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Abstract

Flagella are bacterial organelles of locomotion and present one the smallest motors in the living
organisms. Their architeae can be divided into a cytoplasmiei@g, the membranembedded

basal body and the extracellular hook and filament structures. While flagellar structure and
constituents are conserved among the bacterial species, number and localization of fldgella at
bacterial cell surface are not. Instead, they appear in spgmesdic patterns that are
characterized by defined number and places of the flagella. For exaSipéyanella
putrefaciensexhibits one flagellum at one cell pole (monotrichious), while foodborne
pathogenCampylobacter jejunfeatures one flagellum at both cell poles (amphitrichous). In
contrast, the Graspositive bacteriunBacillus subtilisshows approximately 25 flagella that are
regularly spaced at the lateral sides and are absentthe cell poles (peritrichous). Importantly,
these patterns are reproduced during each cycle of cell division and have been used as an early
criterion for the taxonomic classification of bacteria. An essential question for understanding
bacterial cellphysiology is how these flagellation patterns are maintained? During the past
decade, the two nucleotitending proteins FIhF and FIhG have been identified as key players
for the spatial and numerical regulation of flagella. Most notably, both proteingighly
conserved but manage different types of flagellation patterns. The major aim of this work was to
understand the function of FIhF and FIhG in regulating flagellation patterns. | could show that
FIhF and FIhG form a regulatory unit in the monotiacts Shewanella putrefaciensnd the
amphitrichousCampylobacter jejuniSimilar to the situation in the peritrichoBs subtilis the N
terminal fraction of FIhG stimulates the GTPase activity of the homodimeric GTPase FIhF via a
conserved 0DQAxanyhlmin aap Theske findings suggest that the regulation of
FIhF by FIhG is highly conserved among differently flagellated bacteria and does probably not
account for the diversity FIhF/FIr@ependent flagellation patterns. This notion is also atipg

by in-depth biochemical and structural analysis of the FIhG enzymes B8bewanella
putrefacienandCampylobacter jejuniTo better understand how the FIhF/FIhG unit can regulate
different flagellation patterns, | next set out to identify interacpartners of FIhF and FIhG in

the monotrichiousShewanella putrefacienand the peritrichousB. subtilis In Shewanella
putrefaciens| could show the FIhG interacts with theri@g protein complex of FliM/FIiN via

the conserved 0EI DsAdid comrast to the situatiorFih suMiliswhEre i

FIhG also interacts with the FIiM/FIiY complex, however, via a motif within thefhinus of

\Y,



FliY. This finding presents the first differences between FlhF/Fle@endent regulation of a
monotrichiousand peritrichous flagellation pattern. My search for interaction partners of FIhF
showed that the protein interacts with ribosomes, the-BRR and the FIIM/FIIN (FIiY
complex). In monotrichiouShewanella putrefacienthe threedomain protein FIhF intects via

its N-terminal and natively unfolded -Bomain with the ribosome, the SHFNA and the
FIIM/FIiIN. Definition of the binding sites showed that they localize within the first 40 amino
acids of the protein and seem to partially overlap. However, fustiuelies need to clarify the
molecular details. Similarly, the-Bomain of FIhF from the peritrichou. subtilisalso interacts
with the Gring protein complex FIiIM/FliY via the FIliY proteinVhile many questions remain
open, | would like to suggest a wking hypothesis that combines and reflects therent
knowledge about FIhFIhG with the data obtained in this work.

VI



Zusammenfassung

Das bakterielle Flagellum ermdglicht vielen Bakterien die Fortbewegung in ihrer Umgebung und
reprasentiert einen derleinsten Motoren in lebenden Organismen. Die Architektur des
Flagellums kann in einen zytoplasmatischerRiBg, einen in der Membran eingebetteten
Basalkorper und in die extrazellularen Strukturen Hacken und Filament eingeteilt werden.
Wahrend die Struktudes Flagellums und deren Bestandteile innerhalb der Bakterien konserviert
sind, variiert die Anzahl und die Lokalisation der Flagellen artspezifisch an der Bakteriellen
Zelloberflache. Shewanella putrefacienbesitzt beispielsweise nur ein Flagellum ameei

Zellpol (monotrich), wahrend die Lebensmittel Gbertragbaren Er@gepylobacter jejungéine
Flagellum an beiden Zellpolen (amphitrich) aufweist. Im Gegensatz dazu findet man bei den
Grampositiven BakterierBacillus subtilis(peritrich) ca. 25 Flagkdn, die entlang der Zelllange
regelmafig angeordnet sind und dabei die Zellpole aussparen (peritrichous). Diese sogenannten
Muster werden bei jedem Zellteilungyklus neu gebildet. Welcher regulatorische Mechanismus
hinter der Aufrechterhaltung des ameggischen FlagelletMusters steckt, ist eine der
wesentlichen Fragen in der bakteriellen Zellphysiologie. Wahrend der letzten zehn Jahre wurden
die beiden Nukleotidindenden Proteine FIhF und FIhG als wichtige Akteure fir die raumliche
und numerische Retung der Flagellen identifiziert. Bemerkenswert dabei ist, dass diese hoch
konservierten Proteine unterschiedliche Arten velagellierungsMusten verwalten. Das
Hauptziel dieser Arbeit war es, die Funktion von FIhF und FIhG wahrend der Regulierung von
unterschiedlichen Flagellen Mustern zu verstehen. Ich konnte zeigen, dass FIhF und FIhG als
regulatorische Einheit in dem monotrich&nhewanella putrefacienand dem amphitrichen
Campylobacter jejuniagieren. Das stimmt mit der Situation in dem peritrictBnsubtilis
Uberein, wo der Merminale Bereich von FIhG die GTPa&ktivitat der homodimeren GTPase

FI hF ¢ber einen konserviertes ADQAXXLRA Moti v
Ergebnisse deuten darauf hin, dass die Regulation von FIhF &imEh in unterschiedlich
flagellierten Bakterien hoch konserviert ist und somit wahrscheinlich nicht fur die Vielfalt von
FIhF/FIhG abhangigen Flagellduster verantwortlich. Diese Vermutung wird durch
eingehende biochemische und strukturelle Analysen EleG Enzyme ausShewanella
putrefaciensund Campylobacter jejununterstttzt. FUr ein besseres Verstandnis, wie FIhF/FIhG
als Einheit unterschiedliche Flagellen Muster regulieren, sollten Interactionspartner von FIhF und

Vi



FIhG im monotricherS. putrefacies und im peritricherB. subtilisidentifiziert werden. InS.
putrefacienskonnte ich zeigen, dass FIhG mit defRg-ProteirKomplex FIIM/FIIN Uber das
konservierte AEidalfA Motiv von FIli M imBteragi
subtilis wo FIhG auch mit dem FliM/FliYKomplex interagiert, jedoch interagiert hier FIhG Gber

ein Motiv innerhalb des Nerminus von FliY. Diese Entdeckung ist einer der ersten
Unterschiede zwischen einer FIhF/FHa@hangigen Regulierung eines monotrichen und
peritrichen FlagellefMusters. Die Suche nach Interaktionspartnern fur FIhF, zeigt, dass FIhF mit
Ribosomen, der SRRNA und mit FliM/FIiN (FIiY) interagiert. InS. putrefacienmteragiert das
Drei-DomanenrProtein FIhF Uber seine -WMerminale nativ ungefalteteB-Doméne mit
Ribosomen, SRIRRNA und dem FIiM/FliNKomplex. Untersuchungen der Interaktions
Bindestellen zeigten, dass diese innerhalb der ersten 40 Aminosauren lokalisiert sind und
teilweise Uberlappen. Des Weiteren konnte auch im peritriBhenbtilisnachgewiesen werden,

das FIhF mittels seiner-Bomane mit dem @Ring-ProteinrKomplex FliM/FIiY interagiert. In
diesem Rahmen werden weitere Studien bendtigt, um die molekularen Details zu klaren.
Wahrend noch viele Fragen offen bleiben, schlage ich eibeitahypothese vor, die das aktuelle

Wissen um FIhF/FIhG und den hier gewonnenen Daten kombiniert und widerspiegelt.

Vi
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1. Introduction

1. Introduction

1.1 Bacterial motility

For mostbacteria motility plays a key role for the survivalnder changingenvironmental
conditions.To this end, bacterihave evolved remarkable motility systems during the course of
evolution. The majority of motile bacteria move by rotatingpag helical flamentthe bacterial
flagellum.The bacteriallagellum is an impressive nanomachine, which enables bacteria 8 mov
through liquids and highly viscous environm@(@wimming) or move in communities across
surfaces (swarming)Figures 1A and B, (1-3)). Flagellamediated motility is not only
responsible for locomotion, bwlso playsa central rolein biofilm formation, viruleme and
antibiotic resistancd€3i 5). A special case is the unique flageltaediated movement of the
spirochetesThey possess periplasmic flagella, whiate &nclosed between the outer membrane
and the peptidoglycan layer and are attached to each end of the protoplasmic .cylwder
rotation of hese periplasmic flagella resuitsa serpentine movement of the whole cell b¢gy
Another way to crawl over surfaces without the aid of flagella is called twitcRiggire 1C).
Bacteriawhich are movingoy twitching motility (e.g; Neisseria gonorrhoeaand Pseudomonas
aeruginosa useType IV pili that are often extendefrom the cell pole¢l). The cell propulsion
acaues by pilus extensionattachment to a surfacnd pilus retractionresultingin a jerky
movement. Théourth way to moves independentrom flagella or pili and is known as gliding.
Gliding maotility results in a membrane prasion at the cell pole and is dependamt large set

of proteins(Figure 1D). In brief, many flexibledegb composed of proteingroject outside the
cell and are supported by cytoskeletal structures from inside the cell (revie(vgd imhe force
resulting in repeated bindingulland release f t he o1 e g sAGP hydrolygsefther at e d
intracellular compoundsHowever under fast changing living conditionsflagellamediated

motility is the fastest and most effective wafymovement for bacteria



1. Introduction

(A) Swimming (B) Swarming

(C) Twiching (D) Gliding

Figure 1: Bacterial motility . Flagella mediated motility includ€s) swimming through liquid medium

and(B) swarming where cells move in communities over sgutid surfacegC) Twitching motility is

mediated by type IV pili and allows bacteriactawl over surface¢D) Gliding motility on the example

of the centipedenodel organisnMycoplasma mobile Lar ge cel | surface protein
t he ¢ nvemodbil@ Canfbrmational changes of the legs mediated by motor componengs in th

cytoplasm or cytoplasmic membrane result in gliding cell moverméetimage was adapted from réf,

8).

1.2 Bacterial Flagellum

The bacterial lagellum represents onef the tiniest complex motors in the biosphere
Nevetheless, it generates an enormgasvea by rotating~ 100.000 times per minuté/iprio
alginolyticus(9)) driven by proton motor force (PMF) generated by MwA/B complexof the
flagellar basal bodyFigure 2B and1.2.1) By this, kacteria are abléo attain a very high sed

in proportion to their size with sonpecies achieving200x of theirbody length per second
(10). The flagellamediatedmotility is based ora wellstudied process named chemotaxis. This
chemosensory system allows bactddachange the directionf swimming depending on the
presence of nutrients or repellert®viewed in(11)). This sensory inputis integrated by
switching the rotation direction of the flagellum between cogidekwise(CCW) and clockwise
(CW) resulting inswimmingin one direction o change of swimming direction by tumbling,

respectively.
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Core flagella components are fairly conserved across motile bacteria abpeldiaided irto four

major building partgFigure 2A). Firsly, the membranspanning basal body, which generates
the driving force and allows the secretion of the flagella subunits. Sgcandod, which
traverss the cell membrane and cell wall and tramsfthe rotary motion tthe outer fagella
componentsOf note, he rod slightly differs between Grapositive aid Gramnegative bacteria
owing to the differingthickness of the peptidoglycan layer and the presence of an outer
membrane Thirdly, an extracellular hook serves as hingdréamsfermotor generated rotation
from therod orto the filament. Last but not leashet ilament consistingof more than 2@00

subunits othe proteirflagdlin pusheghe cell through the environment

(A) Flagellum (B) Basal body

T Y »

Filament
MS-Ring
rr— A, N )

FIiF ————
L(k‘JA /
FIIOPQR A-\ g

FliG

£ FliM |C-Ring
Hook ‘ d FIIN(Y)
Fii) ——5——
g
Rod “T38s

Basal
Body

Figure 2. Architecture of the bacteria. (A) Scheme of a bacterial flageth of a Grarmegaive
bacterium with lhe four majorbuilding blocks:basal body, rod, hook and filamewt detaileddescription
is given in the text The abbreviations aréd®M: plasma membrane, PG: peptidoglycan, Qddter
membrane(B) Detailed scheme of the membragrabedded basal body consistofgheflagellar type 1l
secretion systerfT3S9 in light brown, the &ing in dark blue and the M6ng in light grey. The motor
components MotA/B are colored in dark gr&he figure vasadaptedrom ref. (12).
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1.2.1 Architecture of the flagellum

The general structure ohe bacterial flagellum isvell understood.Flagella biogenesiss
executed in a highly hierarchical order @®hns with the assembly of the basal bg&igures

