent surfaces.
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1.11. Swimming and swarming
When cultivated in a lalswarming is more likely to occur in higltrient and high

agar concentration mediayut different species will switch to swarming mode in
response to different degrees @nvironmental/nutrition triggers. It has also been
observed that cells transferreddm a liquid culture medium to a solid surface fall
into a period where they are nemotile, before they can switch from swimming to
swarming motility?. In the context of surface colonizatiobpth biofilm formation

and swarming feature a closer proximity of bacterial cells and higher cell ddnty,
are differently regulateqwhere biofilm formation lead$o a repression of motility

related genes}.

Swimming onthe other hand, refers to the movement of a single bacteriumfiae
(liquid) space, powered by its flagellum (or multiple flagellajhereas swarming
refers to the movement of several closely associated bacteria over a solid surface
powered by their fagella®. To summarizeswarming in contrastto swimming
motility, is therefore a more complex and synchronous mode of movemehich
requires coordination between adjacent cells, and ocaungn local cell density is
high, on surfaces an@hen nutrients areabundant The switch from swimming to
swarmingis often conditoned by the formation of an increased number of flagella,

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

Swarming has been linked both to a higher expression rate of virulence factoch
as extracellular proteaseand type Ill secretion system componerdsas well as
greater resistance obacteria to the effects of antibiotigscompared to free
swimming cells (inP. aeruginosafor example).Additionally, inP. aeruginosa
swarmingdefective mutants were also found to have disruptions in biofilm
formation ability, which indicates thaa degree of common control over both is

present*>,

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

motile. Studies ifProteus mirabilifave shown that swarming bacteria can also form
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repeating layersassociating with each other by forming bundles of flagella that are
interwoven between swarming cells that are located next to each oth®roteus
mirabilis which is also a human pathogen responsible for urinary tract infections
through colonizing the weface of inserted catheterswas found to depend on
swarming for pathogenicity. fpbn detection ofdifferent dissolved compounds in
human urine, especially in presence of the amino d&ldtamine the organism

initiates swarming, and moreffectively associates with surfacés

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

capable of swarming; these includébrio, Aeromonaand Pseudomonaspecies 8,

An alternative to both swimming and swarming, which occurs under extreme
nutrient depletion is a complete lack aictivemotility. It has been discovered that
after flagella have already been formed, andaeterial cell wapreviouslymotile, it

can (in the case of gammaproteobacteria) simply removeject their flagellum to
conserve energyThis occurs at theottom of the flagellar hookJeaving the rest of

the flagellum intact and still embedded within the membrangais has been

observed in polar flagellates suchRsaeruginosa, V. choleraedS. putrefacien8.

1.12. Twitching
Twitchingdepends on extension and retraction of type IV, pilhich are located at

cell poles.It is primarily observed in Gramegative bacteria, and was most
extensively studied ifM. xanthusand P. aeruginosabut also N. gonorrhoeae

Another term for twitching in theformer G 62 2 NHI yAadYa A& | faz
Y 2 G A% Ik addition to motility roles, type 1V pili are also important for adhesion

to host cells for pathogenic organisnasd for biofilm formation, for mediating

signalling, among others. Type IV can be divided into two subtypes, T4A and T4B,

where type Apili come from organisms such ake previously mentioned
Pseudomonasand Neisseriaspecies, and type B pili are foundS$almonella, E. coli

and Vibriospecies, for exampl& hesecretion system for type IV pili is itself related
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in many components to the bacterial type Il secretion systamd the flagellar

system found in archae'a*2

The type IV pili are made up of polymes$ major and minompilin proteins, and are
highly dynamicthe extension and retraction of the pili depend on polymerization
and depolymerization of the macromolecular structyreand the processis
dependent on the pregece of ATP34 The pilus itself is held in place adilected

by the sacalled alignnent and platform protein complexe®Vith the help of crye
EM, detailed structural information could be gathered on assemBlederuginosa
andN. gonorrhoeagype IV pilihighlighting that the macromolecular structures have
a hydrophobic filament coreThe assembly of the pili depends cruciallya®roline
residue, whichallows for a greater degree of flexibility between subunits within the

filament, as well asorrect packing of subunifs.

The twitching of the pili themselves is governed by the assembly and retraction
ATPases, whicform active hexamers; the retraction ATPase is universally termed
PilT in the studied organisms, wheretd®e assembly ATPase is termed PilB/F,
depending on the organism in questidh The overall structure of a single ysl
measures between 6 and 9 nin width and can go up to the length of several
micrometres, which has been investigated with electron microscépgingle pilus
can generate forces @freater than100 pN,and can extend or retradtself at a rate

of apprakimately 0.5 micrometres per secorté'® The protrusion of the growing
pilus from the outer membrane is facilitated by secrefjalso termed PilQ proteins)
and the platform proteins (PilC/@)lowanchoring of the assembly/retraction ATPase
complexes close to the inner membramegraphical summary of the structure of the

pilus and retraction machinery is shownRigure2.
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Figure2: Overview of pilus structure andwitching motility proteins. Inspired by
referencel®

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

expansion of growing bacterial colonies, coupled with a decrease in surface tension
normally in the absence of pili or flagelldust like molecular motors themselves,
sliding/gliding motility has been observed in a variety of bacterial species, which will
be discussed later in this section. Sliding/gliding motilgyusually (but not
exclusively)elated to an increased productiorof bacterial surfactantsincluding
lipopeptides andglyco(peptolipids 1:1°. In P. aeruginosayrowing on agar platesa

loss of flagella or type IV giéiads to motilityoccurring through slidingvhich requires
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the secretion of rhamnolipid surfactant¥. One of the earlieststudies on the
relevance of stfactantsfor sliding motility wagperformedin Serratia marcescens

where asurface tensiordecreasindipid serrawettinwas detectec.

InE. colandV. choleraesliding motility was also observed in the absence of flagella
22 It wasadditionallydiscovered that heatprotease andantibiotic treatment (with
chloramphenicol, which inhibits protein synthesigcrease sliding motilifyeading

the researchers to conclude that a protein component, and not a secreted surfactant
was the cause of the sliding motilitiElectron microscopy also did not show the

formation of pili?2,

In Bacillus subtilisit has been determined that surface motility is enhanced in the
presence of potassium and when the biotens{dg&tracellular lipopeptidegurfactin
is secreted this motility type was also identified as being independent of flagellar
motility. This behavioumayassist with the movement d@. subtilisover plant roots,
where ithas also been isolated from in thgast This holds truelespite B. subtilis

being a soillwelling bacterium, not a plant symbioft

More recently in Salmonella typhimuriuman article investigatedthe motility

behaviour on semsolid media in the presence of low magnesium concentrations.

They discovered tha protein called PagM is essential for a form of motility that is

not dependent either on flagella or pliA { S &G NHzOGdzZNSa o6OFffS
Additionally, treatment of cells with Proteinase K showed that Pagii potentially

another surface proteipwere located in the outer leaflet of the outer membrane of

the cells, since proteinase treatment inhibited motilitynactivating certain

produdion pathways of different surface wetting agents did not decrease motility,
however. ¢ KS | dziK2N& OfFAY GKFIG trF3a AGaStET Y
especially since replicatipnras well as degree of motility, was highier high

magnesium environment§ hey do not exclude that an undiscovered wetting agent

also plays a rolé*.
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1.2. The bacterial flagellum

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

in a variety of bacterial species Despite a significant degree of
conservation/homology, particularly on the structural lexbkre are still differences
between the flagellar systes and components of different speciegariation is
particularlynotable, for example, in the type of ion that powers the motor, how fast
the motorrotates,and in the rotor and stator components The flagelluntontains
roughly25 different proteing®that are aganized into substructures serving specific
roles in the flagellum. The process of assembly and the roles of different
substructuresthat are of particular interest for the topic of this thesisill be

discussed in the next subchapteiot all componentsvill be covered in detail.

Overall, the flagellum consists of the following components (substructures): 1) the
flagellar filament 2) the flagellar hook3) the flagellar rod 4) the membrane
embedded type lll secretion system, interacting on the cytepla side with the
FlilHJ ATPase compl&Xthe membraneembedded MSing, consisting of FljB) the
membraneembedded motor proteins, MotA and MotB) the cytoplasmic-@ng, 8)
additional accessory proteins that are either transiently associated flaitellar
building blocks, or regulate the flagellar assembly and localiz&tiéh The actual
secretion system (marked earlier as component number 4) involved in flagellar
assembly is strongly related to the injectisome, a structure that injects bacterial

virulence proteins into their target host celf83L The basal body and secretion
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system components of the flagellum are depicted in detail Higure 3.

Growing

Flagellum and assembly flagellar hook
agellar hoo

system - cross section

ouT
FIOPQR Cg" '
FlhA membrane
FIhA-C IN
ATPase
complex
A @ Flagellar
- - secretion
- substrates

Figure3: overview of anassembled bacterial flagellumnspired byreferences’®2°,

1.2.2. Membranebound secretiorsystem and the ATPase complex
The membranébound type Il secretion systeoonsists of the proteins FIIPQR, FIhA

and FIhB. Of these, FIhA and FIhB are located in the centre of the secretion system,
extending their cytoplasmic domains into the catld awg from the membrane

bound rest of the secretion systenuntil recently, there was no higtesolution
structural information available on the membra®und regions of the secretion
system, until it was investigated in several cBf studies in the last tavyears; see

the next paragraphs233 The cytoplasmic regions of FIhA and FIhB werdebet
investigated structurally, starting with FIF@ in Bacillus®*, and several FIhE
structuresthat were solved in the past. These include FIhB injectisome homologs
YscU fromY. pestis® and Spa40 frons. flexnerf?, as well as flagellar FIhB from

Salmonellaand A. aeolicus’.
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The membrane domain of FIhA consisté 8 TM (transmembrane)helices. The
cytoplasmic domain of FIhA is additionally known to interact with FliD and flagellin
(both late-class flagellar substrates), after they are associated with their respective
chaperones (I and FIliS$*. It has been determined thatlffA can additionally
interact with the MSing protein FliF8 as well as FlhBself, through FIhBC °,
Another studyinvestigated interactionbetween a norcleaver (N269AFIhBCand
FIhAC The FIhBC (since the mutant wasacking the ability to cleavejould not
interact with FIhnAC but the authors speculatedhat it may requirefunctional

cleavage to do stf.

Beforehand, it was unknown how many copies of the core secretion complex
components (FIIPQR) would assemble together, until it was determine.in
typhimuriumthat the complex has a FHHiIQFIIR stoichiometry. The study showed

that the core resembles a hexameric shape and contains 5 FliP and 1 FliR subunit,
with which the ouer layer of FliQ subunits is associafédAdditionally, it has been
determined using cry@&M that a strong structural similarity exists between the
typhimuriumcore secretion complex, and the T3SS export gate complexSiogella
flexneri*l. This again confirms that the flagellespecific and the injectisomspecific

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

Regarding the role of FIhB in this complékas been determinedsing cryeEMdata
from the Vibriotype Il secretion system that the membrane domain of FIhB wraps
around the FIIiPQR complex with its four transmembrane helida FIhB loop is
involved in controlling the gating of the secretion system, where interactions
between FIhB and FliPQR that trigger fmomational changes are responsible for

opening the secretion gaté.

FIhAC and FIIB-C together form an interface for the FIiK interaction, which is
suggested by the fact thatnaFIhBCnon-cleaver mutation (P270A) is relieved by an
FlIhACmutation (A489E), which allows FIgK and FliC secretion amounts to be restored
to near wildtype levelg? Regarding FIliK, it is proposed that the conformational
change that happens withiRIhBCafter interacting with FK is the trigger that then

causes the shift from hook export to filament export; this happens together with a
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structural remodelling of theFIhAC ring (which Minamino et. af? claim is

responsible for the initiation ofilkment export).

The ATPase complex, which can interact with the cytoplasmic side of the secretion
system, consists of the proteins Flil, FliJ and Eliths been determined that the rate

of ATP hydrolysis by Flil is not coupled to the rate of expoffagtllar substrates,

and that even a strongly decreased rate of Flil activity is still sufficient to obtain
functional flagella; evidenced by mutations to E211 and a deletion of the4401

region inSalmonell&?.

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

Flil itself is brought closer to its final position below the secretion system through an
initial interaction of FliH with the &@ing protein FIiN, as Flil forms a transitional
complex with two FliH molecules. In the next step, FliH interacts with FIhA, which in
turn leads to the formation of a hexamer of Flil, located close to the gate of the
secretion systemA study from 2014 observesthat Figf AL Fdzy Ol A2y a
adz0 aGNI GS OF NNASNESZ HKSNBFa 0KS CfAL
secretion systerf®. AdditionallyFIhBChas also been found to interact with FliH and
Flil4s,

12.2.1FIhB

This protein consists of two domains, the membrasmebedded TM domain and the
cytoplasmic &lomain (seeFigure 7, also for a summary of known FIhB interaction
partners) The cytoplasmic domaitself is furtherseparated into two fragmentshe
N-terminal CN andGterminal CC, after a ptidependent autocleavage event, which
can be preventegh vitroby a highly alkaline p#. This occurs between an asparagine
and proline residue, which are part of the highly conserved NP(T/E)H cleavage

sequence. After the cleavage, the CN and CC fragments retain affinity for each other,
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which allows them to be cpurified %8, alsoseeFigure4, top left panel. It has been
determined (inSalmonelly, that while mutating N269 completely inhibits cleavage,
mutating P270 only reduceseavage, without completely preventing it. As a result,
both of these mutations cause different phenotypes Salmonella.The N269A
mutation led to no export of flagellin at all, while the P270A mutation caused reduced
export of flagellin and decreased nildly. Both mutants showed polyhooks getting

formed“°.

The cleavage itself has important implications for the organisnabse it prevents

the switch from early to late class flagellar substrates, resulting in a polyhook mutant
(in Salmonelly also observed in FliK deletion straf¥$? (seeFigure4, top right
panel). Despe these discoveries, it is not understood exactly how FIhB and FIliK
interact, even though different models/explanations for the regulation have been
proposed. A studynvestigating thedifferences between WTwildtype) and non
cleaver FInBs did not find any significant changes in binding behaviour between FIhB
and FIliK, when a N269A mutation was introduced. The same study also suggests that
additional proteins (on top of FliK) are likely involved in the regulation ef th

substrate switching evert

In Salmonella it was additionally determined that several residues from the
LARA(I/L)Y (3183) motif are involved in hydrophobic interactions. Based on the
information from the 3B02’ S. typhimurim structure and additional experiments
later on®4, the L318, A319, R320 and L322 are involved in hydrophobic interagtions
partly with closely adjacent residues among themselves, partly with a hydrophobic
patch containing A286, P286, A341 and L344. Also from the same paper, a R320A
mutation (among othes) has an effect both on hook length (longer but also more
strongly varied length thawildtype) aswell as secretion of FIgD and FIgE (flagellin
components, higher secretion than in wildtyp&)verall,these effects lead to a
decrease in motility. Whilehe authors also tested L318 and L322, resudts
described abovevere not observed for thse regiues®* For a visualisation of the

discussed residues, séggure4, right panel.

Additionally, interactions ofFIhBC with rod- and hooktype substrates (FIiE, FIgB,
FIgE, and FIgD), and filameagpe substrates (FIgK, FlgL, and FIiC) have been
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experimentally confirmed to occurlt was determined thatFIhBC binds more
strongly to early substrates (rod/hook) than late (filamerdubstrates. These

interactions are Fli#€ontrolled42.

Additionally, on the topic othe FIhB/FIiK interaction, it was determined that 15

different extragenic suppressor mutations (relative to FliK) exist in Fla&hnonella

which are all located in the-términal part of the cytoplasmic domain of FIhB. These

mutations suppress polyhook phenotypes caused by original FIiK mutations. The FIhB

mutants also showed poor swarming ability compared to WT cells; Williams et. a

postulate that this is because the mutants affect not only hook length control but also
ineffectively transition to filament assemblBich phenotypeswere termed as

Gt SF{1eé¢x gKAOK YStya (KFIG CtK. Aadag2 f2y3S]
substrate switching, but there is still a degree of likelihood that it will switch on its

own>°1,

As discussed breferences and >, another potential explanation for the roles of
FliK and FIhB lies with the assigma factor protein FIgM (which is flagellar specific,
as well as an export substrat®®) A model by Kutsukaket. al®® postulates that the
Gterminal domain of FIhB inhibits the export of FIgM; and since FIliK would only
interact with FliK when the flagellum is readyr fexport of lateclass flagellar
substrates, FIgM could then be exported, which relieves the inhibition of expression
of late-class flagellar genes. Williaras al®?, on the other hand, suggest that FIhB
positively regulates both early and latéass flagellar substrates, withk-being the
more important regulatory protein. Kutsukalet. al®>, mark the @erminal region of
FIhB as an inhibitory domain for protein export. Otherwise, in Bacillus, it was
determined that mutations to FIhA, FIhB and FliK (also FIIOPQR) abolish FIgM
secretion®’, highlighting their importance for the successful production of export of

late-class flagellar substrates.
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Figure4: FIhB/FliKinteraction and important FIhBesidues(visualised on structure
PDB ID 3B0Z witkalmonella typhimuriumumbering used)Top kft panel: WT
phenotype, normal FIhB/FIiK interaction possiflep rightpanel: polyhook
phenotype, with a mutation to th&lhBCcleavage site or a FliK deletiddottom
panel colourcoded visualisation of identified key residues-IhBG, red: residues
involved in stabilizing intrelnBChydrophobic interactions; orange: residues
identified as participating in the hydropholpatch interacting with hook/rod
secretion substrates; blue: cleavage site.
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1.2.3. MSring and motor proteins
The M$ing consists of FliF, a membrane protein with a cytosolic domEte.

membrane region envelops the membragenbedded secretion system, and consists

of 26 FliF monomer?. The @ing discussed in the previous chapter is associated
with the MSring through a direct interaction of FliGia FliF, which involves the
cytoplasmic domain (=@rminus) of FliF, and the-términal domain of FIiG%%% A

very recent study performed iNibrio organisms®! has shown that FIhF somehow
seems to promote the assembly of FliF into the-ifg, and that FIhF increased the
amountof FliF present at the pole. OverexpressioVidrioFIhF and FliF together in

E. coli cells led to a spontaneous assembly/formation of the-ihg (this did not

occur as effectively if FIiIF was expressed alone). FliG itself was also determined to

facilitate the formation of the MSing 6%

The MSringring is surrounded bginother ring, formed by theMiotA and MotB pair,
which are the stators of the flagellar systeiMotA and MotB contribute to the
formation of ion channels, where the number of units depends on the species in
question®?, In the case of MotA/B, the function of the stator depends on the flow of
protons, whereas in other cases, where the Mot hdagues PomA/B are used,
sodium ions are employed instead Hncoliwhere extensive research has been done
into the roles of MotA/B, they form ion channels with a 4:2 stoichiom&trin E. coli

it has been determined that BtA contains four transmembrane helices, whereas
MotB only has one transmembrane segment, and a large periplasmic domain which
has a conserved peptidoglycinding motif; this effectively links the MA&/B
complex to the cell wall. There are conserved clusters of negatively charged residues
on the (cytosolic) @erminus of MotA, and positively charged residues on the
cytosolic Nterminus of MotB; mutations to either of these regions lead to motility

defects®4.

1.2.4. Gring
The Gring is a structure formed through oligomerization of thigeteins:FliG, FliM

and FIiN/Y.

Regarding FliG, there iseplty of structural data available, particularly frd#h pylorj
T. maritimaandA. aeolicusOverall, structures of different individual domains as well

as fulllength FliG, together with partial complexes of HiliM and FliG-liF have
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been structurally determine 6.7 [FIiG is a very flexible protein consisting of three
domains, called the N, M and C domains. The domains are connected with linker
regions of approximately 20 residueBhe domains themselves contain only alpha
helices andundergo conformational changes which cause the direction switch of
flagellar rotation (CCW/CW). For this event, the M and C domains of FIiG are crucial.
Judging from structural data, helix C5 of FliG contains conserved triplets of charged
residues, which @ involved in a reorganization event that brings residues E192 and

A193 close together, after they had previously been located 34A &part

There are believed tbe 24-26 copies oFliGper flagellum (=peassembled>ring)°.
The actual torquegeneration is mediated by both FIiG and MotAthis occurs
through electrostatic interactions of thet€rminal domain of FIiG with a cytoplasmic
loop of MotA7°,

FliM is located one level below FIiG in ther, and then followed by FIIN(AliYin

B. subtilisis significantlylargerthan FIiN inS. putrefaciengnd contains a domain
homologous to Flidis well asan additional Che@ike phosphatas domain which is
involved in dephosphorylation of Ché¥’2 FliM is, similar to FliG, also divided into
three domains, the N, M and C domain. Théeinal domain has a high degree of
homology withFliN the M domain is involved in FliG interactiof's The highly
conserved EIDAL motif which allows an interaction with FIhG is found at the-end N
terminal end of the Ndomain of FIiM irS. putrefaciensand in FliY iB. subtilis/G.
thermodenitrificans’® 74 For a graphical representation of FliM domains and known
interaction partners, se€igure?.

1.2.5.Hook and hook length otrol

The control of production and secretion ftdgellarcomponents is tightly controlled.
Flagellin production, due to the thickness and length of the filament, is an important
and energydemanding task for the cell, and the praction of flagellin is linked to a
successful assembly of the hotsk The promotor for transcription of flagellin genes

is controlled by an alternative sigma factor, called FliA (also skpaFIliA itself is
inhibited by FIgM, an artsigma factor. When hook length reaches a-gefined
length (controlled/measured by FliK, see next paragraph), FIgM itself functions as a

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

process’®5L57 This triggers the expression of flagellin.

A key protein identified in the control of hook length regulattbat has already been
mentioned in the previous chaptes FIliK. Its role was primarily explored $n
typhimurium, where it was also determined that a deletion of FIiK results in a
polyhook phenotype. This phenotype shows that no switch from early to late class
flagellar substrates occurs, and an extended hook is creé&edh a hook i®nger

than the usual 5570 nmhooks inSalmonel. 7>, FliK itself is also secreted during

hook assembly.

The only structural information available on FliK was obtained in a solution NMR
study’8, which was later also used to model a FIhB/FliK interaction, based on a solved
crystal structure oFIhBCfrom S. typhimuriumThe study postulates that preventing

the FIhB cleavage prevents FliK from interacting with the FIhB cleavage site, due to
sterical hindrances resulting from different amino acid positions compared to a
cleaved WT FIhB.

FIiK itself consists of two domains, the Bnd Gterminal domain, which are
connected by a flexible linker. Thet&fminal domain, which is putatively natively
unstructured, is the region involved in measuring the length of the flagellar hook. The
Gterminal domain, on the other hand, binds EBhBC in addition to the modelling
evidence’8, this has ssobeenexperimentally confirmed in recent yearsSalmonella
7,78 Using photecrosslinking experiments, Val302 and 1le304, found in a compactly
folded part of the @erminal domain, called FiK3S4, were shown to bind ©hBC

8 Additionally, the FIiK linker region was shown to be important for a successful
interaction between FIhnBCand FIliKC, where a deletion of residues 2065 of FliK
reduced the binding affinity of FH& for FIhB. The linker region itself contains a large

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

i

The overall fold of FliK as a whole was investigated by atomic force microscopy,
revealing that it resembles a stiex and a larger sphere, connected by a stlikg
region. The larger sphere corresponds to theéelkninal domain, and the smaller

sphere is the @erminal region’®. The Kinoshita et. al papéf postulates that as
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soon as the previously mentioned residues Val302 and 1le304 of FliK are able to
interact with FIhBC the switching event occurs. This, as they propose, is only

possible when the linker region of FliK is fully extentfed

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

covered in this sectiofFIrA, FIhG and FIhFFIhG and FIhF are discussed.2.6.
onlyin the context of domain organiian, interaction partners and structural
studies that have been carried owith them. Fortheir specific roles in organisms
with different flagellation patterns and the physiological effects of FIhG and FIhF
mutations, please see chaptér4.