2A, B). The earliest events in assembly involle integral membrane components belondging
the flagellar type Il secrgon system (T3SS) and a cytoplasmic membrane ring structure-(MS
ring) (13/16). The fT3SS createa centrd pore within the cytoplasmic membranand is
composed of six traamembrane preins(i.e.; FIhAB, FIIOPQR) andhree soluble components
(i.e.; FliH, Flil, FliJ). The fT3SSmediates the export okextracellularflagellarbuilding blocks and

is esseritl for flagellar assemblfreviewed in(12,17,18). ThefT3SS is surroundeby the MS
ring, which consist of 26 copies of th&liF protein and serves asa mounting plate for the
cytoplasmic ring structure ¢@ng). Thethree proteins FliG, [iM and FIiN (also namedHiY in
Bacillus subtilis) constitute the @ing thatis required for torque generation but atsansmits
chemosensory signate change the rotary direction of the flagellloatween CCW and CW
allowing changes in swimming direati (see 1.1)Interaction of FliGwith FliF andthe motor
protein complex MotA/B(Figure 2B) transduceshe PMF generated by the latter onto the
extracellular flagellar componentse.; the hook and filamentjia the MSring (reviewed in
(19)). The interaction of FIiM withthe phosphorylated componeaf the chemosensory system
CheY |l eads to a change of FI'i Gbs conformatio
flagellar rotary directior{(19i 21), reviewed in(11)). Assembly of the flagedir rod isprobably
also dependent on th@3SS however it is stillunknownwhether otherfactors guiding rod
assemblyexist(22). The flagellarrod is less conserved amo@gampositive and Grarmegative
bacteriadue to the different architecturef the cell wall and cell membrang@2). The
extracellular hook is composed of 120 subuaftthe FIgE proteinand transmits the torque from
the basal body to the filamenthe last step of flagella biosynthesis is the a&dgrof the
filament, a long hollow tube polymer aoposed of over 20000 copies dbadellin. The
extracellular assembly of flagellin is aiated by the pentameric FliD g&tructurepresent at the

nascent end of the growing filantgreviewed in(12, 18)).
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1.2.2 Gring

The flagella C-ring generates the torque anatational swithing and is important foitagellar
assemblyThe Gring iscomposed ofultiple copies ofFliG (~26), FIiM (~34) and FIiN (~120
(Figure 3A, (22,23)). The upper part of the-@ng is formed byFliG, which isdirectly involved
in the torque generatioand consists ofhree domaingFigure 3B). FliG edablishes multiple
proteinprotein interactionsvith the motor complex, other proteins of theri@y and the MS
ring. The Nterminal domainof FliG (FliGy) interacts with FliFwhile the Gterminal domain
(FliGc) binds the membrane embedded MotAteraction of FIliG with FliM is mediated bya
hydrophobigoart withinFliG¢c anda conservedEHPQRdmotif in its middle domainFliGy) (24,
25). The second flageltaC-ring component ishe threedomain potein FliM (Figure 3B). The
middle domain of FliMbinds through its conservedGGXG6 motif to FIiG (26i 28). The N
terminal domain of FliM includes the high conserdBtDAL 6 motif which mediates binding of
the phosphorylated form of the response regulator ChaYmember of the intracellular
chemotaxis systernt29i 32). Upon binding of CheY to FIliM, the interaction interface between
FliG-MotA is rearrangedeading toa switch of flagella rotatiofirom CCW to CW(33i 35).
CCW rofation leads taells which swimsmoothly, wherea€W rotation causes cells to tumble
and reorien(36, 37). The G terminaldomain of FliM interacts withliN constitutingthe lower
part of the C-ring. The domain architecture ofliR shows variations among the bacteiia
kingdom While the FliIN of mostly Grammegative species only harbors tREN-homology
domain some bacteria lik®. subtilispossess FliY comprisinpe FIiN-homology domain andn
additional Che&phosphatase domaiat their N-terminus (Figure 3B, (38)). One study also
suggests a direct interaction between FliN and Ciine¥by influencing the rotational switch of
theflagellum (39). The presence oboth FliY and FliNin someorganisms such aselicobacter
pylori or Campylobacter jejuncontestdts precise functions in flaglar assembly and regulation
(reviewed in(6)). FliN interacts with FliH,a member of the cytoplasmic Aage complex (FliH,
Flil, FliJ) which is sorting substrates for export and their efficient entry into the f{85%2).
This FIliN-FliH interaction mediatethe localization othe ATPase complefd1).
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Figure 3: The flagellar C-ring. (A) The flagellar basal body &almonellayphimurium(43). The dashed
lines indicatesthe C-ring canponents FliG, FliMand FliN (B) Shematic representation of the domain
architecture of FliG, FliM and FIiIN(Y). The arrows indicatieect interactions betweernthe proteins The
figure were slightly adapteddm ref.(24).

1.2.3 Flagella regulation

The expression of dafgellum is an energeally expensive process and involvesre than 40
genes(44,45) Therefore bacteria utilize hierarchical regulatory netwdd<control the ordered
expression of the individual dyella componentsto ensure correcflagella biogenesis The
transcriptional hierarchy has been extensivielyestigated inE. coli (reviewedin (22)), S
typhimurium(46), Caulobacter crescentug7), Vibrio parahaemolyticug48), Vibrio cholerae
(49) and C. jejuni (reviewed in(50)) and revealedthat the underlying regulatory mechanisms
differ between theeorganisms (reviewed i(b1)). Despite the differences between the regulatory
programsused, thee organismsharea conspruous feature. In all casethe flagellar genes can
be classified based on their temporal expression and on their dependence on various nested
transcriptionakregulators(Figure 4) andreviewed in(16, 44i 46). In the peritrichous flagellated

S typhimurium three operon classesre described class | genes encode the early flaarell
proteins, class Il genes for the middle flagefpaoteins and the class Il for the late flagella
proteins(53). Important components of the class | genes encode the master regulatortihCD

@’° controlsthe expression of the class Il gerfdd). The class II

togetherwith the sigma facto
genes encode components fXRliA) ar the doreespandingftio d y a n

88 (FigM) (54). FIgM inhibits (%% up to the completion of the bashbdy atwhich FIgM canbe
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secretedrom the cell via thdT3SS Subsequently(?® is thenableto activate the transcriptiaof

the class Ill geneBnalizing the flagellum and implementing the components of the chemotaxis
system(55). The (%%

flagella biosynthesigOne of the most significant differences between the-statliedregulatory

FIgM interactionapparentlyservesas key checkpoint for the regulation of

systemof Salmonellaspeciesandthat ofother organismge.g.;C. jejuniandV. choleragFigure

4) is the use of alternative sigma factohs the monoflagellat®/. cholerae, the transcriptional
hierarchy is drided in four classes of gen¢49). Here the class | genes encode the master
regulator FIrA(FleQ) which in association with thalternativesigma factord® regulaes the
transcription of class Il genes. Class Il consists of structural and regulatory components,
including the twecomponent system (FIrBC) and the alternaii’® (56). Class Ill genes are
dependent or®* and FIrCfor their activation.Upon the completion of the hodiasal body
complex, FIgM issecretedirom the cellandin turn (?® can initiate the class IV gengs7).

Again, expression and export Biagellinandmotor poteinscomplee the flagellarassembly.

N\ & :
— I

SR DU

Master — _ ri
regulator ? p Dg — ?
/?‘f J ) 7
Class | Class Il Class Il Class IV
54
54
V. cholerae firA -2, Export apparatus, fjrc. Hook, flaA o” _ Flagellin, motor
rings,firBC, fliA — proteins, figMN
L o o™
C. jejuni ? ——> Export apparatus, Flgs, Hook, rod, o® _ flaA, flagellar cup
rings, rod, figSG, flik, fliB
flgM
0
S. typhimurium  flhCD i> Export apparatus, Ln> Hook,
rings, rod, hook filament, motor
proteins

Figure 4: Flagellar gene transcription hierarchies. Three model systems for flagellar gene regulation
found in V. cholerae C. jejuni and S. typhimuriumrespectively are depicted. Gene transcription of
flagellar genes can be divided into different stages (clg$. ISigma factors and regulatory proteins
representing major checkpoints between the different stages are indicated above the arrows. The figure
was adapted from ref58,59).
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Thecore flagellar components and thasic principles of their transptional control mechanism

during flagellar assemblgre highly conerved among the motile bacterielowever, the flagella

appear in a speciepecific arrangement along the cell body in different number and location

leading todifferent flagelhtion pattens characteristic for each speci&se localization of the

flagella at the cell bodyan either be spread over the enliregthof the cell body or is limitetb

the cell pole.The number of flagella can range from awemore than 100 flagella per cell

Flagellation pattern®f bacteria carbe roughly divided into five major classes peritrichous,

medial,monotrichousamphtrichous,andlopharichous(Figure 5).

Arrangement
(A) @@ %
(B)
(VAVAY
(C) NG
W,

Classification

Peritrichous

Medial

Monotrichous

Amphitrichous

Lophotrichous

Examples

Escherichia
Salmonella
Bacillus

Rhodobacter

Vibrio
Pseudomonas
Caulobacter
Shewanella

Campylobacter

Helicobacter

Figure 5: Bacterial flagellation patterns. Schematic represenians of flagellar patterrs. A)
Peritrichous multiple flagella along the cell body.)BViedial a singleflagellum alag the cell body. €
Monotrichous:one singldlagellum at the pole. PAmphitrichous onesingle flagellum at both cell poles.
E) Lophotrichous:morethan one flagellunat onepole. The figure was slightly adapted from (€D).

Many bacterial cladeshows peritrichous flagellatioexhibiting manyflagella distributedover

the whole cell bodyincluding the cell pole(Figure 5A). Well-known representative®sf this

group arekE. coli, Salmonella entericand B. subtilis (14, 60, 61). Rhodobacter sphaeroides

poses®sonly one flagellum amid-cell andbelongs to the group ofmediatflagellated bacteria

(Figure 5B, (62)). Polar flagellation where flagellare restricted to the cell pole(s) appears in

different shapegqFigure 5C-E). Monotrichousflagellated bacteria such ag¢. cholera, P

aeruginosaand C. crescentuscarry one single flagellum at one cell pgkgure 5C, (47, 48,
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63)). C. jejuni exhibits one single flagellum at each cell pole and belongstite group of
amphitridousflagellated bacterigFigure 5D, (64)). Lopharichousflagellaton is found inthe

human pathogefl. pylori and is characterized by bearingpre thanone flagellum at one cell
pole (Figure 5E, (65)).

1.3.1Dual flagellation systems

Highly viscous environments or surfaces redtlagellamediated motility. m this casemany
peritrichous bacteria lik8. subtilis E. coli, S. emerica and Proteus mirabilisproduceswarmer
cells and increase théagella number In contrast somepolar flagellated bacteriare able to
produce a second independent flagedigsstem Bacteria able to fornthese so called dual flagella
systens are V. alginolyticus, V. parahaemolyticu§hewanella putrefaciengzospirillum ssp.
and Rhodospirillumss. (reviewed in(66, 67), (68 70)). The primary and secondary flagella are
encoded as separate gene cluster at diftgolaces on the genor{féigure 6, (48, 71)). Usually,
the primary polarflagellum is present under all growth conditiortsowever, flagella of the
secondary systemare generated under specific conditioks. parahaemolyticusnduces the
synthesis of several additional lateral flagéflaviscous environments or on surfaces resgltn

a polarperitrichous flagellaon pattern(66, 71). Anotherrecently identifiedcandidate harboring

a dualflagella systems the Gramnegative marine bacteriu® putrefacieng72). In contrast to
Vibrio s9., S. putrefatensexhibitsonly one or two additiondhteral flagellawhich improvethe
navigation and swim behaviof Shewanellan aviscous milieu(Figure 6A, (72,73)). A recent
study illuminates the two gene clusters (cluster 1 and 2) encoding the primary and secondary
flagellar sysem of S. putrefaciensrespectively(Figure 6B, (72)). Clusterl contaia genes
encoding most structural units, all regulatory and assemblyaoents for the polar flagellum
and parts of the @motaxis systenfFigure 6B). Components of the secondary flagella are
encodd in cluster 2 and contaimll major gructural sulnits and components fdtagellar
assembly, someegulatory unitsand include the gendsr the stator component{gigure 6B).
However, tuster 2 lacks genes encoding componefithe chemotaxis signaly pathwayand
distinct homologs of Flk and FIhGnecessaryor the regulaton flagella number and placement.
The absence of components of the chemotaxis syterto the observation that the secondary

flagellar systendoes not respond to chemotadignals(73).
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(A) (B)
Cluster 1
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.
3.03Mbp
Cluster 2
Secondary
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Figure 6: Dual flagella system ofS. putrefaciens (A) S. putrefaciengprocessesgwo independent
flagellar systens, a single polar flagellum (primary flagellum, green) and one or lateral flagella
(secondary flagella, orangehly generated under specific growth conditiofi® Both flagellar systems
are encodedby different gene clusters in the genomeSoputrefaciensCluster lencodes for the primary,
cluster 2 for the secondaflagellum. Color codingtli fjenesaredark blue flggenesareyellow, flhdenes

are brown ad flagjenes are light purple. The main regulatofl Y are colored in red. Genescoding for
the chemotaxigienesare colored inlight orange. The light blueolored genes have no names but their
gene product has an annotated functi@enes colored in dark grey encdagpothetical proteinsThe
numbers indicate the position in the genomé& oputrefacien&£N-32. The figure wasadapted from ref
(73).