1.2.6.1. FInG

FIhG is an ATPase protein present in many (but not all) flagellated badteisa.
alternatively known under two additional namewhich are FleN and YIxHhe
protein islabelled as FIhG ir€C. jejuni, S. putrefacieasd Vibrio species’*%81 YIxH
for example inBacillus subtilis/Geobacillus thermodenitrificaasd Helicobacter

pylori748283 As FleN it is known primarily Rseudomonaspecies*8®

It is also a known interaction partner (amdtivator) of the SRkke GTPase FIhF,
which it stimulates through its f&rminal helix more specifically through a
conserved DQAxxLR matf8®87 Together, Flhland FIhG control the number and
positioning d flagella in different ways depending on the species they re located in,
and other accessory proteini certain monotrichous species, FInG has an important
interaction partner called FIrA/FleQ, which is inwga in transcriptional control

858889 For more detail on FIrA/FleQ see chapte?.6.3

FIhG itself is closely related to MinD, sharing with it the conserved regigob/ed

in the binding of ATP and magnesium, as well as other regions involved in ATP
hydrolysig*®°. Like MinD itsef%, FIhG can undergo ATependent
homodimerization, wherit also interacts with the inner cell membrane through-a C
terminal membrangargeting sequence, which consists of an amphipathic helix
(MTSY4%2 The only structural information available date on FIhG itself comes from

G. thermodenitrificansavailable in both the monomeric and dimeric form (PDB

structure 4rz2 and 4rz3, respectivellf) Additionally, theP. aeruginosaénomolog,
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FleN, has itself been structurally characteriz&?* For a summary of FIhG
interaction partners and domain organization deigures 7 and 5.

1.2.6.2. FIhF

FIhF has been structurally characterized onl\Barcillusspecies. It is an SHRe
GTPase with similarities to both Ffh and FtsY, the other members of this class.
Additionally, it has been discovered that the GTPase activity of FIhF is stimulated by
FIhG specifically via the #&rminal activator helix?86 FIhF possesses a natively
unstructured basic domain {@omain) at its Nerminus, which has been directly
implicated in flagellar assembly; this domain is involved in the recruitment of FliF to
the pole inV. cholera€®. From a structural point of view, FIhF can be present either
as a monomer (inactive, apo state/GDP bound) or a dimer (active, GTP bound). The
GTP hydrolysis induces a dissociation of the homodimer (which is promoted by the
interaction with the activator helix of FIhG). The NG domain of FIhF is the catalytically
active one (with the GTPase motif), and also the one with SRP honf8i&girhe
domain architecture of FIhF and FIhG is showRigure Sbelow. For an overview of

the role of FIhF in different organisms, and the establishment of different flagellation

patterns, please see sectidn4 of the thesis.
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Natively GTPase domain, homology

unstructured, basic with other SRP GTPases
domain
G1 G2 G3 G4 G5

Conserved GTPase motifs

ParA/MinD ATPase homology

DQAxxLR i 1 i 1 MTS

Activator helix P-loop Switch I/l Nucl.

with conserved specificity
motif

FIhG

Cell

membrane C )
MTS
FlhF FIhG
dimer dimer
B GcTP T <
Stimulation of

A ATP FIhF GTPase by

FIhG through
the activator
helix
FlhF monomer FIhG monomer
(GDP/apo) (ADP/apo)

Figue 5: Structure and interplay of FIhF and FIh&p panel: domain architecture
with conserved regions indicateBottom panel: nucleotide, dimerization and
membranedependent interactions of FIhF and FIhG. Inspiredeigrences?®.

1.2.63 FIrA
FIrA is an enhancdyinding protein (EBP), which is a master regulator for the

transcription of flagellar assembly genes, and accomplishes this by binding to
promoters of flagellar and biofilmelated genes”%8 FIrA belongs to the broad family
of NifA/NtrC EBP¥1% but possesses significaniffdrences to the typical member

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

adhesion and flagellar assembiglevant proteins irP. aeruginosa®™.

The DNAinding interaction of FleQ/FIrA baprimarily been explored inP.
aeruginosawhere a consensus sequence for promoter binding has been identified,
and a model for binding to DNA has been proposed. In this organism, FleQ is essential
for switching between freswimming (planktonic) and biofikbased lifestyle
changes’’1%1 FleN (FIhG) and the second messenger egelBMP are mportant
factors in this. Overall, high cyclicGMP levels lead to a decrease in
transcription/expression of flagellar genes, and an increase of production of genes
from pel/psloperons, which contains biofilm gené&®. Figure 6below shows how
FIrA/FleQ binds DNAconformational rearrangements occur in the presence-df-c

GMP and absence of FleN/FIhG, which allows the FleQ hexamer to unblock one of the
G662 5b! &S1jdzSy0S ao02ESaé¢ f 2 GlFeGhexansf || IA DS
basically bends DNA between the two binding regions when it is bound to both of
them, and then straightens it again when it is interacting with only one of the regions.

The model investigated the binding of FleQ to biofilm geneB.iaerugnosa éee

Figure6).
FIrA/FleQ
FIrA/FleQ-binding REC
promoter region
AAA+
j S N—
Box 1 Box2

HTH

—>

Rise of c-di-GMP
concentration

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

Figure6: model of the FleQ/DNA binding interactiarbiagram inspired by
references'9%:103
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FIrA itselfis made up of three domainsee Figure7), the Fle@ike domain (also
called Rec), the AAA+ ATPase middle domain, and-teenihal DNAbinding HTH
domain. The Rec domain is primarily involved in mediating dimerizaftorThe
ATPase domain is capable not only of ATP hydrolysis, but also ofdéyehP
binding. The binding of this signalling molecule has been shown to havelatoggu
function in P. aeruginosawhere it affects the FleN/FleQ interactidf?1%3 The S.
putrefacienshomologs of FleN and FleQ wid be FIhG and FIrA, respectively. On top
of this, the AAA+ domain is involved in a hexamerization interaéfoimrhe last of
the three domains, the HTH domain (hdlixn-helix) is involved in the binding of

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

In P. aeruginosaFIhG reduces the intrinsic ATPase activity of FIrA; the effect is even
more prominent when both cycldi-GMP andFlhG are both present!02.103.105
Additional research demonstrates thathE decreases the ATPase activity of-full
lengh HIA, and that the initial ATPase activity ofAdls 5fold higher than that of RIG

93

Structural information is only available so far on tAeaeruginosaaomolog FleQ,
which itself is missing the HTH domain (example PDB ID structures idolxaie,
5exx, 6jdi,and others®8103.104 |t has previously been shown that the interaction of

P. aeruginosaFleQ and FIhG(FleN) is ATP dependent, and that FIrA binds to
promoters of FleSR and FIFA92 A combination of structural and biochemical
methods have allowed a better understanding of how FIrA might bind DNA, and how
this is related ¢ its oligomerization state. Thiggure 6 previously shown indicates

how FIrA hexamers (in the presence and absencedi@VIP) bind DNA.

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

located in a conserved Mgbinding site'®.
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Figure7: Overview of domains and known interaction partners for k@yoteins of
interest ¢ FIhG, FIrA, FliM and FIhB

1.3. Chemotaxis
Bacteria base their movement upon detection of different compounds in the

environmentc with a biased random walkhey will move towards nutrients or other
chemicals they requir@ogether called chemoattractantsand away from toxic and

harmful chemicalgtogether called chemorepellentslChanging the direction of
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movement depends on the direction of flagellar rotation (alternating between
clockwise (CW) and counterclockwise\\Q¥; inE. coli CCW rotation of flagella leads
to forward movement, while a switch to CW rotation causes cells to tumikie.

overallprocess and its regulaticare togethercalled chemotaxi&®c10°,

In addition to the role of moving towards nutrients andiay from toxins, which is
particularly important in low nutrient and inhospitable environments, chemotaxis

has more recently (2019) also been suggested as a tool promoting proliferation of

cells in hignutrient surroundings. According % chemotaxis also allows bacterial

cells (inthe case of this studyE. colj to spread further out in soft agar conditions
6dzaAy3a 6KIG GKS@& yIYSR ayl @A 3l dagidate NI y3I S
towardsmore profitable areas, even before the nutrients in their current position are

fully depleted*®.

Additionally, and in a more applied context, chemotaxis is an important system to
consider wheninvestigating the usability of bacteria to degrade toxic compounds
themselves, to be used in a bioremediation role (e.g., environmental cleanup and
restoration of damaged ecoystem&13, It has been discovered that different toxic
compounds can still be used as energy souarasutrients by specific and adapted
bacterial species!4 Examples include tolene and chlorinated ethenes that are
chemoattractants foBurkholderia cepaciand differentPseudomonaspecies'>116
Overall, such adaptations allow different bacteria to survive in highly inhospitable
environments, or in specific ecological niches, to gain advantage over other

organisms.

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

two-component system, similar to those that control bacterial transcriptitn

Despite beingso common there is a high diversity within ¢hsignalling proteins
involved in chemotaxis, particularly in the receptor proteins themselves (likely due to
the significant substrate variety, as discussed). This is particularly true for the-ligand
OAYRAY3I R2YIFAYya 04[ . 54¢ 0 erenpsdhé&sNive ebr2 3 S (1 2
discovered to date'*® In this context, experients were additionally performed
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showing that a chimera/hybrid receptor assembled from components of different
species can still possess functionality, and enhance the chemotaxis pathway of the
original organism; this approach, utilizing components flesgudomonas putidand
Bacillus subtilishemotaxis systems that detect amino acids, was successfully used in

combination withE. colreceptors®?®.

The whole chemotaxis system possesses a high degree of complexity, with many
more different proteins involved. The most well studied, and one of the least complex
in comparison with other species, is thecolchemotaxis system. Briefly, chemotaxis
deperds on the detection of chemical compounds through integral membrane
receptors called methydccepting chemotaxis proteins, which are associated with
CheA, a histidine kinase, and CheW, an adaptor prot&i#® CheY controls the
switch of the direction of flagellar rotation in response to chemical gradidnis.
active in its phosphorylated form (and triggers clockwise rotation), and it is
dephosphorylated by the CheZ phosphatase (which triggers counterclockwise
rotation) 1%, CheY itself is also a known interaction partner of then@ proteins FliM

and FIiN; irE. colia GFRCheY did not bind to flagellar motors that lacked FIliM/FIiN,
and association of Ch&¥ directly with FIiM and FIliN was also observed in the same
organism120121  After the rapid initial response to the detection of a chemical
gradient (and the CheY/CheZ interplay), four conserved glutamate residues in the
MCPs are methylated and demethylated, respectively, by CheR and CheB, which
modulates the responseA graphical summary of the chemotaxis system is shown in

Figure8.

The MCPs themselves are not distributed overall across thswédice butare rather

arranged in bundles or clustegsthis allows much faster response due to the rapid
enhancement ofhe signal by the accessory and interaction proteins discussed in the
previous paragraph. MCPs also interact with each other in a cooperative manner,

which leads to better integration of the signals received by the cell. During ligand

binding and methylatn of specific residues, conformational changes and
displacements within the receptors occur, particularly in theGbf f SR &l ! at €
domain, which contains several amphipathic helices and is also involved in

dimerization interactiong22.123
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Figure8: Overview of chemotaxisnvolved proteins Inspiredby references!®1%7
RCheR, BCheB, LheZ, Bhhosphorylated site, WCheW, ACheA, MCinethyl
accepting proteins.