1.4 Regulation of flagellation pattern

(Flagellar researdahhas primarily focusedon the structure of the flagellurand how regulatin
ensures the sequential atiloh of subunits ito the nascent flagellar structure. Foloagtime, the
model organismg. coli, B. subtilisandS. entericavere in the focus of intensive researdhwas
assumedhat peritrichous flagellated bacteria lile coli or B. subtilis generate a randomly
distributed flagellation patternHowever current studies irE.coli demonstrate that flagellar
formation mainly avoids the cell potadreveal arincreased numbaef flagellain the old half of
the cellduring cell division(61). Similarly, B. subtiliscontains20 to 25 flagellathat are not
positionedrandomly alonghe cell body. Instead, they asgganized in a gridike pattern around
the midcell with minimal distances of approximately 0.4 um between each ¢8®r These
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studiesstrongly suggesthat the spatial and nwarical arrangement®f flagella underlietight
regulatory controtegimes The reproducible polar amgement of one or more flagella after each
cell division suggestan intrinsicallyregulation The mechanisms by whidbacteria recognize
the cell pole or the contraf spatial and numerical parameters of flagella yodisesis are still
poorly understood fomost bacterialn somepolarflagellatedorganismsflagella localization is
clearlymedi at ed by 061 Howelentheskadbdmark pooteimd anesnot restridto
flagellation localizatiorbut arealso impatant forthe correct localization aftherprocesse such

as chromosomeegregatiorand cell division(74i 76).
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1.4.1Landmark protein systems for localization of the flagella

One weltstudied model organisnoff cell cycle regulation and polarity i€. crescentusThis
Gramn e g a t-proteebactdriundivides after each cell cycle into two morpbgically and
functiorally different bacterial cellsa motile, DNA replicatiorquiescent swarmer cell and a
sessileDNA replicationcompetent, stalkecdell (771 79). The swarmer cell possesses a cluster of
type IV pili and a single polar flagellum at one pole. After a differentighimtesghatinvolves
sheddingpf theflagellum, retractionof the pili and buildingdf an adhesive stakkt the previously
flagellated pole, theell starts to elongate and constriburing the cell cycleC. crescentus
forms apredivisional cell with amew assembleflagellum at one pole and a stalk at the ot
divides into stalked cell whicktartsimmediately withthe next round of cell divisioand a new
swarmer cél (77). The generation and progression of an asymmetric cell cycle requires an
elabaate regulatory network of proteins, many of which localize to a specific pole of the cell
Several studies identified a numbercoimponentshatare in involved in this regulatory process.
Oneof these proteins is TipN, @membranecoiled-coil protein thatretrains at the previous cell
division site and serves adandmark protein to ensure the positioning of the flagellum during
the cell cycle(74). Deletion of TipN leads to an increasedimberand dislocatedflagella (74).
TipN mediates the polar localization of Tip& transmembrane protein witthosphdiesterase
activity for cyclic di-guanosine monophosphate-dcGMP) which is important for the flagella
assembly(80). TipF recruits a third flagella positioning factd?fll to the pole. When the
flagellated predivisional cell constrs;tTipN and TipFrelocalizeto the cell division site and
interactwith the cytokinesis machinerypon completionof cell division, TipN and TpF are
localized exclusively to the new cell pole.is proposedhat TipN/F actasa landmark protein
system for subsequent targeting of flagellar compon&tgsertheless, it is still unknownotv
TipN localizes during the cell cycle to the appropriggesition andwhetherorthologuesof TipN

and/or TipFwith a similarare presenin o t h -eprotedbacteria

A further landmark protein ds recenthbeenidentified inV. cholera, the multtdomainprotein
HubP which controls polar localization of the chromosomaiar the chemotactic machinery
and the flagellum(81). Interestingly, all of these three structures rely on theiresponding
ParAlike ATPasesmportantfor polar localization. ParA is required for the chromosome origin,
ParC for chemotaxis proteins and FIhG for flagetlanponentg81). HubP is a transmembrane
protein,conservecamongVibrio ssp.and anchors the three ATPases to the pole. A deletion of
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HubP disrupts the chemotactic systethe oriC isnot targeted to the polend cell populations
shows incrased number of fladla (81). A functional orthologueof VcHubP wasfound in S.
putrefacienssuggestinghat general features and mechanisms are conserved betweeiikéubP
proteins of different specied.ike VcHubP, SgHubP plays a role in proper chromosome
segregation and recruitment of chemotaxis prot8@% In contrasto VcHubP,SpHubP hasno

effecton the positioning of flagellaut iscrucialfor normal flagella functiori82).

1.5Regulation of flagellation patterns by FIhF and FIhG

How bacteria regulate their flagella positioningjust at the beginningf being understood.
Besides the landmark proteifsee above)the two proteinsFIhF and FIhG(synonyms: YIxH,
FleN, MinD2) are important for spatial and numerical control of flagellatibns evidentthat
FIhF and FIhG control most of the flagellation patterns found in badtenagewed in(83, 84).

However the underlying mechanisnadlowing FIhF and FIh@Qo fulfill this importanttask are

still cryptic.

1.5.1 FInhF and FInG

FIhF belongs to the sigl recognition particleSRP}MinD-BioD (SIMIBI) class of nucleotide
binding proteins andogether with Ffh ath FtsY constitutegshe sibfamily of SRPGTPases
(85,86) The SRPproteinFfh andSRRreceptor protein FtsYogetherform universallyconserved
machinery that targethe ribosome nascent chain compl@XNCs)to the membrand:lhF, Ffh
and FtsY share significant sequence homology within theirGMlomairs consisting of a
regulatory domain (Mlomain) and the GTPasl®main(G-domain)(Figure 7A). In the presence
of GTP, Fth andFtsY form a heterodimer that is necessary for the transfer oRIHE to the
translocon(87, 88). In contrag, FIhF formsa GTRdependenhonmodimer of so far unknown
function FIhF comprises dasic and natively unfolded domain-@main)N-temminal of its NG-
domain In contrast, FtsY harbors atidic domain (Adomain)instead whileFfh possesses a C

terminal extensioifFigure 7A).
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(A) SRP GTPases (B) MinD/ParA ATPases
Activator MTS
N domain G domain helix
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Figure 7: Domain architecture of FIhF and FIhG. (A) Domain structure of FIhF in comparison to the
other proteins of the SRBystem FtsY and FfhSRRGTPasespecific motifs, thansertionbox (-box)
and conservethotifs for GTPase activiy (G1-G5), are indicated(B) Comparisorof thedomain structure
of the ATPases FIhG and MinD. FIhG and MinD share specific motifs for ATPase activity,-lthep P
(also Walker A), the switch regisn and Il (SI and Sll)essential for nucleotide recognitiand a
membrane targeting sequence (MTS). In addittinG harbos a higHy conserved motif DQAxXXLRdlso
named: ativator helix)at its Nterminus,which stimulates the GTPase activity of FIhF.

FIhG isa ATPase, belongs tthe SIMIBI classof NTPasesand shows a lgh homology to the
ATPaseMinD (Figure 7B, (89)). MinD is pat of the Minsystem, which is reqred for the
formation ofcytokinetic Zring during celldivision (90). MinD is able to form AP-dependent
homodimes that associat&ith the cytoplasmicmembranevia its Gterminal amphipathic édix
acting as membrane targeting sequeid&S). The membrane associated MinD recriviisC,
which hinderspolymerization of the Zing. Subsequentlythe third member of the MiBystem
MIinE disassembles the MIinCD complex,heveby MinC and MinDdissociatefrom the
membrane and diffuse to tlpposite cell polevhere polymerization starts agairhis repetitive
cycle (or oscillator)leads to a minimunof the MinC at mid-cell, wherecell division occurs
(reviewed in(91,92)).

Like MinD, FIhG can form homodimes, which dependon ATP and phospholipids. The
association with the membrane is mediated through the Kto8ipare to MinD (89)). In
addition FIhG harbos an Niterminal extension with a highconservedDQAxxXLR6motif. The
first molecular evidence that FIhG intetadirectly with FIhF was performad B. subtilis (93).
Hereit was shown that FIhG interacts via itst&minus with the NG&@lomain of FIhEThe first

20 N-terminal amino acidesidues(activator helix) of FIhnG are necessary and sufficient for
interaction stimul at i (83) A aystal BtludiuFed BIhFS8G &d the

14
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activator helixof FIhG revealed that theonserved glutaine Q8) side chain of FIhGnserts into
the composite active site dhe FInFFNG homodimer and repositions the G2 arginine finger
residueto stabilize the transition state geometry of the nucleotide subf@tecTPaseoften
functionasa molecular switch thathange betwe@ an inactive apoor GDRbound stateand an
active GTPbound stateThis 'GTPase switchparadigm in which a GTPase acts as a bimodal
switch that is turneth a'on' and 'off'stateby external regulatory factorserves in regulatioof
many fundamentatell processesin this casethe GTPaseIhF together with FIhGorms a
regulatory circuit, where FIhG triggers the transitiof the active GTP-bound dimeric
conformation of FIhF into a monomeric inactive conformatibigure 8). Interestingly some
Psaidomonasand Xanthomonaspeciesharboran FIhGhomologuewhich lacks the Nerminal
MDQAxxLRémotif and it is unclear whether FIhG interawtgh FIhF or stimulates its activityn
these speciggeviewed in(84) and(63)).

OQOO00000000000000

N-domain 2)?
Active
state ) GTP
G-domain ' y Activator
| helix
FIhF
FIhG
1)?
GDP +P 3)?
GTP.
Inactive
state |

Figure 8: Schemaic model of the FIhF/FIhG cycle.FIhF (green) isa molecular switch which changes
between an active GHbound state (homodimer) and an inactive state (monomer). FIhG (purple)
stimulates the GTPase activity of FIhF via itdé¥dminal activator helixThe FIhF homodimerocalizesat

the membran¢hat upon GTkhydrolysisenters inb its monomeric inactive stagand dissociates from the
membrane.This regulatory cycle of FIhF and FlIh@isessome fundamental yedtill unanswered
qguestionsl1) What are the presefunctionsof the different satesof FIhF?2) How doesFIhF associate
with the membrane3) Does the monomeric or the dimeric state of FING stimiibtE?
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1.5.2Role of FIhF and FInG in polar flagellated bacteria

The functionalrole of FIhNFFIhG has leen mainlyinvestigatedin polar flagellated bacteriby
cell biological and molecular genetic approaches

1.5.21 Monotrichous flagellation

For a monotrichous flagellation in bacteria it is believed that the new flagellum is synthesized at
the old cell ple of the daughter celln many polaiflagellated bacteriaflorescent microscopy
revealed a polar localization of FIhF mairdithe flagellated poleeven in the absence of other
flagellar proteins(16). In V. choleradt is supposedhat FIhF is necessary fahe recruitment of

FliF, which conposes the inner membrane MS ring of the flage(W6).

Although FhF is highly conserved amorgcteria and appears to be required for proper spatial
arrangement of flagella at the lps in many polar flagellateshe mutation of FIhF revealed
different effects on flagellation in some bacteN&hile a deletion ofFlhF in Vibrio species
results in nofflagellated cellsknockout ofFIhFin P. aeruginosdeadsto a mislocated flagellum
(94i 96). In contrast, overproduction of FIhF Wibrio andPseudomonaspecies shows a hyper
flagellated phenotypedviewed in(83,84,97)). Deletion of FIhG leads to hypéagellated cells

in Vibrio or Pseudomonathat are ®verely impaired in motilit94, 98). Furthermoreit was
shown thatn V. alginolyticusthe polar localization of FIhF depends on the presence of FIhG
(99). In V. alginolyticusit was observed that FIhF localized both on the membrane and in the
cytoplasm(Figure 9A). In contrast,deletion of FIhGshowsan exclusivelocalization of FIhF at

the cell pole whereasan overproduction of FIhG results ian increased level of FIhF in the

cytoplasm indicating that FIhG releas&lhF from the pole Figure 9B, C).

Furthermoreit has leen demonstrateithat FIhnF and FIhG acts as transcriptional regusdimr

flagellar gene expression. The FIhG orthologuePinaeruginosais able to interact with FleQ
(synonyms: FIrA, FlaK) a cdi-GMP-dependent master regulgtovhi ch act Pvates
transcription for furthe flagellar gene transcriptiof63, 100). It can be supposed that FIhG
repressstranscription of early class | genes by downregulation of FleQ, whereas FIhF acts as
downstrea activator of class Il gene®3, 101, 102). Despite the varied consequences of
deletion of FIhHFIhG in different polar flagellated bacterithese observationssupportthe

current model ofction of FIhF and FIhG. In thisFIhG acts as negative regulator that controls
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the flagella number, while FIh€ontrolsthe flagella assemblyt she properpoint and serveas a

positive regulator in many bacterial species.

(A) ®) |
+——overexpression— (1) Wild-type

(A FIhG®
fInG W flhF /\/\/\n‘ b e
®

AflhF \ / (2) AfIhG
>_ NN\JN wild type . —> W AfIhG W
AfIhF
S\N l (3) flhG overexpression
* 2%
AfIRFG % o
$e0,

Figure 9: Regulation of polar flagella number. (A) Schematic model summarizing te#ecs of flnFG
genes on polar flagellation. Deletion 8hF mainyl results in no-flagellated cellsor a mislocated
flagellum. Both overexpression and deletion fiiF leads to hypeflagellated cells. A strain
overexpressinflhG or aDflhFG-strain do not possesses flage(B) Schematic model of flagella number
regulation by FIhF and FIhG iW. alginolyticus In this model,FIhF actsas positive regulator, which
initiates the flagella biosynthesis at the right place (pole). FIhGaactegative regulator and decrease
the flagella number potentiallyy inactivation of FIhF through stimulation of its GTPase activity.Ttig
interplay of FIhF and FIhG in the wild tyrainis balanced and ressin a single flagellum at the pole.
(2) Deletion of flnG leads to accumulation of FIhF at the pole and hfiagellation. (3) When the
concentration oFlhG is increasetly overexpressigrIhF is constantly released from the membrane and
FIhF cannoinitiate the flagella biosyhesis The inages were adapted from ré34, 100)

1.5.22 Amphitrichous and lophotrichous flagellation

The interplay of FIhnF and FIhG inamphtrichousand lophotrichoudlagellated bacteriawas
mainly studied in the gastric pathoge@s jejuni and H. pylori. The flagellation pattern dfi.
pylori results intwo to sixflagella at one poleDeletion offlhG leads to nosflagellated cells and
an impaired motility(65). Like in other bacteriadeletionof flhG in C. jejuniresults inhyper
flagellaked cells while the outcome dfthF deletion arenonflagellated cells(64). Of note,
deletion offlhG in C. jejunialso results in the appearance of minicells indicating that MGt

only involved in flagellar biogenesksut also in cell divien (64).
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1.5.3Role of FIhF and FIhG in peritrichous flagellated bacteria

The physiological role of FIhG and Flhiwas examined inB. subtilis, Bacillus cereuand
Geobacillusthermodenitrificansvhich possess approximately-28 flagella along the cell axis
(104). Deletion of flnF in B. subtilis does not impaithe motility and the flagella number,
howeverthe symmetrical organized griike pattern of flagella seems disrupt@®d). In contrast,
deletion offlhF in B. cereudeads toa significanly reduced number of flagelid05). Unlike to
the phenotypes observed in polar flagellated bacteria (see adelet)on offlhG in B. subtilis
results in a readced numbeand dislocatedlagella. Here, hgh-resolution microscopyevealed
thattheflagellar basal bodies are aggregatddch implies an involvement of FIhG in the correct
positioning of the flagellar @ng as part of the basal bod$0). In agreementwith this
hypothess, a direct interaction between FIhG and theirig component FliY could be shown in

the thermophilic relative d8. subtilis G. thermodenitrificang89).
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1.6 SRRSystem

The core components of thBRRSystem are conservedn all domains of life and are
indispensabldor the cellularmembrane proteitargetingmachinery(106) In E. coli, the SRP
system consistef the SRPprotein Ffh and the SRRNA, together calledhe sigial recognition
particle (SRPandthe SRPreceptor (SR) FtsYdescribed in more detail under 1.6.1)

The previous model of theRRpathway begins when SRP interacts with the cytosolic RNCs that
translate integral membrane proteins (IMP) and mediates the targeting of this complex to the
membrane through its membrane associated-i@Béptor Figure 10A). Finally, the RNC is
transfered to the transloconpon which Ffh and FtsY disassembldis model is mainlypased

onin vitro studies and does not explain how SRP finds the membrane with its receptor, how FtsY
reaches the membrarmme how SRP is capable to targiis huge complex téhe membrane
(reviewedin (107).

A current study gives another view on the §khway and suggests a different order of events
wherethe SRRreceptor plays a central role. In this alternativede| FtsY and ribosomes are
targeted to the membrane ohg trarslation of FtsYin an SRRindependenimanner Figure

10B). This alternativesequences supportedoy in vivo studies revealingthat the N-domain of

FtsY is required for cdranslational membrane attachméb®8) Then mRNAs encodingMPs
aretargeed by an uknown mechanism to the membraoeundribosomes. Now SRP interacts

with signal sequence as it emerges from the membrane bound ribosome and facilitates proper

assembly of the RNC on theahslocon (reviewed i(L09)).
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(A) Membrane protein SRP Cytosol
transcript  ~—"" -~ 0
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QFfMSRP-RNA) “ protein  Membrane protein  transcript ll LL |
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SR Translocon

\, Signal sequence O(FtsY) M /\J\l (SecYEG)
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0
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Figure 10: Two models of theSRP-pathway. (A) The SRPmediated pathway starts with the recognition
of the signal sequence which is emerging from the RNC in the cytosol (1). (2) THRMSREBomplex is
targeed to the SRRreceptorFtsY associatedvith the membrane. (3, 4) The RNC isnséerred tothe
SecYEG translocomesulting in disassembly &@RP and FtsY(B) In the SRmediated pathwayFtsY
targets to the membrane-translationally mediated by its-tlomain (1). After asselty of FtsY at the
membrane or an unknown membrane bounotgir, the ribosome remains membrangund. mMRNA
encoding an integral membrane prot¢iMP) targets to themembrandoound ribosome and fans a
translation initiion complex (2). SRRecognizesthe signal sequence of the nascent peptide chain
emeqging from the ribosome and binds Ftevid the ribosome (3). This SHSY-RNC targets to the next
translocon through FtsY. The RNC transferigedo thetranslocon andtsY-SRP dissocia from each
other and the RN€omplex. This image was adapted from (#04,105).

1.6.1.Rearrangementof the SRRSystem during the targeting
process

SRP areribonucleoprotein particleRNPs)that consistof the proteinFfh and the4.5s RNA
(also: SRRRNA). Like FIhF, Ffh and FtsY are GTPasaflsthe SIMIBI-class (see aboveThe
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1. Introduction

NG-domain of Ffh is followed by a-@minal methionineich M-domain mainly guidinghe
interaction of Ffhwith thetetraloop of thesSRRRNA (Figure 10 (1) (110,111)). The M-domain
of Ffh together with the SRRNA recognizes and hds the signal sequem®f the nascent
peptide chain emerginfgom the ribosome nascent chain complex (RN&?). FtsY binds close
to the tetraloop via its N@omain and forms a GTFéependent heterodimer witkfh, being
described aanearly interagbn complex Figure 10 (2),(112)). After theinitial formation ofthe
heterodimerthe NGdomains undergo a largeeale repositioning to the distal region of the SRP
RNA, whereas the Miomain of Ffh remains at the tetraloop regidfiggre 10 (3). The
SecYEG translocon is now assumed todhtinis rearranged complex via theddmain of FtsY.
Binding of SecYEG may induce the rotation of the SR¥A andresult instimulation of the
GTPase activity of the SRP complekidure 10 (4), (110). Increased GTHydrolysis
subsequentlyesults indisassembly of the GFBependent FfirtsY-heterodimefFigure 10 (5).

1) SRP-RNA FtsY & 2) F
Ffh } { 'D
. RNC — ‘
- |
) Yoz 3)
- Q op NIV
Wil 4) &
\ . t)
N
SecYEG
Tetraloop ,Signa\ seqguence N G M N G

YININININ NG,

L/

RNC Ffh FtsY

Figure 11: The SRP cycle of SRRnediatedprotein targeting. (1) SRPconsistingof Ffh and SRHRNA

recognize the signal sequence ohascenpolypeptide chairemerging from the ribosomé?) FtsYand

Ffh interactin a GTRdependent manndocalizing close to the tetraloop of the SHNA. (3) The

heterodmer FtsY-Ffh undergesa repositioning from the tetraloop to the distal end of the-BRR. (4)

The rotation of the SRIRNA leads to a stimulation of th@TP-hydrolysis of the FfiFtsY complex and
transfer the RNC to the translocdB) After GTRhydrolyss, SRPFtsY disassemblesndfrom the RNC.
The image was adapted from rgf10).
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Aim of work

Aim of work

The bacterial flagalim is a remarkable nanomawoé thatallows bacteria to move in changing
environmental conditionsDespite he well-characterizeccore flagella componentsand basic
principles for regulatinglagella gene expressigrregulatory mechanisms for maintaining the
flagellaion patternare far from being understood.he flagellation patterns are characteristic for
each species and prerequisite footility, but are also involved inbiofilm formation and the
pathogenity of diseasecausing flagellated bacteria.

Two proteinsare described,which are involved in the numesal and spatial parameters of
flagella biosynthesis in many flagellated bacteria, the nucleotide binding proteins FIhF and FIhG.
How FIhF and FIhG interact with the flagellar system to assign the future flagellar assembly si
and restwt flagella to a certain numbaremajor questiosin this field and part of this worlAt

first | want to understand on biochemical levedwhFIhF and FIhG interactsith each other in

the monotrichousShewanella putrefacierend the amphiichous Campylobacter jejuniln this

casel wanted to uncovesimilarities and differencesto the peritrichousBacillus subtilis
Furthermore] set out to identify interaction partners BthF and FIhG in the monotrickhis S.
putrefaciensand the peritricous B. subtilisto gain insights into the mechanism underlying
flagellation pattern control.
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2. Results

2.1 The ATPase FIhG of Shewanella putrefaciensand
Campylobacter jejuni

FIhG is a member dhe SIMIBI class of nucleotidbinding proteins, which aroften involved in
partitioning and localizing other famrs in prokaryotic cell§85). Previousbiochemicalstudies
performedmainly in peritrichous flagellated dxteria lke Bacillus subtilis (Bs) or Geobacillus
thermodeirtrificans (Gt) have shown that FIhnG sn ATPasend in additioran activator for the
GTP-hydrolysis of FIhF(53, 54). The crystal structure of5tFInG confirmed a close strugral
homolog to the MinD ATPasdrom E. coli (89). Amino acid sequence alignments of FIhG from
different organisms reveal high conservation in the Airieling region, magnesium coordirati
site (switch Il), core ATPase motifs {Bop and switch Il) the activator helix and the MTS
(Figure 12).

Activator P-loop Nucleotid
helix specificty

FIhG
I m-l

Homology to MinD

Activator Switch | Switch Il
helix
CjFInG 4 139 TGAGIGGN I L
SpFIhG 5 137 TAAG I SDMVL
GtFIhG 7 139BMGAGASGERL
BsFIhG 6 148 BMGAGLSKDAQL

ATP binding MTS

190[FNV 226 LSA 270 8FSSFEFRKI
190/ANM 224 1PF 275LVoRl-PFDFa
192/¥NR 226 IPE 275 FFAKRLRQLF
201 MNR 235 MSD 258 FIEMILSSFL

Figure 12 Domain architecture und sequence alignments of FIhGTop: Domain structure of FIhG
including the specific mats for ATPase activity (FPoop, Switchl and Il region, ATPbinding region),
membranedrgeting sequence (MTS) and tReerminal DQAxXLR&motif, which serves as an activator
motif of the FIhF GTPase iB. subtilis.Bottom:Amino acid sequence alignmemtsFIhG homologs from
Campylobacter jejuni(Cj), Shewanella putrefacienéSp, Geobacillus thermodenitrificangGt) and
Bacillus subtilis(Bs) reveal high conservation in the core ATPase maotifs, the activator helix and the MTS.
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2. Results

2.1.1.Purification of FIhG from S. putrefaciensand C. jejuni

FIhG fromS. putrefacien$Sp andC. jejuni(Cj) were heterologously producedkn coli BL21
(DE3). The plasmigencoded sequence of both proteins contained a hexahistdjree their N
termini allowing purification by a twestep protocol including NNTA-affinity chromatography
followed by size exclusion chromatography (SEC). A detailed protocol is described in the
Materials and Methods section under 4.2.5. The purificatio€jbfhG yielded amountsvas
sufficient for further biochemical analysis assays and for crystallizattogu(e 13A). The
purification of overproduce&pg-IhG fromE. coli BL21 (DE3) proved to be difficult since the
purified protein showed high levels of precipitation at higher concentratiofferddit buffer
conditions did not improve the protein solubility. The amountSgFInG did not allow the
implementation of crystallographic experiments lpat was sufficient for biochemical analysis
(Figure 13B). Protein concentration was determined byaswging the absorbance at 280 nm
using a UVspectrometer (NanoDrop Lite) and the theoretical extinction coefficient
(web.expasy.org/protparam) that was predicted as 1164t and 12950 M cmi* for SgFIhG
andCjFIhG, respectively.

(A) CjFInG (B) SpFIhG
1000 [kDal 10 v [kDa]
v 35
900 405
s @ ———
800 25 30l
187 2
— 700 144 —_ 25
z 3 20
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E £
g 500 £ 15
S 400 S
=] [
™300 « 10
< <
200
5
100
[ 0
0 40 80 120 160 200 240 280 320 360 0 50 100 150 200 250 300
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Figure 13: Purification of CjFIhG and SpFIhG. (A) Size exclusion chromatography profoé CjFIhG
and a corresponding Coomasstiained SDIPAGE of the main peak fraction marked with a trian¢f.
Size exclusion chromatography profdé SFIhG ard a corresponding Coomassigined SDSPAGE of
the main peak fraction marked with a triangle.
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2. Results

2.1.2Crystallization of CjFIhG

Purified CjFIhG was incubated with 1M ATP and concentrated t©23 mg/ml. Crystallization
was carried out by the sitting drapettod in 96well plates at room temperatul® mixing equal
volumes of protein and precipitant solution (final drop volume 1 Ipijial hits wereobtained
after ~16 hoursin the Joint Center for Structural Genomics (JCSG) core dudendition E5

(0,2M ammoniumflouride an@0 % (w/v) Polyethylenglycol (PEG) 3350). High qualdrystals
were gained after one weakdwereflash frozen in liquid nitrogen ithe presence of a cryo

protecting solution (mothdiquid supplementeavith 20% (v/v) glycerol).