1.4.Bacterial flagellation patterremd the importance of the FIhF/FIhG pair
Flagellation is essential for bacterial cells that are freely swimmhgther this is in

a pathogenic context of a bacterium targeting a host cell, or bacteria migrating
together to form a surfacattached biofilm. Depending on the bacterial
environment, interaction with its surroundings, and the evolution of different
speces, a flagellated bacterium can have a variety of different flagellation patterns.
Overall, the structure of the flagellum is relatively well conserved, although
differences particularly in regulation of number and positioniag well as other
componentscan existDespite the enormous variation in the factors outlined above,
only four main types of flagellation patterns ex{gtith some exceptions discussed
later in this chapter)peritrichous, monotrichous, lophotrichous and amphitrickou

(seeFigure9), 29124125 Qverall, an increased number of flagella is bettgites] to a
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more viscous environmentRegarding different bacterial species, examples for
peritrichous flagellation would includ®. subtilisor E. coli, H. pylofor lophotrichous
flagellation,P. aeruginosgC. crescentuandS. putrefacien®r monotrichous, andC.
jejunifor amphitrichous flagellatiod® . In many organisms with different flagellation
patterns, a very important regulatorgystem involves the proteins FIhF and FIhG.
Their importance is discussed later in this chapter, particularly in terms of their
effects on the flagellar number and positionirag, well as their role in pathogenicity,

if applicable. Structurand organizabnal aspects of FIhF and Flh&e already been

discussed in the chaptdr.2.6.

)
AN NSNS
A B C ~N D
Y aN Uavas
AAY N VaVas
_/ __/ _/

Figure9: overview of differentprimary bacterial flagellation patternsA¢
monotrichous flagellation & amphitrichous flagellation €lophotrichous
flagellation Dg peritrichous flagellation

1.4.1.Peritrichous, grammegative §peciedacking FIhF and FIhG
E. coliand S. typhimuriurmare important model organismehich have been used in

a number of studies on flagella, motility in general and chemotactic processes. Both

of these organisms share the lack of FIhF and FIhG as regulatory proteins for flagellar
positioning ancdhumber, as well as a peritrichous flagétha pattern.Bothorganisms

normally possess 5to 6 flagelflS NE I NS y2 ARSYUGAFASR Gfl yR
would control thepositioning of flagellan theseorganisms, based on the current

understanding?®.
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In Salmonellaspeciesthe presence of the flagellum is essential for pathogenesis, and

a lack of motility significantly reduces or abolishes viruleéf®e&’. It has additionally

been determined that even upon encountering a surfgead transitioning to

swarming mode)SalmonellaOSt £t & R2 y20 AYONBI aThis 6 KS daRS
means that they do not producamore of them while maintaining the same cell size,

they ratherincreasethe cell length while inhibiting cell division, which leads to the

formation of new flagella as the cell gromisearly proportional to the increase in

cell length The flagellation paérn therefore stays unmodifie¢f®.

In E. coliflagella are distributed nomandomlyand unevenly on the lateral sides of
the cell.lt has been observed that a greater proportion of flagella is locateithe

side corresponding to the old cell pole after cell division, leading to an asymmetric
distribution; the same is true for chemotactic receptors, which accumulate at cell
poles coninuously Hence, an uneven distribution of flagella may be beneficial for
chemotaxist?®. In E. colit has also been observed thtte movement of individual
flagella in the same cell occurs in a coordinated manwéere a switch of rotation
direction(from CCW to CWi a single flagellurimtroduces a tumbling motion of the
cell¢ KAA Aa GSNI¥YSR (i Kéd hasisick adtréhg eff&ibBcauge2aR St ¢
group of flagella are normally bundled together to push the cell forwd?dUsing
further analysis and with the help of mathematical modellimgs now knowrthat a

tight relationship exists between the presence of phosphorylated CheY {&hat

the switching of flagella to CWbtation. At high concentrations of Ché several
flagella can actually switch their rotation direction at once, which increases tumbling

even more!3l,

1.4.2. Monopolar flagellatiomépendent orFIhF and FIhG)
As opposed t&. coland Salmonellaspecies discussed in the previous chapter, gram

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

positioning of flagell&®t.

In mondrichous polar flagellates (sehapterl.5for more details or8. putrefaciens
FIhF and FIhG are joined by two additiorabteins that coordinate flagellar

positioning and their number. One of these proteins is HulbRich was initially
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discovered irVibrio species where it functions asraimportant interaction partner

of proteins involved in different cellular procesdegrecruiting them to the pole.
These include proteins that are involved in binding of the chromosomal origin,
chemotaxis machinery and, finally, the flagelludubP is polarly localized for most
of the cell cycle, but migrates to the middle of the delfore cell division occurs?
While HubP wasletermined to interact with FIhG and recruit it to the pole\h
alginolyticus®®3, it interacts primarily with FIhF is. putrefaciensas well as the
phosphodiesterase PdeB*135 Additional interaction partners of HubP still need to
be identified.The second protein of key importance in monotrichous polar flagellates

is FIrA (FleQ), whidias beerdiscussed in more detail chapter.1.2.6.3.

Returning back to FIhF and FIhG themselves, their roles performed in monotrichous
polar flagellates are strongly conserved; FIhG usually controls the number of flagella,
and FlhF controls their positioning. Pseudomonaand Vibriospecies, respectively,

an FIhG deletion results in a hyperflagellation phenotypdich inPseudomonas
leads to a flagellar bundle at the pokedeletion of FIhF ivibrio alginolyticugauses

loss of flagellé?*®”. Historically, FInF was first identifiedughly 20 years agm
Pseudomonas putidavhere it was determined to have a role in flagellar positioning,
as well as stress responsk.lack of Flhiresulted in a delocalized, random flagellar
positioning and its role was further hinted at due to Itscation in the motility gene

cluster1s®

1.4 3. Peritrichous, grarpositive dependent orFIhF and FING
Flagellation in peritrichous, grapositive species has beenost closely studied in

Bacillusorganisms.In B. subtilis,the arrangement of flagella is nerandom; the
structures are positioned in a grlike pattern, and absent from the poleslutations

to FIhF lead to m increased amount of flagella being present at epote, while
mutations to FIhG result innaaggregation of basal bodies, and several flagella
growing out of the same position*”:138 Compared to, for examplenonotrichous
flagellates, FInG does not regulate the number of flagdtaB. subtilis this is
accomplished by inhibiting the degradation of SwrA, which is a key regulator of
flagellar genes in this organisilore specifically, this pathway is regulateg the
AAA+ protease LonA, whichanonly degrade Swrfogether with another proteirg

swarming motility inhibitor A3°
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In anotherBacillusorganism B. cereus,FIhF has been implicated in pathogenicity,
since levels of different virulence factors are altered (both positively and negatively,
depending on the factor) in the absence of FitfFFor example, a component of the

BL hemolysin (L2) is recruited by FIhF to the plasma mebndreze it gets secreted,

and a lack of FIhF significantly reduces the secretion of the L2 comp&iemhis
would suggest that FIhF could possess a role in indirectly coordinating infection
behaviour (swarming motility and secretion of virulence factors), and not only

flagellation and flagellar positioning B cereusg*®142,

1.4.4. Other
In addition to the common patterns discussed in the above chapters, there are also

bacterial species which possess flagella at both pdiage periplasmic flagella, or
even a single primary lateral flagelluAn example of & organismwith a single
lateral flagellum (als@alled a @ YSRA I £ F fRhodoBdcterlsph&etoisiea A a
purple photosynthetic bacterial specié$*144 This is a highly unuslélagellation
system since a single lateral flagellum normalyries outa secondary role, and is
not constantly present (see the chapter & putrefacierisdual flagellar system, for

example).

A representative organism for amphitrichous flagellation (one flagellum at each pole,
see Figure 9B) is Camplyobacter jejuniThe amphitrichous flagellation pattern
provides the organismt RA&a0GAyOlG Y2uAtAGe (GeLSzT OFffS
essentiad for its colonization of human and animal host& This organism contains
both FIhF and FIhG, althoutite ATPase domain of Fliiganot involved in the control

of flagellar number, as in monotrichous flagellates like cetabrioand Shewanella
speciesFIhG regulateflagellar number with distinct regions not found in homologs
from monotrichous flagellatedn C. jejunja deletion/mutation of both the Gand N
termini of FIhG result in hyperflagellation, although #féects are morgronounced
when the Nterminus is altered?’. Additionally, FIhG alsmteractswith FtsZ, and
represses its role in the triggering of cell divisiah also acts together with
components of the flagellar motdo prevent cell division starting at cell poles. In the
absence of FIhG, cell divisi@an thereforestart at cell poles, rdter than in the

midcell region, as is commonly observéel
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In C. jejuni FIhF has been found to play a key role in pathogenesis. An inactivation of
FIhF affects various abilities of the bacterium that are essential for successful host
colonization, suchsaformation of biofilms, adhesion to host cells, and the ability to
invade host cells. Furthermore, FIhF has been determined to have an increased rate
of expression throughout the process of infection, and a lack of its function also
results in the downreglation of different genes which are not involved in flagellar
oA2adyiKSarAax a dzOK I a 0dKS CSR 3 NP dzLJ
RS S NI A%/ In €.(¢ang BIhF has also been determined to be an important
factor in the initiation of flagellar assemblgince FIhB, a component of the fT3SS’s

core secretion system, no longer localizes to the poles in the absence dfFIhF

While possessing a single polar flagelluBgulobacter crescentus controlled
completely differently than the monotrichous polar flagellates covenedl.4.3.
(which belong to thegammaproteobacteria). Being anpahproteobacterium,C.
crescentugdoes not regulate its flagellation through FIhG and FIhF, but rather the
TipN and TipF protein paiwhich are botrmembrane proteins#&% TipNis a se
called landmark protein which is transferred from the old to the new cell pole during
the cytokinesis stage of the cell cyclehich signals that the flagellum should be

assembled at tht position When TipN is lacking, flagellar delocalization octdss?t

Regarding TipF, it is a cyalieGMP binding protein thatesponds to an increase in

the levels of this second messenger (this occurs at the transition from the G1 to the
S phase of the cell cycld)ipF can then localize to the pole where the TipN landmark
proteinis already presentlipF, in turn, can recruit flagellar building blocks to the cell
pole.TipF is then removed from the relevant pole as soon as-ie3GMVIP levels start

do decreasé®°,

Borrelia burgdorfer{the causative agent of the deer titlansmitted Lyme disease)
belongsto the spirochete class of bacteria, and possesmsta/een 711 periplasmic
flagellaSuchflagell®2 y i Ay | &G NHzOGdzNBE OF £t f SR (KS
type of bacteriaA deletion of the collar protein FICA causes a decrease in flagellar
number, length andangle relative to the cell bod¥?2 The periplasmic flagella are

also highlyunique because they serve a role not only in motility, but also in

maintainingcell shapebeing involved in external stress resistanced draving a
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cytoskeletal role!®®. Recently,it has been discovered that flagellation i.
burgdorferi is even controlled by an FIhF homolog, which has an overall similar
structure and enzymatic properties as counterparts from other organignaieletion

of FIhF leads to a decrease in flagellar number, as wedl Bk of normal cell
morphology, the flatribbon shapeFIhF inB. burgdorferhas been implicated in the

localization of FliF, and the number and positioning of flagefét.

1.5. Shewanella putrefaciens, the organism

1.5.1. Living environments and pathogenicifyS. putrefacienand Shewanellaceae
Shewanella putrefacieris a gramnegative rod-shapedbacterium with a variety of

living environmentsclosely related t&hewanella algdt is chiefly found in different
water bodies g¢eawater, but also freshwater, awell as sewage)and was
additionally found to exist in the vicinity of oil and natural gas depdsits®. It was
the first Shewanellaorganism to be discovered, already in the early” 2@ntury

(1931), but was initiallpamedPseudomonagputrefaciens.