2.1.2.1 Structure deérmination and refinement of CjFIhG

Data collectionwas performed at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France under cryogenic conditions (100 K) at the bealbiR#®1 to a diffraction

limit of 2.8 A restution. Data were recorded with RECTRIS PILATUS 6M detector. Data
processing was carried out using iMosf{@il3) and the CCP4mplemented program SQA
(114) The strature of ADRFIhG was solved by molecular replacement (MR) with GCP4
integrated PHASER115)using a monomer of th&tFIhG (pdb: 4RZ3J as seath modelat2.8 A
resolution Table S1). Structures were amually built in COOT(116)andrefined using PHENIX
refine (117) The structure was refined to &)on/Riee Of 214/23.8%. The crystal structure of

the CjFIhG monomers unpublished

2.1.2.2 Crystal structure of the monomericCjFIhG

The crystal structureof CjFInG comprises residues from-288 (Figure 14A). Absentin the
structure are the first 20 anairacid residues, which contaihe previously described activator
helix and the residues 269274.The same was observed in the crystal structufetiethG most
likely due to flexibility or degradationThe cae of FIhG is composed of paralleland one
antiparallelb-sheetthat arestacked in a helical shasd are surrounded b9 Uhelices The
overall shape of the monomef@jFIhG shows the same folthd architecture astFIhG (Figure
14C). Both crystal structures can IBeperimposedvith a rootmean square deviah (r.m.s.d
2.32 K over108C Uatoms
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2. Results

The structural comparison shows that both proteins share the same active site harboring the
highly conserved mds for ATP-hydrolysis (Ploop 3637, Switch Il motif 139147) and
magnesium bindig (Switch Imotif 59-67, Figure 15A). Notable differences between both FIhGs

appear in théocalisation of helixJ 3 CgFfl h G

( h &tFha) andthe MTeh e | i X

uo

U 1 0 GtFInG, Figure 14C). Helix U 3 CjFIG is slightly shifted away from the center of the
molecule thereby widening the hydrophobic groove.

(A)

CjFIhG

(B)

Side view

Flexible loop ,~~~
269-274 '\

(C)

Figure 14: Crystal structure of CjFIhG. (A) Two views of theCjFIhG monomer, colored in rainbow.
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2. Results

2.1.2.3Catalytic motifs and ADP coordination of monomeric CjFIhG

The crystal structure ofmonomericCjFInG containsall elementsthat are required for ATP,

magnesium and nucleotiddinding (Figure 15A). Although the nucleotide ATP was added prior

to crystallization, the crystal structure GfFIhG reveals an ADP molecule bound to the protein.

ADP is coordinated in a cavityt the prospective dimerization interface of FIhG, mainly formed
by-hglices (U2, U5, U7 and US8)-loopTphosphassandikge r A n
| oop, O6GKxxxGKT/ S6) , i S Ccons er voepds campasadgpfaA TP as
loop regon and an adjacent helical tudrigure 15A). It contains two lysine residues (K32 and

K37 in CjFIhG) crucial for nucleotide binding. In the crystal structure€g#lhG-ADP, the side

chain of K37 is located within a distance of 4.7 A to bhphosphate mety of ADP Figure

15B) establishing only weak interactions. The amino group of the adenine base of ADP is
coordinated by asparagine 192 of the AdiRding motif with a distance of 3.0 Aigure 15B).
Further motifs of the »ctNiV@®&) sance tahkgurd Wiet cshw
15A). The switch | motif coordinates a magnesium ion, the less conserved switch Il motif assists

in shaping of the active site of ATPases. It is apparent that ADP is only weakly coordinated in the
crystal structure oCjFIhG-ADP (see above)This is in contrast with the crystal structuocé
GtFIhG-ADP (PDB: 4RZ3,(89)) which however was obtained ngi an GtFIhG variant {e.,

D60A).

(A) (B)

ATP
ADP binding
ATP
binding

Switch |

( P-loop

I

Switch

Figure 15: ADP coordination and catalytic motifs (A) Overview of CjFIhG with ADP bound in the
active site Importantcatalytic motifs are colored ircyan (P-loop), purple (Switch l)yellow (Switch II)
andthe orangdthe ATP binding motjf. (B) Coordination of ADP byCjFIhG. Catalytic motifsare colored
asinA.
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2. Results

2.1.24 The Gterminal amphipathic helix of CjFIhG

Another featuref CjFInG is the highly conserved-@rminal helixHe | i x U9 i s prot e
hydrophobic cleft mai nl(Biguré b6A)nThisiwab also tbsetvéddi es U3
the monomeric structure @&tFlhG,wher ein t he hydrophobic cl eft

U §Figure 14C). Helical wheel projectiorfrzlab.ucr.edupf CjFIhG emphasizesan amphipathic

propensity of the @erminus ofCjFIhG, which was also observed for thet&€@minus ofGtFIhG

(Figure 16B). This suggests that the-t€rminal helix serves as membrane targeting sequence

(MTS) as previouslpbserved foGtFING (89).

(A)

(B)

CiFinG 270 8F s SEFRK/I
SpFIhnG 275LVQR - PDFQ
GtFInG 275FFAKLRQLF
BsFIhG 258F | EMLSSFL

Figure 16: MTS of CjFIhG: (A) Electrostatic surface representationG)FIhG shovs the hydrophobic

cleft in absence (left) and presence (right) of the MTS. Positive charges are indicated in blue, negative
charges a indicated in red and the MTS in gréBh.Sequence alignments of thet@minal helix of
different FIhG proteins.Organisns are abbreviated:C. jejuni (Cj), S putrefaciens (Sp, G.
thermodenitrificangGt) and B. subtilis (Bs). Helical wheel protection o€jFInG and GtFIhG show an
amphipathic character and are indicated with green dashed lines.
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2. Results

2.1.3ATPase activity of FING

To figure out whether FIhG from S. putrefaciensand C. jejuni were active ATPases, their
putative ATPase activity wasssayedby high-pressure liquid chromatography (HPLC).

Therefore 50 to-100 uM of purified protén were incubatedwith ATP for 60 min at 37 °C.
Reactions were stopped by flash freezing with liquid nitroJdére samples were thawn and
immediately injected into an HPLC equipped with a C18 revepbede column. The eluent
contained 40 mM KEPOy, 40 mM K;HPQ,, 10 mM tetrapentylammonium braode (TPAB) and
15 % (v/v) acetonitrile. The inclusion of the cationic-pairing reagent TPAB allows for good
retention and separation of the negatively charged analytes. The adenosine nucleotides were
separated at a flow rate of 0.8 ml/min, detected wheelength of 260 nm and quantified via
integration of the respective peak areas using Agilent ChemSt&mnCjFIhG, different
variants were included in this study, harboring distinct mutations in thesporrding conserved
regions. Thesenutatiors comprises the activator motif (i.e.; Q4A), thddep (i.e.; K37A, ATR
binding) and the Switch | region (i.e.; D61A, ATydrolysis).

The results showhat bothSgIhG as well asCjFIhG exhibit ATPase activity The ATPase
activities ofSFFIhG andCjFIhG weredetermined as.8 + 006 and 18.2 + 0.2 nmol ATP *hr

nmol FIhG', respectively(Figure 17). The slightly lower activity of SFFIhG under the
experimental conditions is in agreement with the difficulties during purification of the protein
(see 2.1.1)The first 20 amino acids dBP-IhG (i.e.; the activator helix) fused to GST were
assayed for ATPase activity and revealed similar degradation as a control reaction without
enzyme Figure 17A). The introducedvariation in the activator helix at the f«rminws of
CjFInG (Q4A) did not alter its ATPase activity compared to the native profggure 17B).

This suggestd h a't FI hGébs activator heli x does neith
influencing the ATPase activitAs expectedCjFInG proteinswith a variation intheir motif for
ATP-binding (K37A) or ATRhydrolysis(D61A), showedalmost no ATPase activitgFigure

17B). Thesedata confirmthat both proteins furions asan ATPase compare to oth&lhG

homologs (89).
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The biochemical evaluation @jF | h G6 s
with the lab of Dave Hendrixson (UT Southwestern, Dallas, Texas)r&bemicroscopic images
of this lab fromC. jejuni harboring the K37A or D61A variation in FIhG revealed a typical
flagellation pattern in comparison to the wild type stréii8). In contrast to this exhibited a
variation in theactivator motifof CjFInG a hyper flagellatedhenotype An explanation for this

would be that CjFIhG isno longerable to bind FlhFvia its activator helixresulting in a lossf

2. Results

enzymatic activity

wa s

function. This suggests that thaTPase activityof CjFIhG has no influence on the g and

numerical flagellatiompattern.
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Figure 17: ATPase activity of FIhG from S. putrefaciensand C. jejuni. (A) ATP-hydrolysis in the
absence of enzyme (w/0) and in presenc8@BthG or a truncated variant 8d~IhG comprising only the
first 23 amino acids fused to GS[B) ATP-hydrolysis in the presence @jFIhF, the catalytic deficient
variantsCjFIhG K37A andCjFIhG-D61A andCjFIhG being varied in the activator helix (Q4A). Data

represent the mean + SD of three independent measurements.

To gain a deeper insight into tlkezymatic properties of FIh@, kinetic analysis othe ATPase
activity of CjFIhG was performedIn brief, 100 uMCjFIhG were incubated &7°C in the
presence of increasingmounts of ATP. Samples were taken at different time points

(5/10/15/20/30 minutes) and treated as described above. The velocity of ATP hydrolysis for each

ATP concentration was obtained by linear regression of quantified ADHexediftime points

The slope of the regression curve, representing the velocity ofh&d@lysis was plotted
againsg the concentration of ATHF{gure 18). The K, and Vjhax Values £SD of ATR-hydrolysis

were obtained from a Michaelidenten fit of the v/S characteristic using the equatienVpax *

S/(Km + S). Kinetic data analysis was performed using GraphPad Prism version 6.04 for
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2. Results

Windows (GraphPad Softwaréddmittedly, a highenumber of data points and implementation

of higher ATP concentration (e.g.; 15 and 20 mM) will lead to a better fit. However, important
conclusions can already be drawn from this preliminary déta. maximal velocity of ATP
hydrolysis byCjFIhG is almosteached at an ATP concentration of I mM. The intracellular
concentration of ATP is estimated to be 10 mMEorcoli (119)When assuming a similar ATP
pool forC. jejuni CjFInG would constantly be at its\Mx. However, the Wax0f 8.9 + 05 nmol *

min * mg™ FIhG is extremely low compared to other enzyfie0).

Q 8

=

- [ ]
"2 6. ¢ K, 2.6%0.4
*E . [(mM]
e v, 8.910.5
E 4 . [nmol* min™*

* mg” FIhG

o

>

0 I I I T 1
0 2 K 4 6 8 10

ATP [mM]

Figure 18 v/S characteristic of ATP hydrolysis byCjFIhG. v/S characteristic of ATHydrolysis by
CjFInG. Grey dashed lines indicate, and K,. The exact values values + SD obtained from a
MichaelisMenten ft of the data are given in the table. The velocity is given in nanomoles per minute per
milligram of CjFIhG.
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2.2 Interaction partners of FIhG

The mechanism, how conserved homologs of FIhG can control different flagellatiemgan
different speciesjs poorly understood To gain a better understandingto this complex
regulatory network it seemsnecessaryto identify the interaction partnés) of FIhG. In B.
subtilis, it was showrthat FIhG interacts witthe FIhF GTPasevia its N-terminus and stinlates
the GTPase activity of FIhF(93). Schuhmacheret al could showthat FIhG from G.
thermodenitrificansgs able to interacivith comporerts of the GRing (89). Since the previously
known data arenainly covering mainlyto peritichous flagellated organismhe questiorarises

whether thisg also trudor FIhG homologs irpolar flagellatedrganismge.g.;S. putrefaciens

2.2.1 FIhG interacts with FIhF and stimulatests GTPase activity

To investigate a putative teraction between FIhG and FlhGlutathioneS-transferae (GST)
fusion variantsof FIhG from S. putrefaciensand C. jejuni were generatedThese GSIFIhG
variantsand FIhF from both organisms weparified. Approximately 1nmol GSTFIhG was
immobilized on glutathionsepharose beadfllowed by incubatiorwith 7 nmol FIhFin the
absence or presence of 1 mM of guanosine nucleotides (GDP ora@d@Bnon-hydrolyzable
GTP analogue (GMIPNP) After washing of the beads to remove unbound proteins,-B8G,
and in the case of an interaction also FIhF, are eluted the columnThe elution fractions of

these GST pullown assays were analyzed by Coomastiamed SDSPAGE

The data shen, that FIhF and FIhG fromboth aganisms interacin a nucleotidedependent
mannerIn the case of FIWFING from C. jejuni,an nteraction is already observed in the absence

of nucleotides and in presence of GINeverthelessin presence of GTP and GMENP the
interaction seems increas@eigure 19A). It might be possible that the preparation of either of
the proteins contained sielual amounts of GTP explaining the interaction observed in the
absence of nucleotidel S. putrefaciensvere used &@-lhG variant which harboringonly the
first20Nt er mi nal amino acids of FIhG (dbdactiTvator
was employedWhile no interaction between the proteins is observed in the absence guanosine
nucleotide and only weak interaction in presence of GDP or BMP, the interaction is
strongest in the presence of GTRigure 19B). Although no plausible expteation can be
provided for the only weak interaction in presence of GRNP compared to GTP, it is evident
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2. Results

from the assay experimentisat FlhFand FIhG from both organisms interact in a nucleotide

dependent manner

(A) CjFIhF © (B) control SpFIhF
N « & & &
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Figure 19: Interaction of FIhF and FIhG in C;j. jejuni and Sp. putrefaciens (A) The Coomassistained
SDSPAGE shows a pull down assay with GEJFIhG andCjFIhF in presence of nucleotides (GTP,
GDP, GMPRPNP).(B) Coomassietained SDSPAGE of an interaction assay, whishows GS¥agged
activator helix ofSg-InG (GSTFSEFIhG) in presence @@d-IhF and nucleotides (GTP, GDP, GNP).

To assess whether FIhF frodn putrefacienand C. jejuni are active GTPase whaose activity is
affected by FIhGas inferred from previoustudies inB. subtilis(93), the GTPase activity of FIhF
was quantified by HPLC. In this casemutations were generated with@FIhF and SpgFlhF.
Therefoe, weremadeGTP hydrolysisdeficient variantsn S. putrefacienglhF (R285A) andC.
jejuni FIhF (R324A (118)). To probe the GTPassimulating properties of FIhG homologs,
either the first 20 Nerminal amino acids of FIhG fused to GSS. (putrefaciensor a FIhG
variant harboring the point mutation Q4A within the activator hélixj¢juni), were ugd.

FIhF and FIhG and its variants were incubated in presen&naf#l GTP for 1 h at 37C.
Reactions were stopped by flagbezing in liquid nitrogen and suligeently subjected to
isocraticreverseephase HPLC using a C18 colunifhe eluent contained 40M KH,PQ,, 40
mM K;HPQ,, 10 mM TPA and 15 % (v/v) acetonitrileThe nucleotides were detected at a
wavelength of 253 nm. Nucleotide levels were quantifiednbggrationof the peak areas using

Agilent ChemStation
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Figure 20: GTPase activity of FIhF. (A)The GTPase activity dbFIhF is stimulates bggIhG or its
N-terminal region $FIhG-N20). This stimulation was decreased in the catalytically deficghth~

R285A variantData represent the mean + SD of three independessgurements. The table summarizes

the catalytic activitieg(B) Stimulation of GTPase activity @jFIhF by CjFInG. TheCjFIhG variant Q4A

is unable to stimulat€jFlhF. Data represent the mean + SD of three independent measurements. The
table summarizes ¢hcatalytic activities

The data showhat FIhF fromS. putrefacienslonehasonly a minor GTPase activityRigure
20A). In the presence ofhe full lengthSE-IhG or its N-terminal region, was th@TPase activity
increases -B3-fold (Figure 20A). This stmulation was abolished in a GI®drolysis deficient
SFIhF variant (FIhnFR285A). Similar observations are made for the FFHRG proteins fronC.
jejuni. The GTPase activity a@jFIhF increases ~tld in the presence @jFIhG (Figure 20B).
The stimulatbn of FIhF byFIhG is reducedn the GTP-hydrolysis deficient variant CjFIhF
R324A) Variation in the activator helix d€jFInG (Q4A) also leadsn a decreasedtimulation
of CjFIhF. In both data sets, determination of the GTPase activity of FIhG sasvedntrol for

the quality of the protein preparations

Thesedata demonstratihat FInG from bothS. putrefacienandC. jejunistimulates the GTPase
activity of FIhE The first 20 amino acids of FIhG hich include the activatqQAxxRL§ motif,
are neessary for this stimulatiorhis isclarified by the fact, that the first 20 amino acidsSy
FIhG are sufficient totsnulate SgFlhF, while avariation in the activator motif of FIhG led
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2. Results

reduced stimulationFigure 20A, B). These resultslemonstrateon a moleculatevel that the
current model of FIhG ahFIhF cycle (Figure 8), which is so far based only of the peritrichous
flagellated model organisiBacillus canalsobe transferred tahe polar flagellated organisnss

putrefaciensandC. jejuni.

2.2.2C-ring components of the polar and lateraFlagella systemn
Shewanellaputrefaciens

At first, | investigated whethethe Gring component$liM and FIiN from the polar and lateral
flagellumof S. putrefaciendorm a stable omplex.By convention, the proteinsom the polar
and lateral flagellum wilarenumbered with 1 and 2, respectivelhe interaction between FliM
and FIliN was probed by MNTA affinity chromatography followed bysizeexclusion
chromatography (SEC). For this, FliM contained -te@ninal hexahistidingag while FIIN was
not taggedBoth the polar and the lateratriig components form atable complexafter SEC
(Figure 21A, B). The next question was, are tkering components of théateral andpolar
flagellum interchangeabldJsing Ni-NTA affinity pulldown assays all four possibe C-Ring
combinationsEliM 1/FIliN 1, FliM1/FIliN,, FIiM,/FIiN; and FliM,/FIliN,) weretested(Figure 21C).
The interaction between FliMNandFliMN ; is evident while no interaction can be observed for
FliM1/FIiN, and FIliMy/FIiN;. This demonstrates that FliM and Flipoteins belonging to the
polar and lateral flagelluninteract specifically only with their cognate partneand are not

interchangable
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Figure 21: Interaction of SpFliM and SpFliN from the lateral and polar flagellar C-ring. Size
exclusion chromatograms of thed=liM/FIiN; complex of the polar flagellar syste(®) and the
SEFIIM/FIIN , complex of the lated flagella system(B). The main peak fractions of the FIiM/FIiN
complexes are marked in the graphs with a triangle and shown on Cocstassd SDI?AGE in the
insets.(C) Coomassisstained SDIPAGE of a puHdown assay of different combinations of Flidhd
FliN from both flagellar systems (image kindly provided by J. Schuhmacher).

2.2.3 FIhG interacts with a component ofthe polar C-ring of
Shewanella putrefaciens

In the next step, a putative interaction betw8gAlhG and the @ing components FliMN; and
FliMo/FliN, was examinedThis was again carried out with NiTA affinity pull downs, where
SFIhG was tagged with an-Mrminal (His)-tag and FliMi/FliM, as well as FIINFIIN, were
untagged. This interaction studies revedleat only the polar €ing complex ofSg-IiM 1/FIliN1

is able to bindSFIhG (Figure 22B). Of note, heinteraction with individual componenEiN or
FliM does not seem to Isable.One explanation for this observation is that the formation of the
FliM; and FliN, complex improesthe solubility of FliM. In agreement with this, attempts of
purifying hexahistidingagges FliM by Ni-NTA chromatography and SEC proved to be difficult
due to protein instabilityHowever, it might also be possible that the conformation of FIiM
differs between the FIiMFIIN; complex and FliM alone which would give rise to fascinating

implications of the biological context of this interaction.
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The lateral &ing components showed no interaction with FlreBher alone or in complex
(Figure 22B). Additionally was theternary complexSgFIhG/FliM 1/FliN, purified without any
precipitation problemsby SEC Figure 22A). Despite the stable complex, remained
crystallization tries without succesehe fact thatSg-hG interacts exclusively with the polar C
ring complex EliM 1/FliN1), isamolecular explanation wh$@d-IhG only affects the polar pattern

in in vivostudiesin S.putrefaciengThormann, unpublished data)
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Figure 22 Interaction of SpFIhG with the FIIM/FIIN 1 complex.(A) Size-exclusion chromatography
reveals a ternary complex of FIhG, FIiM and FIiN which is indicated with a triangle and shown as
Coomassiestained SDSPAGE in the inset(B) The Coomassistained SDFPAGE shows interaction
studies with (His)&aggedSg-IhG anduntagged FliM,, and FliN,,alone or in complex.

2.2.4Formation of the FIhG-FIiM 4/FIliN ; complex requires the
EIDALL omotif

To figure out where is the interface between FIhG and the petargGomplex helps a closer
look at the domain architecturédifferent Gring components is. putrefaciens This shove that
FliM; comprises some typicnown features like an N-terminal (EIDALG6 motif, a middle
domain containing FliG binding motifs adGterminally FliN homology domairn alignment
of polar FliM; and lateral FIiM, revealedthat FliM; harbors an additional domain at its N
terminus(Figure 23A). The Ntermini of FliM; and FliM, were closer inspected by comparing
the amino acid sequences of FliMrom S. putrefaciens(Sp, V. cholerae (Vc), G.
thermodenitrificans(Gt) and C. jejuni (Cj) with FliM, from S. putrefaciensand reveal a
conservednot i f ( 6 EIl DAdhonpologs.i t hin FIl i M
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For FliN; and FIiN, are no major differences determirigesed on the fact that FliMdoes not

sha r e s EIDAL&@motd and the knowledge thaB. subtilis FIhG interacts with FliYvia its

EIDALS motif can be assumethat the interaction betwee8pgFInG and theFIliM 1/FIiN ;-

complex is mediated via th@&IDAL 6 motif. Therefore a new variation of the polar FliMas

generated, wich lacks the first 27 amino acids residues inclusived@@iBAL 6 motif. A pull-

down assay employing hexahistiteygedS-lhG together with notagged FIiM or FliM ;DN27
confirms that the Nerminus of FiMcont ai ni ng the OEI DAL® moti f i
interaction withS-IhG (Figure 23B).

(A) (B) FIhG :
& &
s & &
EIDAL motif < < <
100
FliM, M, FliM1
66
Fit2
T T = |
——— -FliMm1
25
EIDAL motif
25 e
SpFIiM1
VcFIhM
GtFIhM L e— -FIiN1
CjFIhM >
SpFliM2

Figure 23 Interactions between FIhG and FIIM/FIiIN; i s medi ated by the OEI D,
Schematic domain architecture of FliMind FliM, (top) and gquence alignments of the-tBrmini of

FliM of different bacteria(botton). (B) The Nterminus of FiMcont ai ni ng OEI DAL® i s
stable interaction betwe&g-IhG and the FliM/FIiIN; complex
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2.2.5 FInG and Gring components ofC. jejuni

The pathogenCampylobacter jejunexhibitsan interesting flagellation pattern enwaythat this
bacterium shows one flagellum at each of its cell poles (amphitrichous). Interestingly, the
genome ofC. jejunicontains homologues of FIiIN and Flédbeit the corresponding genes being

located at different genomic logtigure 24).

P ihE inG »»»”»
o

Figure 24: Localisation of fliM , fliY and fliN genesin Campylobacter jejuni

To figure out in vhich constellation the @ng components are interact with each other and
whether FIhG can also interasith C-ring components o€. jejuni further interaction assays
were performedThe handling ofCjFliM proved to be difficult because of a weak expi@sshat
could not be improved byco-expression with its potentiatounterpas FliY or FIiN.
Neverthelessinitial GST-affinity pull-down assay experimenghowedan interaction between
CjFIhG andCjFIliM but not withCjFIiN (Figure 25A). CjFIhG includingan Niterminal GSTtag
and CjFliM harborsfor stabilization an Nerminal MBRtag (Maltose binding protejin An
interaction betweejFliM and CjFliY or CjFIiN could not be observeavhich is probably due

to the weak expression @jFliM or the MBP-tag disturbing the integrity/binding ability of
CjFliM. In contrastit could be showthroughNi-NTA affinity chromatography and SE@hata
(His)s-taggedCjFIiN and untaggedCjFliY form a stable complegFigure 25B). The question
how the Gring of C. jejuniis constructed and how FIhG is involved in tlpsocesscould not
solved in this case and requires further resedrbbse experiments provide the first molecular
evidence that FIhG interacts with FliM fro@ jejuniand raises the possibility that theri@g of

C. jejunimight consist of three components (FIiM, FliY and FIliN) instead of two (FIiM and FIliN)

as true for many other bacterial spe¢s, 27).
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Figure 25: Interaction of FIhG, FliM, FliY and FIiN from C.jejuni. (A) Coomasiestained SDFAGE
of a GSTaffinity pull-down assays usin@jFInG carrying a GSTag andCjFliM, CjFIiN and GST beads
as negative contro{B) The size exclusion chromatography of @j&liY/FIiN in complex A Coomassie
stained SDFPAGE of the main péafractions marked with the triangle is shown in the inset.
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2.3 Crystallization of SpFliN, from S. putrefaciens

For a deeper insight into their interaction interface, FIMIN, and FliMy/FIiN,, which are
systemspecific and only interact with their goate CGring partners, were attempted to
crystallize. Neither FliM alone or in complex with FliNor FliM, alone or in complex with FIiN

afforded determination of the crystal structure of Fl@ly FliN; could be crystallized

Purified SEg-IiN; was concetratedto ~ 21 mg/ml. The aystallization was carried out by the
sitting drop method in 96 wefllates at room temperature. laitihits were obtained after one
week in the Joint Center for Structural Genomics (JC$Gie suite Il condition B2 (0.2 M
Lithium sulfate, 0.1M Tris pH 8.5, 40%w/v) PEG400). High quality crysals were gained three
days and were flash frozen in liquid nitrogen in the presence of a-mmytecting solution

(motherliquid supplementevith 20% (v/v) glycerol).

Figure 26: Crystallization of FliN. Bi-pyramidalcrystals obtained after one week in core suite 11 B2 (0.2
M Lithium sulfate, 0.1 M Tris pH 8.5, 40% (w/v) PEG400).

2.3.1 Structure determination and refinement ofSpFIiN

Data collection was perfored at the ESRF in Grenoble, France under cryogenic conditions (100
K) at the beamline ID 22 to a diffraction limit of 2.0 A resolution. Data were recorded with a
DECTRIS PILATUS 6M detector. Data processing was carried out using iM@$1l8) and the
CCP4implemented program SCALAL14) The structure of SpFliNvas solved by molecular
replacement (MR) with CCP#tegrated PHASER115) using theThermotoga maritimgTm)

FIiN dimer (pdb:106A) as search model at 1.85 A resolution (Table S1). Structures were
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manually built in COOT(116)and refined using PHENIXL17)refine. The structure wasfined
tO aRwork/Rfree Of 21 8/26%

2.3.1 Crystal structure of FliN;

The crystastructure ofSgFIiN was determined &.0 A resolution(Table S} and the structure

was complete except for the first 3@mino acids andhe last eightresiduesdue to either
flexibility or degradatios. The structure revealed a dinwrSFIiN wherebythe overall shape of

the dimeris reminiscent of a saddl¢Figure 27A). Each chain contains Prhelices and H-

shees$. The bl-sheetsof each chairbuild a two b- barrel and keep the two subunits together.
Further interactions between the subunits of
with b5 of the other chainThe helix UL is direded away from the main body of the molecule.