TheShewanellgenus contains roughly 40 different bacterial specadisof which are
monotrichous polar flagellatestogether belonging to gammaproteobacteria,
classified as facultative anaerob¥®$ A characteristic dBhewanell@rganisms is that
they have a strong tolerance of cold temperatureg)st species are able to grow at
temperatures under 5 degrees Celsius, although the temperatures for optimal
growth exceed 16 degree®’. The speciesS. frigidimarina,S. gelidimirina and S.
livingstonensidiave even been isolated fronoastal areas of the Antarctiand are

particularly resistant to cold temperaturé&®15°

S. putrefacienspecifically isnot usually pathogenic to humarnsa its own right,
althoughdifferent caseshave been reported where infections of soft tissues, eyes
and skincan occurt®®162 Additiondly, the bacteriumis problematic inindustriat
scale food productiorbecause itcauses spoilage of seawater fisH, as well as
different types ofmeat products?®®163 It has also been identified in biofilnm
stainless steel surfaceand contributes to food spoilage by secreting trimethylamine

and volatile sulfide&®.
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Different Shewaella, includingS. putrefaciensare capable of using a variety of
different final electron acceptors in the electron transport chain, as alternatives to
oxygen. S. putreficiensis capable of iron reductioi® as well as manganese
reduction1%, Regarding the potential use &. putrefacien$or radioactive cleanup,
experiments have shown that Technetium 99 camdsiced by the bacterium, which
removes thematerial from solution as the reduced form is much less soluaiel
primarily stays associated with cells after it is used as an electron accépts.
oneidensids also capable of using Technetium 99 as an electron acceptere
results show that a reduction of Tc(VIl) to Tc(IV) by the bacterium leads to the
formation of black aggregates on the surface of colonies, which contain theedduc

insoluble Technetium®s,

1.5.2.Dual flagellation and its control
S. putrefacienss a polar monotrichous bacteii speciesbut it also has an inducible

lateral flagellum which is encoded in a separate gene cluster, and primarily contains
proteins unique to it’>1%% Also otherspecies, in addition to a variety 8hewanella
organisms, have a closely relatgmblar/lateral flagellar system: these include

Aeromonas, Vibrio, Azospirillummd Rhodobactebacteria®17C

In Shewanellathe polar and lateratomponents have high sequence similarity, but
are still distinct. Whether and to whaxtent some of the components can undergo
crosstalk interactions, or are interchangeable, is still being expldady the polar
flagellum is chemotaxisontrolled!®?. The first (=polar) flagellar gene cluster contains
genes25562605 among thosea number of additional genes compared to the lateral
cluster, hence beindonger(seeFigurel0, top pane). Among other genes, FIhF and
FIhG, for example, are not founuh the second (=lateral) gene cluster, which
otherwise contains gene8447-3485 (see Figure 10, bottom pane) 73. This is an
indicationthat the positioning and number of the lateral flagellum are not controlled
in the samemanner as those of the polar flagellum (with tRéhFG pair), and the

control of lateral flagellation in general is less strict

I aYlff ydzYoSNI 2F 3SySa INB faz2 F2dzyR

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

experimengtlly determined’3.
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Figure 10: Primary and secondary (polar and lateral) flagellar gene clustersSin
putrefaciens(based o', Supplemental information)Start and end basepair counts
are indicated for both clusters, rounded to the nearkbp value Colours indicate a
general classification of the role of the proteins; gemotor proteins,blue ¢ FIrA
mediated transcription control, greeng spationumeical regulation and FIhAB
proteins, browng chemotaxis, yellovand orange; various roles from €ing,rod and
hook proteins, T3SS.
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In the past, he conditions leading to the expression of both flagellar systems were
investigated using FliF1 andFliF2 proteins as reporterdt was determined by
Bubendorferand coworkers’ that it is not only the swimming mode, but also the
nutrient availability that determines the expression of the lateral flagellar systsm

a clear expression of FliF2 was still odaogrin free-swimming(planktonic) cellsin
nutrient-rich media such as |.Bhe lateral flagellum is induced in the exponential
phase of planktonic growthJp to three lateral flagella can form, which are randomly
distributed over the cell surfacdt should be pointed out, dwever, that a deletion

of the first(polar)flagellar clusteralso resulted in significantly decreased expression
of the lateral flagellar components. There isa significant difference when ibmes

to the role of the lateral flagellar cluster in minimal versus nutrigah mediumg in
minimal medium, mutants lacking the lateral flagellar cluster showedifference

in terms of motility to WT strains, whereas in nutriemth medium, motility vas

decreased when the lateral flagella could not be expregied

In a second studinvestigatingS. putrefacienflagellal®, it was shown that another
differencebetweenstrains with both flagellar clusteend those with only the polar

one, is that those with both can spread further on soft agar plates and in medium

filled channels.The study showed that wildtype cells havd B K SNJ a RANB O A 2
LIS NB& A awhishy/icausar by them needing to introduce smaller corrections to

their angle of movemenfrealignment angle) compared to cells lacking lateral

flagella®®. It is therefore the polar flagellum that is the key driving motor for the

locomotion itself, while the lateral flagellum’s main role is to control the swimming

direction andassists in viscous environments.

There has been another key protein discovere8ewanellawhich is a homolog of

V. choleragHubP*3, The flagellar localization depends on FIhF,thatchemotaxis
controlling system (and the chromosome segregation machineiy)ocalization
controlled by HubP The chemotaxis machinery, containing 37 metmgdepting
sensor proteins (MCPs), was found to localize to the pole in fluorescence microscopy

experiments. 35,

In S.putrefacienst wasshownthat FIhG stimulates the ATPase activity of FIRE (3

fold), andit was additionally discovered that a deletion of the first 20 residues of FInG
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(the Niterminal activator helix) is. putrefacieneesults in hyperflagellatiorbeieved

to be due to a decrease in FIhG stimulation of FIhG GTPase aciivitihF itself has
been shown to localize to the pole without any additional flagellar components being
presentin V. choleraé®, while FIhF fronVibrio alginolyticugxpressed itfE. colivas

also found to localize to the pofé. The data fronVibrig, which is closely related to
Shewanellaand Pseudomonastherefore hints at the intrinsic ability of FIhF to
localize to the cell poleBack to FIhG, only theolar FliM contains an EIDAL motif,
which allows an FIhG/FliM interactipmnd allows polar localization of FlifA A
graphical representation othe flagellar positioning/number regulation system

discussed in this chapterelevant toS. putrefaciens;an be found irfFigurell.

Flig1
Polar

flagellum
(cluster 1)

*EIDAL motif on
polar FliM (allows
FIhG interaction)

Chemotaxis

Lateral
flagellum

(cluster 2)
FliG2
Figurell: overview of
control of the flagellation
FliM2 pattern in S. putrefaciens
FliN2 The diagram depicts the

polar (top) and lateral (bottom right) flagella $ putrefaciensGring proteins and

the cell itself are shown in grey, FIhF in green, FIhG in redodlaedeterminant
HubP and its FimV domain are shown in yellow. Chemotaxis array shown in blue.
Only the polar flagellum is shown to be under control of FHiGE.
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Shevanella putrefacienshas also been an important model organism for the
investigation ofhow the composition of flagella (e.g. the flagellins themselves) can
affect bacterial motilityin different environments’. The research on this topic has
shown that two flagellins ir5. putrefacienscalled FlaA and FlaB, asgrangel
differently depending on which region of the flagellar filamémey are located in.
FlaA, which is used in the parttbie filament closest to the cell, confers rigidity and
stability to the filament (and is suitable for a variety of environmgnighile FlaB is
used in the top of the filament, ancbnfers more flexibility, allowing the filament to
wrap itself around the cell, which is useful in complex and obstadteareaqsuch

as in soil or mucus for pathogenic bacteriguch a wrapping ewnt allows cells to

G NB @ S NE tiglit pokdisior tags, which has been studied withewanellaells
171172 The coiling of flagellaround the cell is not unique t8hewanellathough, and
has also been investigated another class ofjramnegative, monotrichous polar

flagellates ¢ Pseudomonagmore specificallyR. putidgd 173
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2. Aim of this work

The main purpose of this work is to build on existmgndationsto further delineate
the roles of FIhB, FIhG and their respective interaction partnefS. iputrefaciens
relative to the polar flagellar systeRreviouslypoth FliM and FIrA had already been
identified as interaction partners of FIh@&S. putrefacienthis was shown in thehD

thesis of D. Mrusek and the Schuhmacher 2015. et al, PNAS ,aefeleence’.

This work aimed to structurally characterize FIhEbirputrefaciengparticularly the

CCT region/PRR motif, which had never before been structurally characterized in any
FIhB homologand to investigate the potential differences in binding behaviour of
FIhB interacting proteins upon introducing a rRdeaver mutationn FIhBor upon a
deletion of the PRR maotif, in comparison with WIRBC. On top of this, shining more

light onto thein vivorole of the PRR motif in the context of flagellar assembly was

also a key objective.

Regarding FIhG, this work aimed to further delineate the FIhG/FIrA interadtion,
particular the ATP hydrolysis kinetics of FInG in the presence and absence of the FIrA
HTH domain, importance of key regions/residues in FIrA for the FIrA/FING interaction
both in vivoandin vitro, and the effects of different nucleotide concentrations on the
ability of the HTH domain of FIrA to bind FIn&iditionally, the role of FliNh the
context of FIhG nucleotide binding needed to be investigated (fluorescentNBiRt

experiments, HD)@lhGbased ATP hydrolysis kinetics profile in the presence of FIiM).

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

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

3.1FlhG and its interaction partners, FliM and FIrA

3.1.1Delineating the FIhG binding site on FIrA

A FIhG - bait
HLT  -ALT

o DR T =t e
N - C
g | | [eterme p—
gde oo ele oMl - e —
4 dN16 @
AAA
FiN --- /4: oo @2 @)
FIhF é Lq
[% ’rd

o

HTH 477
—C

HTH

N36 (red). '
diNgE (Teg) linker

Figurel2: FIrA constructs andhteraction partnersof FIhGidentified in Y2H
experiments A- summary of FIhG interaction partnepseviouslyidentified with

Y2H experiments (Y2H experiments performed by Dieter Kressdierkindly

provided the original image.mextended version ghart A was also contained in

the thesis of D. Mrusel8 - Overview of the FIrA constructs employ@ubnstructs

were GSTagged)and a visualization of the loop region between the HTH and AAA
domains

Pulldowns were carried out to investigate the binding of FIhG to different regions of
FIrA. For this, different GS@onstructs of FIrA truncations weresed (see Figure
12B.). The pulldowns showed that FIhG D58A (in the absence of any additional
nucleotidesyand FIhG WT (in the presence of 1 mM ATP) bound teFBAHTH and
GSTFIrAAAAHTH, but not to GSRec domair(seeFigure BA, B). The binding to
the HTH domain alone appears to be stronger, judging from the FIhG band intensity.
Due to the instability of the AAA domain, constructs of (REEAAA or GSAAA

could not be successfully purified used in GSpulldowns.

Additional pulldavns were carried out with both GSHiIM-N and GSFIrAHTH, to
investigate the effects of different concentrations of ADP and ATP on the binding of
WT FIhG to both interaction partnefseeFigure BE, F). The results show thdahe

GSTFIiIM-N interaction wth FlhGoccurs in the presence of both nucleotidgke
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interaction occurs in the presence of 0.1, 0.5, 1.0 and 2.5 AT B, although
the binding is considerably stronger in the presence of ADP thanfFAJRg 13k In
contrast, the GSIFIrAHTH/FIIG interaction is crucially ATP dependeand is
observed aDn.1, 0.5, 1.0 and 2.5 mM ATHgure 13[E Thedifferencein the range of
concentrations did not seem to havesanificanteffect on the bindingn any of the

cases.