The FliN homodimer shows significant strucali similarity to the FliNhomology domain off.
maritimawith aroot mean square deviation (r.m)sod 1.31A% over38 C Uatoms. Compare to

TnF | i N, t h eotpt&enhireth8iFKN strusture

(A) SpFIiN view from above

Figure 27: Crystal structure of SpFliN. (A) Two viewsof the S@FIiN dimer with one chain in blue and
the other chain igyan The crystal structure @¢he TnFIiN dimer fpdb 106A) and the (Chverlay of
SN monomer (blue, cygrandTnFIliN monomer (grey).
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2.5 Characterization of FIhF

FIhF isa SRRGTPase and buittogether with thesignal recognition particleéfh and the signal
recognitionreceptorFtsY the subfamily of SRIETPases of th&IMIBI class of nucleotide
binding proteinsFIhF is conserved among many bacterial species and is essentied ¢orrect
establishment dilagella (reviewed in(83,84)). A closer look to the domain architecture of FIhF
shows that FIhFcan be divided ito three domains, the N@Gomain and Blomain. TheN- and
G-domainsharea significant sequence homologyith Ffh and FtsY within their N&lomains

and are important fothe GTPase activityHgure 28). All FIhF proteins contai a natively
unfolded and overall basically chargexitension at its Nerminus (Bdomain) which differs in

size and conseation among the specieshe first and only crystal structure of FIhF to date
comes fromB. subtilis (86). This crystal structure contes only the NGdomain and showa
GTP-dependent homodimeHowever the functional role of the FIhnF GTPase homodirfaar
formation ofthe flagellation pattern is gfear. It is also unknown, how Flh& able to localizéo

the membrane aio theappropriate cell poleBesidesFIhG (compareto 2.1 and 2.2), no other
interactionpartneron a molecular levedbf FIhF could beidentified. Given the complexity of
spatial and numerical regulation of flagellation patterns it is hard to imagine that these regulatory
mechanisms should be solely gowatrby FIhF, FIhG and the FIhF€@mplex. The identification

of additional interaction partners for either of the proteins will surely aid our understanding of the
development of flagellation patterns in bacteria as a whole.

B- domain N-domain G-domain
1 366
FIhF ‘
1 460

G1 G2l-box G3 G4 G5

Homology to Ffh/FtsY

Figure 28 Domain organization of FIhF. Domain organization withG-elements of FIhF. Domain
architecture of FIhF frons. putrefaciensindB. subtilis The NGdomain of FIhnF homologs shares high
sequence homology with the Nddmains of Ffh and FtsY. Specific nifstifor GTPase activity (GG5)
are indicated
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2.5.1 Purification of FInF from S. putrefaciens

To figure out whetherFIhF from S. putrefacieng€ompare to FIhF fromB. subtilis possesses
GTPaseactivity and can be stimulatethy Sp FIhG, it was necessary tpurify SgFIhF. First a

truncated variant of FIhF fror8. putrefaciensarboring onlythe N&él o mai n (i . e. ; FI h
was cloned containing an-términal hexahistidingag. After protein production i&. coli BL21

(DE3) and protein purification by NNTA affinity chromatography, the protein shows heavy
precipitation Different buffer condition®r the supplementation garious guanosineucleotides

did not improve the protein solubilit$ince the truncated variant of FIhF was not soluble as true

for the homolog fromB. subtilis(93), full-length FIhF should show improvemeut even the

purification of full-length FlhFyielded in a low amounof soluble protein accompanied by
precipitation However the concentration of solutbihF was suficient for biochemical analysis

as itwas previously described in section 2.¢gigure 20).

2.5.2 TheN-terminal region of FIhF from S. putrefaciens

Even if the purification of FIhF and its variant FIIRG provedto be difficult, interesting
observations could be maddh~NG could be purified in good quantity and purify by-NTA
affinity chromatographyFigure 29A). In contrast, purification and SBIBAGE analysis of full
length FIhF reveals many contaminating proteins of a size below 4QKiBare 29B). Mass
spectrometry analysisf the contamination signalgvealed a prominent amount of ribosomal
proteins(Table S2).This suggests that fulength FlhFinteracts with ribosomes (see a&.4).
Moreover, the Bdomain of FIhF can be defined as the part of FIhF that mediates the interaction
as FIhFNG does not interact witribosomal proteins while fulength FIhF doesHigures 29A
andB). The Bdomain & FIhF is natively unfolded and differs in length between FIhF homologs
from different species. However, close inspection of the amino acid sequence eddh&aB of
FIhF from different bacterial species reveals high conservation within tieenNnal reion of
FIhF (Figure 29D).

To test the hypothesis that thet&minus of FIhF is mediating the interaction with ribosomal
proteins,anFI hF vari ant |l acking the first ten amin
purified by NENTA affinity chromatography. The amount of ribosomal proteinpuofied with

FI hFopN10 i s drasti cal |Hengthd/hE Figeirea 23%€)d. c B lbfpsaapd d t o
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promising protein construct from which the

network by biochemical and genetic methodology can be further approached.

(A) (B) (©)
SpFIhFAN152 SpFIhF SpFIhFAN10

(D)
BsFIhF 1 N
SpFIhF 1 S
PaFIhF 1 P
VcFIhF 1 Vv
CsFIhF 1 S

Figure 29: Purification of FIhF variants. Coomassietaired SDSPAGE after NINTA chromatography
of (A) F |1 h F pNB) fullength FIhF andC) F | h F gp(®)LAnino acid sequence alignments of the
N-terminus of FIhF from different organismB: subtilis(Bs), S. putrefaciengSp, V. cholera(Vc), P.
aeruginosgPa), Clostridium stercorariunCs).

In conformance with the biochemical éva at i on of F | h FaiitylaSsayfofsSee abo
putrefacienson soft agar platedemonstrateéhatfl h R cells exhibit asignificanty reduced

swimming behaviocomparablgo a gilhF mutant(Figure 30B). This was done in laboratory of

Prof. Dr. Kai ThormannFurtherin vivo studies orS. putrefaciensevealed, deletion of the first

ten amino acids effects also the polar localization of FIhF. FIhF which lacks -teamihal

region is no longer able to localize at the pdlearmann unpublished data)rhese observations
suggestshat the Nterminus of FIhF contains a functional inmant motif that could be senas

a potential interactioplatform and either by this or sons¢her unknown mechanism influence

the localization of the flagellum to the cell pole
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wilde type AflhF flnFAN10

Figure 30: Influence off | h F qoN thé® motility of S. putrefaciens Motility behavior of gdlhF and
f | h F goitdnt® compare to the wild tyf@ata were kindly provided by th€ai Thormani).

2.5.3The N-terminus of FIhF interacts with ribosomes

Based on the observation that thé¢erminus of FIhF might serve as an interaction platform for
ribosomal proteins, a truncated variant of FIhF comprising only its first 32 amino acids fused to
an Nterminal GSTHag (i.e.; GSTFIhF-N32) was generated and purifiec@ST-FIhF-N32 was
thenincubated with freshly prepared cell lysate fr@nputrefacienand the protein content was
visualized by Coomassstained SDS?AGE Signals correspondingotputative interaction
partnerswere analyzd by mass spectrometffigure 31A).The GSTSFIhG and GS-BsYpsB
served in thisGST-pulldown as negative contraldhe proteins cgurified with GSFSgFIhF

N32 were subjected to mass spectrometric analysis following tryptic digestion and again revealed
more than ten ribosomal proteins from both the small amg labosomal subunif{gure 31B,

also compare t@.5.2andFigure 29). The large number of ribosomal proteinspoified by the
N-terminal part ofSg-IhF in two independent experiments strongly suggests that FIhF interacts

with the ribosome as a wholather than with single components.
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S. putrefaciens CN32
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Figure 31.Interaction of FIhF-N32 with ribosomal proteins. (A) Shows Coomassigtained SDSPAGE
of a pulkdown assay with GSBFIhFN32 with different concentrations (1nmol, 5nmalhd freshly
prepared cell lysate frof@. putrefaciensSg-lhG andBsYpsB served as negative contrgB) Summary
of proteins identified from the putlown assay in A by mass spectrometry following tryptic digestion.

2.5.4FIhF associats with ribosomes

To verify thehypothesis that FIhF associates with ribosomes, ribosomes were purified from
putrefaciens CRB2 according to a weléstablished protocol of Bommer andworkers(121).

One liter cell culture oB. putrefacien€N-32 was grown in LBnedium at 37 °C and vigorous
shaking until midlogarithmic phaseThe first part of ribosome purification contains dg8is

and remove of the cell debris, which require different centrifugation steps with special buffers
(detailed in4.5.1). The Aliquot of potentialibosomes are layered onto €4@0% (w/v) sucrose
gradient.The sucrose density gradient is then centatugn a swingingoucket rotor for 12 h at 4

°C and 80,000 xg separating polysomes and 70S ribosomes from the 30S and 50S subunit
(Figure 32A). After ultra-centrifugation the gradient was collected by hand from the top to the
bottomin 16 fractions. The saples were analyzed by SEPAGE and Western blotting using
antiFIhF antibodiesThe SDSPAGE shows the ribosome profileyt it seems that only the 30S
subunit and the 50S subunit are separated (Fractighg-igure 32B). The 70S subunit and
polysomes wold have been expected in fractiond® However, Western blot analysis with
anti-FIhF reveals protein presence in the fractionsebrrelating to the fractions containing 50S
ribosomal subunitsHigure 32B).
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Figure 32 FIhF associates with ribosomesin S. putrefaciens (A) Schematic model of ribosome
purification by sucrose densigradient centrifugation(B) Collected fractions of the sucrose density
gradient were analyzed by Coomassti@ined SDSPAGE and western blotting thi antiFIhF antibodies.
(C) Ribosome purificatiomnder high and low salt conditionsere analyzed by Coomassiained SDS
PAGE and western blotting with asiflhF antibodies

In order to investigate ribosome binding of FIhF protein, salt wash experimanperformed
Therefore, the ribosomes from one liter cell cultureSofputrefacien<CN-32 were isolated as
described before. The ribosomal pellet was resuspendethiroRribosome lysis buffer (20 mM
HEPESK pH 7.5, 60 mM Kacetate, 5 mM MgG) 5 mMDTT and 1 mM PMSF) and laid over a
cushion of 25 % (m/v) sucrose in lysis buffer supplied with either 100 rrddd{ate for low salt
wash or 800 mM for high salt wash, respectively. The samples were centrifuged at 24@,000 x
for 2 h at 4 °C and divided to supernatant and pellet fractiofhe supernatant wasecipitated
with 50% TCA, and solubilize in a volume of 200 pbamples were taken at all relevant
purification steps and analyzed B{pS-PAGE and Western blotting usi@nt-FIhF antibodies
The Wegern blotanalysis showethat FlhFis found in the pellet fractiomnder both, high and
low salt conditions(Figure 32C). That lead to the conclusion that FIhF associates with

ribosomes, in a salt independent manngnis suggests that interactidmetweenFIhF and
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ribosomes are stablét this point, itcannotbe define, if that binding occuxga eitherdirect or

indirect interaction with the ribosome.

2.5.5The N-terminal region of FIhF interacts with SRP-RNA

It is proposedhat FIhF is involved in theotalization of the firstlagellar components the
membrang16). MoreoverFlhF is a homolog of th8RP componentsfh and FtsY Therefore,

the questiorarises whethdflhFis able to interact witltomponents of the SR®ystem

As describd above, the Merminus of FIhF is highly conserved among the species and-the N
terminal firsttenamino acids are required for ribosome interactligyre 29). Moreover, GST
FIhF-N32 is able to bind ribosomegigure 31). We therefore speculated thatstiitterminal
fraction of FIhF could be involved in a putative interaction of FIhF with Ffh, FtsY orRBIRR.
Notably, GST-FIhnF-N32 interactswith the SRRRNA (Figure 33). However,GST-FInF-N32 is

not able to interact with Ffh or Fts¥urthemore,initial lysate puldown assays witfull-length

FIhF and FtsY, Ffh or FtsY/Ffh in a nucleotide dependent manner, could not be observed any
direct interactions (data not shown).

SRP-RNA
O o A
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& & o Y
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GST-FIhFN32
SRP-RNA pa— & V4
18
i SRP-RNA

Figure 33: the N-terminal 32 residues of FIhF interact withthe SRRRNA. Coomassie andtigdium
bromide-stained SDSPAGE of a pulldown assaywhere GST-SgFInF-N32 was incubatedwith SRR
RNA. GST- SFIhG andGST-BSFInG-N27 servedas negative contral
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2.5.51 Ffh and FtsY modulate the interaction of FInFN32 with SRP-RNA

Next, we asked whether the presence of Ffh, FtsY or nucleotides could impact the interaction of
GST-FIhFN32 with the SR-RNA. Addition of full-length Ffh and FtsY or both abolished the
interaction ofFIn~N23 with the SRFRNA (Figure 34A, B). In contrast, the N&@lomain of Ffh
(Ffh-NG) lacking the SRARNA binding M-domain is not suffigentto removethe interaction
betweenFInF-N32 and SRPRNA (Figure 34A). Interestingly addition of nucleotides likethe
nonthydrolysable GTP analogueMP-PNP restaesthe interactio of FIhnF-N32 and SRPRNA

in presence of Ffh and Fts(Figure 34A). A similar effect was observed with GTP but with a
distinct lower signal of SRIRNA bound to GSTFIhF-N32.