To further investigate the exact binding site of FIhG on Einfadditional pulldown
was carried out with a fulength GSFIrAHTH construct, a dN16 HTH and dN36 HTH
construct(seeFigure130). While binding of WT FIhG (in the presence of 1 mM ATP)
occured in the case of GSHITH and GSHITH dN16, the binding was not observed
in the case of the GSHTH dN36 constructA related experiment had been
performed by D. Mrusek in his thesis, which usedly FIhG D58A insteag@vithout
added ATR)and olserved similar result©verall, thidemonstratesn vitrothat it is

the loop region between the AAA and the HTH domains timttainsthe FIhG
binding site on FlrArequiring the presence of ATP with WT Flngpgcifically the
region between residues 38909, In addition to the GST pulldown kigurel3G the

role of this region was studied in greater detail vitro through qPCR/Western
blotting (Figure 20, in further GST pulldownsFigure 2}, and in vivq using
fluorescence microscopy studigsigure 19. The conservation of the region was also
investigated with Consurf{gure 18. Concerning the binding site of FIhG BIM,

on the other hand,as mentioned in the discussiom conserved EIDAL motif
(contained in the polar FliM i8. putrefaciensand in FliY in certain other organisms,

for exampleB. subtili$is responsible for the interaction with FING
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Figurel3: FIhG-involvingin vitro GST pulldownsnd FIhG kineticsA - Pulldown of
FIrA truncations with WT FIhG in the presence of 1 mM BTPulldown ofFIrA
truncations with FIhG D58A in the absence of nucleoti€g$?ulldown ofFIrAHTH
truncations with WT FIhG in the presence of 1 mM ATH-IhG and FIhG+HTH ATP
hydrolysisassay®ver a range of different ATP concentratienerror bars show
standard deviation values; data analyzed and kinetics graph prepared by Dr.
Wieland Steinchen; BPulldown ofFIrAHTH withFIhG WT in the presence of
different concentrations of ATP and ADR PulldownFliM-N with FIhG WT in the
presence of differenta@ncentrations of ATP and ADP.

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

the ATPase activity of FIhG, the kinetics profile of ATP hydrolysis by FIhG in the
presence of the HTH domain of FIrA was investigated. It was determineddtnahg
increase of ATP hydrolysis occurs upon the addition of equimolar amount ef GST
FIrAHTH to FInGseeFigure 13D above). The activity was tested with FIhG alone, and

with equimolar amounts of FIKATH over a range of different ATP concentrations
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(from 0.15 mM to 5 mM).The ATPase activity of FIhG alone determinedto have

Km and Vmax values 0f0.45 + 0.34 mM ATFAdditionally,0.08 + 0.02 uM ATias
hydrolyzed per minute per uM FIhGespectively. The presence ofFIrAHTH
increasedVimax by approximately a factor of §0.48 + 0.04 pM ATP hydrolyzed per
minute per uM FIhg with an unchanged<n (0.36 + 0.12 mM ATPYTalculation
performed by Dr. Wieland Steinchenhis stimulating effect of Flrén the ATPase
activity of FIhG would in turfikely lead to a dissociation of the FIhG homodimer,

since the ATIRequired for the presence of a diméas been hydrolyzed.

The nextpart discusses endpoint measurement ATP hydrolysis experimeitits

different fulHlength FIhG and FIrA constructs (ate®Figure 13.
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Figure 14: Endpoint measurements ofull-length FIrA and FIhG construct ATP
hydrolysis A - GComparison of GSFIrA, HisFIrA, FIhG WT and FIhG D58RAPase
activity; B - Investigation of the effects of addition of constant (10 uM) FIhG to an
increasing concentration of FlrAhe concentrations written under the graph refer to
FIrA concentrationsy-axis in both panels shows %ATP hydrolysir bars refer to
standard deiation values.
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Regarding individual, fukkngth proteins, it has been determined that the ATPase
activity of equimolar amount¢10 uM) of FIrA and Flh@re very different (FIrA
significantly more active). Such a result is in good agreement with expetsrtteat
were performed in®® with P. aeruginosehomologs (IQ was significantly more
active, and irthe article,a 5fold higher concentration of FleiNas usegl. It can be
observedin S. putrefacienthat, using 1 mM ATP as substrate, the ATPase activity of
full-length FIrA alone is approximately 3 times as higthasctivity of FIhG (in other
experiments, only the HTFHomain of FIrA was used, which has no intrinsic ATPase
activity) (seeFigure HA). The ATPase activity of FIhG D58A (a mutant that binds but
does not hydrolyze ATP) washstantiallylower in compaison; some residual activity

is believed to remain due to potential contamination of the sample Sgare 14A).
Interestingly, the GSFIrA construct had a roughly 3téld activity of the Hid=IrA,;

this is unexpected, but it is possible that the GSTettter stabilizes the FIrA protein,
and a greater proportion of it is active as a result, or tthegt enforced dimerization

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

What has also been performed are experiments identifying the effediawhg both

FIrA (fulllength) and FIhG in solution at the same tiffseeFigure 4B). The total
ATPase activity of FIrA+FIhG was observed to be somewhat lower compared to the
activity of FIrA alone this would also be in accordance with previdusaerugnosa
experiments where fullength FIhnG was shown to inhibit FIrA, but the difference is
less pronounced i%. putrefaciendn these experiments, the concentration of FIhG
was kept constant, with increasing concentration of FIrA being added (from
equimolar 10 uM, up talO0uM). The proportional decrease in total activity appears

to be relatively constant (seigure 14B). Activity of FIrA+FIhG is always lower than
that of FIrA alone, which would hint at some degree of infobiby FIhG. This degree,

however, is not nearly as pronounced asfinaeruginosaas already stated.

3.1.3.Purifications and purification optimizatiofts FIhGandFIrA
Both FIhG and FIrA are ATPases, and relatively unstable during purification. For FIhG,

employing the D58A mutant simplifies the purification significgnilzile this is not
the casefor FIrAD233A both the D58A FIhG mutant and FIrA D233A mutant allow
the binding(but not hydrolysis) of ATP. Both FIrA WT and FIrA D233A are less stable

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

affinity gep.

Initially, purification of both FIh@nd FIrA was attempted with standard buffe(d&e
Methods section)which contains an imidazole concentration of 500 mM. Simigk
imidazole amountsas well as low salt concentratiorfsgquently have a negative
effect on unstable proteinsalterations to the imidazole concentration in buffer B
were performed This was dondy carrying out different gradient elutiont
determine the optimal range where FIhG/FIrA elute from theNYIA column, bei@

it starts to precipitate.

Both FIhG and Findere eluted in50 mMimidazolesteps,and significant amounts of
protein were already detected in much lower imidazole concentrations than the
usual 500 mMthe only exception to this is the FIrA D233A, wisthh elutes primarily

at 500 mM imidazole. Both FIhG variants, however, already eluted primarily at 100
150 mM imidazole (seappendix7.3.). The presence of lower amounts of imidazole
in the elution buffer lead to decreased amounts of precipitat{atihough FlrAvas

still significantly more unstable than FIhG).

3.1.4.1s FliM a factor promoting ADP release from FIhnG?
Mant-ADP is a fluorescent ADP analogue that retains properties of nolbka(ég.,

can be degraded to AMP, binds efficiently to Aiiling pockets, etc.), but ithis

case, allows tracking of the fraction of bound ADP over time. An experiment was
carried out where FIhG alone, and FIhG in complex with FliM/N had normal ADP
exchanged for MantADP, to determine whether a change of fluorescence occurs.
Even though a minor decreage Mant-ADP fluorescenceras observed when FInG
and FliM/N were in complex, compared to FIhG alone, this behaviour does not explain
the role of FliM as amteraction partnerof FIhG Provided FliM was promoting the
release of ADP, this would lmeore clearly observable in this experimerdnd the

difference would be more pronouncddeeRgure 15 below).
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FIhG[uM]

Figurel5: fluorescence MantADP experimentShowing data referring tBlhG
alone and FIhG in the context of the FIhG//FIiM/N comp}axis showng
increasing concentration of FIhGaXis shows fluorescence unitddeasurements
performed and image kindly provided by Dr. Wieland Steinchen.

3.1.5.Hydrogendeuterium exchange mass spectromegrperiments investigating
the binding interfaces of FliMnal FIrA on FInG
HDXMS!"4was used to investigate how the pattern in protection from H/D exchange

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

binding events with interaction partners.

The HDX experiments were performaitthe HDXMS facility at Philipps University in
Marburg, by Dr. Wieland SteinchenThe binding sites for FIrA and FIIM were
identified.
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In Fgure 16 below, part A shows theH/D exchange behaviour observed upon
incubation of FIhG D58A with F#ATH, compared to FIhG D58A aloAdditionally,

1 mM ATP was supplied during incubation of the samplesiumber of regions
incorporated less deuterium when FHATH was also presemmcludinghelices 6 and
7 of FIhGas well as the region involving beta sheet 2 and alpha he®tl#er regions
with increased protection from exchangsuch as loops conneatybeta strand 1 and
alpha helx 2, andthose connectinglpha helixs with beta strandb arelikelyinvolved

in dimerization interactiongFigure 16A

A relatedexperiment was performed with a complex of FliM/N and FIFiGu(e 16B),
which again showed a behaviour consistent with FIiIM/N binding to FMG.
nucleotides were added during incubatidmterestingly, FIiIM/N was also shown to
cause increased protection from exchange andbitad to helices 6 and 7, like FirA
HTH previously which would hint at an overlapping binding sit&he region
containing alpha helix 4 and beta strakdf FIhG, howeverdid not show a reduction
in HDX,which could be used to understandwhy FliM can interactwith the
monomeric form of FIhG and FHATHonly interacts with thehomodimeric form It
was also observed that there are additiorsdcondary structuraklementswith
increased HDX presein the presence of FliM/N, found at the-@rminal end of
alpha helx 2, andbeta-strands 2, 3 and &his does not include the loops between
them). The HDX data also suggests that a partial unfolding of secondary structure
occurred upon FIIM/N binding, which was not observed with HHiAd. Taken
together, the results point towards the fact that FliM and FIrA stereverlapping

binding site on Flh@oth parts of figure 16 were also published in referetée
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A FIhG psga /FIFA-HTH versus FInGpsga B FING/FIIMN versus FIhG
FIhG | FIhG’ '

—

Red
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‘3./
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Figure 16: HDX data onthe interactions of FIhnG with FIrA and FIiM ¢ FIhG
D58AFIrAHTH HDXata withbinding siteon FlhGndicated in left panel, FIRGIhG”
dimerization interface in the right pangdDX experiment performelly Dr. Wieland
Steinchenusing proteins purified byormer AG Bange Master student Sabrina
Henchedata obtained/analyzetby Dr. Wieland Steinchemvho kindly provided the
images which were also published it/>. B - HDX data on the FIhG//FIIM/N
interaction identifying the FIhG/FIiM bindingite. HDXexperiments performed and
data obtainedanalyzedby Dr. Wieland Steincherwho kindly provided the image
which wasalsopublished in17>.  For both parts, the grey frame indicates helites
Iy R arfd the overlapping binding site.

An additional set of experimentsas carried out to investigat@hether a difference

in hydrogen/deuterium exchange occurs on FIhG, comparing itssagbADFbound
states. The behaviowf FIhG alone was compared with FIhG in the context of the
FIhG/FIIM/FIIN complexand ADP was selectively addsdeFigure 17 below). In the

upper half parts A and B), the difference in HDXetweenthe FIhG/FIIM/N complex

and FIhGaloneis shown.Figure 17Adepicts the data from the apo state (without
ADP), andrigure 17Bdepicts the data with ADP addedellow/red indicate the
regions where the H/D exchangethe FIhG/FIiIM/FIIN complex was higher than with
FIhG alone. Blue regions indicate regions where the exchange was lower in the
complex (e.g., protected regions; the binding sit€é®) the HDX colour scale, please

see thelowest panel oFigure 17 far right.

In the lower half(parts C and D), the H/D exchange values féilhG (alone or in
complex) without ADP preseate subtracted from the H/D exchange values for FIhG
with ADP present. Essentially, the difference in exchange that is a consequence of
ADP binding is determined. Figure 17Cdata for FIhG alone is showex¢hange

with  ADP minus exchange without ADP) and in Figure 17D data for the

FIhG/FIIM/FIIN complex is shown (again, exchange with ADP minus exchange without
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ADP)BIlue in this case refers to regions where H/D exchange with ADP is lower than
the H/D exchange without ADHy other words,regions thatsee more protection

from exchange in presence of ADRom this, conclusions abowhanges in the
protein that occur during ADP binding can be drawn. The regions involved in ADP
binding were mapped onto a model o8FIhG(created with Swissmodéfé17% in
Figure 17EFigurel7Fdepicts the regions RR6 of FIhG, as indicated in the rest of
Figure 17mapped onto the model dbg-IhG.
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depicted.HDX experiments performed and data obtaifehlyzedby Dr. Wieland
Steinchen Figure modified from images kindly provided by Dr. Wieland Steinchen.

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

important regions irthe three proteins of interest, structural models of each were
first made using Swissmodé&l®1’” For FIhG, the chosen template wée crystal
structure of G.thermodenitrificansFlhGfrom Schuhmacher et. af, and for FIrA,,

NtrX from Brucella abortugsm7n PDB ID}’8, for FliM, there were no structures
available that could be used to model the far region of théeininus which
contains the EIDAL motif. Hence, structural models were only used as Consurf
templates in the case of FIrA and Flh@Gigure 18A and B, respectively) The
conservation score scaleatsoshown inFgure 18, with light blue representing low
conservation, white intermediate conservation, and purple high conservation scores.
As a sidenote, the reason why ®b aeruginosdleQ structures (of which several
exist, but contain the Rec and/or AAA domain d##y/°) were used as templates for

the Consurf analysis is because none of those structures contained the HTH when the
analysis was performed. NtrX was the best ohatt the timeto cover the entire FIrA

sequence.

The Consurf analysigrstly confirmed previous findingbasedonly on sequence
alignments(D. Mrusek in his PhD thesig)at the FIhG residuesvolved inthe
interaction of FIhG with FliM and Fleke indeed highly conservedheseresidues

are K175, K205 and F2(iBdicatedas groups of spheres Figure 18Band stars in
Figure 18 Surprisinglyhowever, the FIrA region involved in FIhG bindi380-409)

was shown in its entirety as poorly consenadhighly variabldindicated inFigure

18A, Q. The EIDAL motif in FliM, involved in FIhG bindiagextremely highly
conserved, with each of the five residues receiving the highest possible conservation
score in Consurf (indicated kgure 180, also higher than K205 or F213 in FIhG, for

example

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

S. putrefacien&IrA withP. aeruginos#&leQ a$2.0% (seeAppendix 7.5.4.2 It also
63



demonstrates that the region @FIrA involved in binding FIhG (3809) has lower
sequence identity witiPaFleQ than the rest of the protein, which could indicate a
key difference betweers. putrefacieng=IrA and itsP. aeruginosahomolog (see
Appendix7.5.4.2). The identity ofS. putréaciensFIhG withP. aeruginosd&leN was
59.0% (sed\ppendix 7.5.4.1). Overall, the sequence identities would indicate a high

degree of similarity.
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- An exposed residue acecording to the neural-network algorithm.

b - A buried residue according to the neural-network algorithm.
f - A predicted functional residue (highly conserved and exposed).
s - A predicted structural residue (highly conserved and buried).

- Insufficient data - the calculation for this site was
performed on less than 10% of the sequences.

Figure18: Consurf analysis of FIhG, FIrA and FliM with residgetour-coded for
conservation scoresA - structural homology model of FIrA, showing the FIhG
interacting region as sphergB - structural homology model of FIhG, showing K175,
K205 and F213 as spherés- selected sequence regions of FIhG, FIrA and FIiM
showing Consurf conservation scoré®y regions identified with starts (FIhG) or
frames (FIrAHTH, FIliMN).
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3.1.7.Physiologicandin vitroeffects of mutations in th€lhG binding site on FIrA
on S. putrefaciens
As it had been shown the GST pulldown comparing different truncations of the FIrA

HTH domainbinding of FIhG to FIrA is disrupted, provided that enough residues are
deleted in the inker region between the AAA and the HTH domaiRgyure 13G
experiment performed with WT FIhG &l mM ATR)As the next step, ifferent in
vivofluorescence microscopy experiments were carried out to further investigate this

region.

Firstly, the entire 382109region was deleted from théirA gene,having previously

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

Secondly, a number of experiments were carried out to investigate different single
residues that were identifiedas potentially significantb@sed on Consurf and
sequence alignments witP. aeruginosdleQ and other Ntr€lass EBPsSeveral
residues were identified agery strongly conserved iShewanellacegebased on an
alignment ofsequences obtained from ProteinBldkttps://blast.ncbi.nim.nih.goy.

UsingS. putrefacien€N32 numbering E392, E393, ERDABAG to 401), F405 were

found to be universally conserved in the tested ent(@synment not shown)These
identified residues werethen suggestedto Meike Schwan, who performed

fluorescence microscopy experiments.

Meike Schwan testetive mutations, and of thosepnly oneresulted in a significant
phenotype change; the FIrA L400E mutatiofthe remaining mutations weré&IrA
E393R, R397E, D398R atlitionally E408R). For the remaining mutations that
showed no phenotype changes compared to the WT FIrA, the fluorescence images

can be seen idppendix.7.6.

Theobserved phenotype, delocalizedhyperflagellation stateesembles the delta
389409 FIrA phenotype, as well asleletion of FIhF and Fll{&eFigurel9Abelow).

The WT straimasonly one polar flagellum, the same is observed in the empty vector
control (EVC). An overexpression of RFBTOK FIrA) leads to a hyperflagellated but
not delocalized phenotype (lophotrichous flagellation), while an overexpression of

FIhF and FIhG leads to a suppression, and complete lack of flagpdlidionally to
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the filamentvisualising experiments, theame mutant and control strains were
subjected to hookisualisation experiments as well, which confirm the research
findings shown inFigure 19A below. For the hookisualisation fluorescence
microscopy experiments, please s@ppendix7.6. Fluorescence microscopyath

obtained in collaboration with Meike Schwand John HogkAG Thormann.

A

WT pBTOK EVC F|FAA389_409 FIrA L400E

)

DIC
pBTOK FIrA pBTOK FIhFG AfIhFG
: -
DIC

EWT
B FIrAa389-409
B B FIrAL400E
m AfIhFG
100
€ 90
3 70
53 i Il
© 30
© 19 mln e __
0 1 2 3 4 5 6 7 8

Number of hooks per cell

WT n=100; mutants n=300

Figurel9.: Fluorescence microscopy data on the FIhG/FIrA interacti,
fluorescence microscopgynages demonstrating the flagellation pattern in response
to mutations in the FIhG binding site on FIrA, in comparison with coridqls
number of hooks formed per cell different straingfor A and B, data obtained in
collaboration withMeike Schwamand John HogkAG Thormanand publishedin

175 Scale bar 5m.

Forboth strains with mutations in the FIhG binding site in FaAjuantification for
the number of flagella formed in comparison with the \@Tputrefaciensvas also

carriedout in collaboration withJohn Hook from AG Thormann in GielSEme results
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(Fgure 19B above) show that anoticeably different population of cHs can be
observed, with a large proportion of those haviaé, or evené or moreflagella on
the far end of the spectrumwvhen either the 383109 region in FIrA is deleted, or the
L400E mutation is useddnly a very small proportion of these celas a WT

phenotype (single flagellum).

In addition to the fluorescence microscopy experimendsiditional gPCR and
Western blot experiments were carried ottt investigate the effects of altering the
FIhG binding site on Fligh protein transcription andxgression levelspllaboration

with Meike Schwan, AG Thormar(sgeFigure 2(below).
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Figure20: Transcriptional role of the interplay between FIhG and FIRA gPCR
data showing the transcription rate of FliF and FIrA dela-FIhG, FIhG
overexpression and FIrA L4A00E mutatsbrain; B - Western blot showindrlhF and
FIhG levels in different strairffor both parts,dataobtained in collaboration with
Meike Schwan, AG Thormanmho kindly provided the imagewhich were also
publishedin 179),

With gPCRtranscription levels of FIrA and FliF were compared under different
conditions; overexpression of FING (pBTOK Flh&gtion of FIhG, and a FIrA L400E
mutation. It can be observed fronfrigure 20A) that while the transcription levels of
FIrA are very sirtar across all three conditions, therg a significant increase of FliF
transcription levels upon deletion of FIhG, or the FIrA L4A00OE mutation, compared to
an overexpression of FIhG. Thidicates that FliF, which is under the transcriptional
control of FIrA, is more strongly transcribed when FIhG is unavailable, or the FInG/FIrA

interaction is disrupted.

With Western blotgseeFigure 20B), it has been determined that both the FIrA L400E
mutation, as well as the deletion of the 3899 regionedto an increase in FIhF and
FIhG levels. The levels of both are considerably higher compared to the WIiFaand
deletion strains,and similar to the overexpression control (pBTOK FIhFhG).
Therefore, blocking the FIrA/FIhG interaction by disrupting the Biin@Ging site on
FIrA leads to a loss of controler the production of FIhF and FIhG, with significantly

higher amounts of both being produced.

Regardinghe FIrA/FIhG interactiom vitro, the mutations to the FIhG binding site on
FIrA that had beemlready investigated using fluorescence microscopy experiments,
were also tested with G§Julldowns. It has been determined that, as expected, in
the presence of 1 mM ATP, WT FIhG reacts with the unmodified HTH domB&lIns, of
but not with the L400E HTH domaor the HTH domain containing the 3809
fragment deletion. This again confirms that this whole region, and the Leucine 400 in
particular, are crucial for establishing the FHR{EA interaction The same was
observed when FIhG D58A was u¢seke Figre 21 below).
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Figure21: Pulldown experiments investigating the FIhG binding site on FIGST
pulldowns of different HTH mutants against WT (lower panel) and D58A (upper
panel) FIhG. The experiment shown in the bottom pavet performed in the
presence of 1 mM ATP.

3.2. FIhB

3.2.1.FIhBCWT andFIhBCN269A
TheWTFIhBCand theN269AFIhBC (non-cleaver mutantyun at the same elution

volume on sizexclusion chromatographyas both FIhBC WT fragments remain
associatedHgure 2A), indicating that thetwo cleaved fragments of the wildtype
retain affinity for each othe(the solved structure irFigure 24 and 25 also shows the
FIhBQC fragment still present despite the cleavadége proteins were purified using
Histag affinity purification with a NNTA resin columnFor the Higagged WT
protein, however, only one ban@oughly 14 kDais visibleon the SDSPAGE gehot
two bands(due to cleavagehs expected. The N269A does show a single ke
expected sizé¢roughly 19 kDaseeFigure22A). Smilar behaviourfor the WT protein
had previously been observed wialmonellaFIhBCin Inoue et. aP* and #8, for
example; irf8, they postulate that the single band is actually a superimposition of the
FIhBON andFIhBQCbands, even thougkInBON is a significantly smaller fragment.
This behaviour would explain whonly a single band is also observed for tBe

putrefacieng=IhBC(His).
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In order to further demonstrate thathe WT FIhBC protein indeed splits into two
fragments (SDS gel bandshathretain affinity for each other after cleavagen N
terminal GSTagged FIhB construct can be used instead this case, the GSHhB
GN269A runs as a large single band, while the-BBBCWT protein clearly shows
two bands; a large band correspdnd to the GSFIhBON fragment, and a smaller
band, which is thé&IhBQC fragmeniFHgure 20). For more details on crystallization
of FIhBC seechapter 3.2.3together withFgure 22B.

Both the noncleaver mutant and the wildtype proteimigrated on size exclusion
with the apparent molecular weight of a monomeas indicated by the calibration
standard molecular weights ifrigure 22A). This confirms that both fragments of the
cleaved wildtype protein conigrate together.The mutation of the Asparagine 269

does not in any way change the behaviour of the protein in ternadigbmerization
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Figure22 FIhB behaiour and crystallizationA- Analytical SEC runs ehBCdN221
N269A and WT (upper panel) together with the correspondingFR&E gel (lower
panely B - Crystals ofFIhBC WT obtained in three different conditiongop to
bottom: Core 11l B2, Core IV D5, Core Complex H6; for exact composition see Methods
section),C - SDSPPAGE gel showinilpe difference between WT and N269A (Ron
cleaver) GSFIhB purified proteins

Furthermae, additional experiments were performed in collaboration wibhn
Hook of AG Thormann to determine whether the cleavage event is affected by
mutations/deletions toFInBC (Figure 23 below). These experiments clearly confirm
the already known result that a N269A variant of FIhB significantly represses the
cleavageevent and is primarily present as the netleaved version of FlhB.

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

differ significanty from the wildtype protein in behaviour.
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Figure23 Western blots and analysis of FIhB mutanfEhe vestern blot(left panel)
was used fodetection of FIhB protein to obsenand quantifycleavage behaviour of
different constructqright panel) Data obtainedn collaboration withJohn Hook, AG
Thormann, GieRBerwho kindly provided the imagewhich were alspublishedin 0.

3.2.2. Crystallization and structure of (BB
Prior to successfully obtaining a crystal structure of the protein, -EIN&T and

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

the structure could not be resolved.

After further attempts, a crystallization of the WT protein was successful, leading to
crystals being observed in three different conditions (B&pire 22B) (JCSG Core lI
B2, 0.2M Lithium sulfate, 0.1M Tris pH 8.5, 1.26 Mreomium sulfate; JCSG Core IV
D5, 0.1 HEPES pH 7.5, 1.5M Lithium sulfate; Core ProComplex H6, 0.1M MES pH 6.5,
1.6M Magnesium sulfaje three weeks after setting up crystallization plates. Only
two of the conditions lead to crystals large enough to be hsieg, which were then
frozen in liquid nitrogen, and data was collected on them at the DESY synchrotron
facility in Hamburg. Of the crystals that were tested, one dataset allowed structure
determination to proceed successfully.
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From this dataset, a finatructure of FIhBC containing residues 25276 could be
obtained and refined to the final resolution of 2.1 Adures 24 The structure was
resolved using molecular replacement, where the structur&.afyphimuriunFIhBC

was used to perform MR (PDBusture 3B0Z). The structure was additionally
compared toA. aeolicusFlhB (3B1S; both structures obtadhfrom reference 3’
(Figure 2B). The structures are highly structurally similar and share the overall fold,
containing a central foustranded beta sheet, as well as four surrounding alpha
helices. In accordance with previously available fisBuctures, the cleavage event
could also be observed in th8g-IhBC structure Figure 2Q, leading to the
formation of two subdomains that remained tightly associated with each other (CN
and CC domains containing residues -262 and 27876, respectigly). The €
terminal region sequences & typhimuriunandS. putrefacienare shown irFigure
24A.

In contrast to the many similarities, there are also two important differences
between theSgFIhBC structure and the previously solved FGBtructuregFigures

24 B, Q. The first one being the-dérminal part of the first alpha helix, whiskas not
successfully resolveid the Shewanellacase (but clearly takes the form of a longer
alpha helix in other structures). In the second case,SgehBC struture managed

to show for the first time the very-@rminal part of FIhBC, which was termed the
PRR. This region contains residues-3%6, many of which are located in close
proximity to alpha helices 3 and 4, to the latter in particular. To analyzeititing
interface between the core domain of FhiBand the PRR, the LigPlot software was
used, which identified specific residues participating in hydrophobic interactions and

hydrogen bonding (seEigure 27and chapter3.2.5).
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Figure24 Structure analysis of FInB. A- Comparison of @rminal sequences .
typhimuriumand S. putrefaciensB - Structure of FIhBC from A. aeolicusand S.
typhimurium(®?) indicating the missing PRR motif; € putrefaciens-IhBCstructure
indicating the region of Helix 1 that is present in AA and ST structdedges have
been colour coded for easier identification between different stures (see part B,
right side). Images of structures prepared with Pymol software.

3.23. Consurf analysis 61hBC
The Consurf analysis of tleelved Shewanella=IhBC structure discussed in3.2.2.

(which wasprovided as templaténput to the Consurf server) has shown that tBe
putrefacienscytoplasmic domain of FIhB is overall relatively well conservéds is
particularlytrue for the cleavage site and the region immediately adjacent to the

cleavage siteRigure 25C, B, as well as a number of residues identified BYin
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Salmonellq as essential for interactions with flagellar seaat substrates see
1.2.2.1 (the numberingin Figure 25is referring to theFIhBC structure only, so
residue 251 is residue 1, for example). Most of the PRR rkagifie25D, B, at least
according to Consurf, is overall relatively poorly conserved, ianany case less
conserved than most other regions of the protein. This is in accordance with data
presented inFigure 3., since the PRR is primarily specific to gamarad beta
proteobacteria. The Consurf conservation score, as presentédjure BE, displays

the least conserved residues as a full cyan colour, and the most conserved ones as
burgundy/dark red, with intermediate conservation scores having a whiteur.
Figure25A shows the conservation of thet€rmini of various representative spes

with different flagellation patterns compared to tHdhBCPRR.
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Figure25: Consurf analysis dfIhnBC. A-alignment of the @ermini of representative
FIhBs B - consurf conservation scores (E) projected onto thEIBRGPol structure

C- zoontin onto the strongy conserved NPEH cleavage side zoomin onto helix 4
and the PRR motiE- Conservation score scale and tba@lour coded~IhBCresidue
sequence For additional explanation of conservation scores pleaseFsgere 18

Images of structures prepared with Pymol software.
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3.2.4.Further FIhB structure analysis in context of Evans et. al 20l18aralet. al
2019
The two articles(references®*18) mentioned in the title of the chapter hh

previouslydelineated the role of several residues HhBC which were found to
perform distinct roles The researcherdid so focusing on th&. typhimuriunm~IhB
and its structure The authors of these articlesadtified several residues in the
cytosolic domain of FIhB that formsarrface hydrophobic patch, which is important
for interactions with hook and rod flagellaulsstrates [ater tested with FIgD and
FlgG, respectivefAThese residues ard286, P287, A341, L34#hich actually retain
their numbering and are fully conserved also in ®eputrefaciengolar FIhB see
Appendix7.5.1). In thepublishedS. putrefacienEIhBCstructure*, the PRR region,
which was never structurally resolvédxkfore, is not directlyinteractingwith these
residues making up the hydrophobic pat¢tee Figure BA, red residues. It is
therefore not therole of the PRR to interfere wiftagellar substrates interacting with

this region.

Additionally,the article®* was alsornvestigating the role of additional residues, this
time involved in an intrdelhBC interaction, providing a hydrophobic interaction
network to stabilize the cytoplasmic domain of the protdthese residues from
Salmonellawere again compared to equivalers. putrefaciensresidues, see
Appendix 7.5.). These residues were also visualizedPymol, and, in contrast to the
hydrophobic patch mentioned earlier, some of the residues could potentially face in
the direcion of the PRROne of them is located close to thEvans et. al®!
hydrophobicpatch andcould potentially be facingh the direction of the PRR (sand
coloured, V340 irHgure 26A). Figure26B visualizes the whole hydrophobic patch
regionfrom *¥Yplus V340)but in azoomedout view. Judging from this sid&341 is
also potentially facing the PRR, but is likely not directlyradeng with it. A341 was
also not identified as an interacting resid(leetween the PRR and helices 3 anth4)

the LigPlot datak-igure 27.

Other residues from Inoue et. #lare visualized ifigure 26C A311, L350, L31822.
The only residue potentiailfacing the PRR region is R320 (bottom residue of the
indicated red region). To sum up, only R320/V34o¢ perhapsA341 (*8Y) could be
in a position toweakly interact with the PRR, but none of them are found in direct
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proximity to it, just facing in its gemal direction.The PRR is then likely not involved
in the intraFIhBChydrophobic interaction network, or in regulating the hydrophobic

patch residues.

L318-L322

Figure26: Visualisation ofdifferent residues in S. putrefaciens FIKB Performedo
analysetheir proximity to the PRR motifA ¢ identified in 8! hydrophobic patch
residues (red), V340 (sand), PRR (i), zoomed in to visualize V34® -
hydrophobic patcht®’, all residues (zoom out viewd; - residues involved in intra
FIhBChydrophobic networks$* (red), His tag (cyan), PRR (bluejages of structures
prepared with Pymol software.
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3.2.5. LigPlot analysis of FEB
An additional analysis of the interactions between the PRR and the core domain of

FIhB was carried out with the help of LigPl§#8 This software allows the
identification of hydrogen bonding interactions and hydrophobic interactions
between residues in close proximity from a provided PDBULfigRlot automatically
generates interaction diagrams for proteligand and proteirprotein interactions.

In this case the interactions between helices 3/4 and the PRR were investigated (the
former containing residues 31256 and the latter 35876). Based on the data
produced by LigPlot, the followidtydrogen bondingnteractions take place between

the PRR and theore comainof FIhB (PRR residue always written first): K360 with
Y353, G358 with Q349 and Q352, R359 with Q349, R357 with Q352. Additionally,
Q368 with Q342 and A339deFigure 27). All of the residues from theore domain
participating in hydrogen bondingith the PRRre found in helix 40ther residues

that are only involved in the formation of hydrophobic contacts with surrounding
residues are also identified by LigPlot; looking at the residues themselves, the
extreme Gterminal part of the TRR is located in proximity to hel{Figure27 panel

3). TheFigure 27below depicts the interaction interface as defined by the DIMPLOT
module of LigPlot82183,
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Figure 27: LigPlot DIMPLOT datautput. Residues directly interacting with one
another through hydrogen bondingare fully depicted, with interacting atoms
indicated. Residues formingydrophobic contacts only are depicted by name and
residue number. The residues on the top half of panels 1, 2 and 3 are those contained
in the PRR (35376); those in the bottom half of all panels, under the dotted line, are
residues from helices 3 andot FIhBC (residues 31356). Data originally obtained

as single horizontal image but rearranged to fit into a vertical layBigure and
legendtext alsoused inSupplementary data df®.
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3.2.5.Deleting the last 20-@rminalresidues of FIhB leads to a decrease in
flagellation
Since FIhB is essential for assembly of the flagellar secretion system, a deletion of

FIhB led to a complete lack of flagellation in cells (this was confirmed both by hook
and filament visualisation mhbds).Wildtype S. putrefaciensellswere classified as
having a polar flagellum in 56% of hook stains and 67%aofdntstains the rest of

cells appeared to be neflagellated seeFigure 28, B. The number is likely lower
than the actuapercentage due to method inefficiengyit can also be observed that

the hookstain method is less effective than the filamestain method.

In the strains that had the PRR motif of FIhB deleted, the number or position of the
polar flagellum did not changevhich hints that the spatial and numerical regulation
isn’t disrupted by this alteratiorilhe percentage of flagellated cells, however, was
noticeablylower in the strains missing the PRR mofithispercentage reductionvas

31+ 7%in filamentstained and 26 + 10%»n hook-stained cell{seeFigure 2&, B.

The results undoubtedly show that the PRR motif is important for efficient flagellar
assemblyand that it affects both hook and filament assem{@geFigure BA, B. A
deletion d FIhB fully abolished flagellation.

Additionally, the role of deleting the PRRGring assembly was also investigated. It
was determined that the deletion does not affect the assembly of thmg;as FliM1

still localized to the pole even in the delta PRR stradditionally, 32+/- 5% ofthe

FIhB deletion strain still had flaligr Grings (evidenced by the polar localization of
FliM1), even though no hooks or filaments could be dete¢kedure 28¢ Based on
these results, it can be concluded that the PRR motif of FIhB is important for the

functioning export of flagellasubstates butnot basal body formation.

81



82




















































































































































