As described in section 1.6he NGdomain ofFtsY and the Mdomain of Ffhbind to a region
proximal to the tetraloop of the SFENA. The GTRdependent heterodimer of Ffh and FtsY,
however, binds to the distal end of the SRIRA. Thereforethese experiments suggest tRitF

is bindingto the SRRRNA is not possiblevhen the tetraloop region is blocked by Ffh or FtsY.
This suggests that the-fdrminal region of FIhF binds in close proximity to the tetraloop of the
SRRRNA. This conclusion is further supported by the observation that an FIhFRSRP
interaction in thepresence of Ffh and FtsY is only possible when the latter ones are bound to the
distal end of the SRRNA. Accordingto the current modeit would be expected that the fixed
heterodimeric state of Ffh and FtdXnds close to the slial end of the RNA, buh thesepull-
down assayg was never seen a FtsY or Ffh sigfabure 34A, B). In this casédt seems that the
Ffh/FtsY complex did ot bind the SRHRNA or the FInFN32/SRRPRNA complex.
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Figure 34: The N-terminal resediues of FIhF bind SRP-RNA. (A) and(B) Coomassieand ethidium

bromidestained SDSPAGE of pulldown assays with GS$FIhFN32, Ffh and FtsY incubated with
SRPRRNA and with nucleotides (not indicated means without addition of nucleotides, GTPPGIMP

(C) Summaized model of interaction from (A) and (B).

2.5.6Interaction of FIhF with C-ring componentsin B. subtilis

Initial lysatepulldown assayssuggested to us that tlBedomainof FIhF could interact with the
C-ring proteins FliM/FIIN and FliM/FliY inS. putefaciensandB. subtilis respectivelydata not
shown) To consolidate this observation, we first tested the direct interaction of ttheniainof
FIhF fromB. subtiliswith the G. thermodenitrifican€-ring protens FliY and FIliN/FIiY (Figure
35A). Thein vitro pull-down assaydemonstratethatfull -lengthFIhF and its Bdomain areable
to bind FliY andthe FIiIM/FliY complex(Figure 35A). The NGdomain of FIhF(BSFIhFNG)
wasnot sufficient to bind FliY andliM/FliY. Therefore, we conclude that thedBmain of FIhF
interacts with the FliM/FliY complex via the FliY prote{frigure 35A).To identify a the FliY
binding site within the Blomain of FIhFdifferenttruncated variants ds~lhF B-domain were
generategrogressively lacking 20 amino acids frohe tNterminus:Bs-IhB 21-111, BsFlh~
B 41-111,BsFIh~B 81-111 These puldown assays showed that the first 40 amino acids of the
B-domain wererequired for the interaction with FliY and the FliM/FIliY complexidure 358,
C). Vice versathe first 47 aimo acids of FIhF were sufficierio interact with FliY Figure
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35C). To further delineate the binding site, a construct containing residues 2d tvas
generated. This FIRB 21-47 variant was slilable to interact with FliY(Figure 358, C). We
therefoe conclude that the FliY binding motif is located within residues 21 to 47 of the B
domain of FIhHFigure 35D).
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Figure 35. The B-domain of FIhF interacts with FliY and FIiM /FliY. (A) Coomassietained SDS
PAGE of interactiorasslys usingdifferent GST-FIhF variants and FliY or FliNFliY. (B, C) Coomassie
stained SDPAGE of a pultkdown assayemploying different GSTagged FIhFB-domainvariants, FliY
and FliM/FliY (D). Interaction scheme concluded from the pulldown experimesfdaged in (B) and
(C). The upper part represents the immobilized &&jT(orange) of the FIhF-Bomain and its variants
(green). The lower part shows the putative interaction partners (blue) assayed in this experiment.

2.5.61 The B-domain of B. subtilis FIhF interacts with the FliN-homology domain of the G
ring protein FliY

In the previous pullown experiments a direct interaction between tieoBain of FIhF fronB.
subtilisand the &ing protein FliY fromG. thermodenitrificansould be establishe¢h the next
step | tested whether theddmain ofBs-IhF could also interact with-G8ng components frors.
putrefaciens FliN from S. putrefaciensnteracts with the BRlomain ofB. subtilisFIhF (Figure
36A). GST affinity pulldown assayemploying the dferent B. subtilis B-domain variants
introduced in the previous chapter showed tRatputrefaciend=liN interacts with the same
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fraction {.e.; amino acids 21 40) of the Bdomain as it8. subtiliscounterpart FliY (compare to
previous chapter)Becaugs S. putrefaciensFliN and B. subtilis FliY only sharethe FIiN-
homology domainKigure 36C), we conclude thahe B.domain ofB. subtilisFlhF interacts with
the FliN-homology domain of the @ing proteinFIliY.

To investigate whethe®. putrefacien$liN or B. subtilisFliY would also interact with the B
domain of S. putrefacieng=IhF, we performed a GST pudown assay employing different
variants of the Blomain ofS. putrefacien&lhF (Figure 36B). S. putrefacien&liN as well asB.
subtilis FliY interacted with the Blomain ofS. putrefaciens-lhF (Figure 36B). As observed
before, the first 40 amino acids of t8eputrefacien&lhF were necessary and sufficient for these
interactions. In strong contrast B subtilisFlhF, the first 10 amino acids weerequire for this
interaction Figure 36B). Therefore, we conclude that although the overall interaction of the B
domain with FliN and FliY is conserved, subtle differences seem to exist at the molecular level of

these interactions. Whether these areetdévance for productive flagellation pattern formation
remains to be investigated.
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Figure 36: Compatibility of flagellar components from different organisms. (A) Coomassiestained

SDSPAGE of interaction studiegmploying GSTBsFIhF B-domain and its variantand Sg-IiN. GST-

SHFIfFN32 together withSE-IIN serves as positive control aBeB1-111BsFIh~N31 together with

BsSAS1 as negative contrdB) Pull-down assay with GSB@-IhF B-domain and truncated variants of

the B-domaintogether withGtFliY and SgFIiN. (C) Domain architectureof FliY and FIIN.O6 N6, 6 M6 and
6 Cd r eterminal, niddle Bnd @erminal domain, respectively.
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3. Discussion

3.1 The nucleotidebinding proteins FIhF and FIhG

FIhF and FIhG are nucleotidending proteins and play essential roles for the determination of
the correct flagella localization and number of flagella in many different bacteria. While deletion
of flhF in peritrichousy flagellated bacteriai.€; B. subtilis (60)) results in accumulated basal
bodies toweds the poles, the deletion fiF in polar flagellated bacteria mainly results in Aon
flagellated cells or misplaced flagella (reviewed88, 93). Deletion offlhG in B. subtilisleads

to a tuftlike pattern(60). In contrast, polaflagdlated bacteria lackingflhG, show a hyper
flagellated phenotyp€l03) These data clearly demonstrate that FIhF and FIhG are essential for

formation of different flagella patterns.

However, the molecular mechanism by which FIhF and FIhG orchestrate these different

flagellation only poor understood.

FIhG/FIhF

Figure 37: Schematicoverview of the flagellationpatterns determined by FIhG (purple) and
FIhF (green).

Nucleotidebinding proteins (i.e.; GTPases and ATPases) often function as molecular switches

that regulate bialgical processes followindite &6 GT P a sparadigmv iNacledtidinding

proteins can exist and switch between two discrete states that are definbeé byund

nucl eoti de: . t he 0 GduRd stafe.A-6lloweng tthe swiich parad@m,P/ ADF
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t he O GTsRitki®cOIRI®Tr ed t o {state ih wheh tile@mgtéin can bind to effector

mol ecul es, while in the 6GDP {stat®).Bwitchiagtbativeen t hi s
t he 0 ONO -satasdusuallf@duired the presence of nucleotide exchange factors (GEFs)
GTPase/ATPase activating proteins (GAPs and AAPs, respecti@8ly)

Both FIhF and FIhG can heewed as nucleotiddependenimolecular switches. For FIhG, it was
recently observed that the monomer is located in the cytoplasm and represents the inactive state.
The ATRdependent homodimer of FIhG is restricted to the membrane through its MTS and
represents the active staf®9). So far, neither for FIhGhor for other dimeric ATPasesan

additional protein for exchanging nucleotides has been identified.

FIhF forms @GP-dependent homodi mer s t hadgtate.aGTourdonsi de
dimeric FIhF is associated to the membrane, while the GTP or free, monomeric FIhF locates in

the cytoplasm(93,103) For B. subtilis it was shown that FlhGhieracts with the GTBound

FIhF homodimer through its highly conservedtddminal activator helix and stimulates the

GTPase activity of FIhF. In this study, | was able to demonstrate that thed€pERdent

interaction of FIhG and FIhF is highly conservadd exists also in the polflagellated S.
putrefaciensand the amphitrichously flagellated. jejuni The Nterminal activator helix of

FIhG, which compries t he <conser v e ds néc&saR XanxdLsofficiend foritHis

stimulation.

Therefore, it eems that the function of FIhG as a negative regulator seems highly conserved
among the flagellated bacteri&kigure 9B). By now it seems that FIhF and FIhiérm a
regulatory network and form a regulatory circuit with two connected molecular switches to
control number and placement of the flagella. However, it is not clear, whether activation of FIhF
requires an FIhG homodimer and therefore may take place at the plasma membrane. So far, no
further components have been identified, which may influence tHeatuae exchange of FIhF

and FInG as well as an activator for FIhG. Although the consequence of the GTPase stimulation
of FIhF by FIhG in peritrichous flagellated bacteria is still unknown, it seems the mechanism is

highly conserved between the differenganisms.
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Figure 38: Figure 39: Regulatory cycle of FIhF and FIhF.The SRP GTPase FIhF (green) forms a GTP
dependent homodimer and represents the active state. After stimulation of FIhF throughvaher hetiix

of FIhG (purple), the homodimer might disassemble and enters the monomeric inactive state. FInG forms
an ATRdependent homodimer and associates with the membrane via its membrane targeting sequence
(MTS, active state). After ATHydrolysis, FliG falls apart and localizes in the cytoplasm (inactive state).

The model was slightly adapted from rg3).

3.2 FInG supports Gring assembly

The first crysal structure of FIhG was solved from the peritrichously flagella@&d
thermodenitrificansand reveals a strong structutadmology to the MinD ATPase, which is
involved in the assembly of the cytokinetieridg during cell division of roghaped bacteria
(89). FING shares the hallmarks of MinD such as the overall fold, active site architecture, and
ATPase activity(89). Like MinD, FIhG builds an ATRlependent homodimer that interacts with

a membrane through its conserved MTS. Therefore, FIhG cycles between a monameric a
dimeric state. Furthermore, it was recently shown ffa® from G. thermodenitrificanenteracts

with the Gring component complekliM/FliY in a nucleotideindependent manner. Moreover,

vitro studies revealed that FIhG promotes the assembly of/Hitogether with the €ing
protein FliG. This FIhG driven assembly into the FIiM/FliY/FliG complex is enhanced by ATP
and lipids (89). Furthermore, FIhG remains bound to the FIiIM/FIliY/FIIG complaxvitro
suggesting that amadditional factor is required fopromoting the release of FIhG into the

cytoplasm Figure 38).
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Moreover, it was demonstratédat FIhG from the monotrichouslyafjellatedS. putrefacienss
able to interact with the -@ng components FliM/FIiN (Chapter 2.2.3). In contrast to FInG from
G. thermodenitrificansFIhG fromS. putrefaciengteracts with the €ing component FliM. The
third C-ring component irB. subtils, FliY, displays an unusual domain architecture compared to
its orthologue FIiN Figure 39). FliY and FIIN share a highly conservedt€minal domain
(FIiN-homology domain), but FIiY comprises an additionalljteéxminal &EIDAL 6 motif and a
globular middé domain (Chedike phosphatase domair vitro interaction assays have shown
that the interaction between FIhG and FliM/FIiN is mediated by theridinal EIDAL 6 motif of
FliM (Chapter 2.2.4). IrG. thermodenitrificanghe interaction between FliM/FIand FIhG is
also mediated through the-tdrminal &EIDAL 6 motif but from FIliY instead of FliM(89).
Moreover, it could be observed in vivoandin vitro studies thas. putrefacien&lhG does not
stay associated with the FIiIM/FIIN/FIIG complex in contrast to the situatidd. isubtilis(see
above). This is the first molecular evidence of differences of an-8épgendent coordination of
C-ring assembly between the peritrichously flagellatéd thermodenitrificansand the
monotrichously flagellatedS. putrefaciens Additionally, this work shows that the FIhG
interaction with the @ing of S. putrefacienss restricted to the primary (pa)aflagellarsystem

and does not interact with the secondary lateral flagsjlsiem (Chapter 2.2.3).

Interestingly, thaEIDAL 6 motif of FIiIM mediates also the interaction with CheY. This protein
belongs to the chemotaxis system controlling the motackvef flagellar rotation. FliM from
the secondary lateral system lacks this EIDAL motif and is thus independent of thEIBIF
mediated flagella formation and the chemotaxis system and regeseonmpletely different
system(73).

57



3. Discussion

EIDAL

EEETE  Fiv -
LB B | FlY

EIDAL FIhG

B. subtilis
G. thermodenitrificans

S. putrefaciens 'S - FliM
V. cholerae : ‘ ‘ -K
\ |

@ FIiN

"',/i./r ~—

C. jeuni N NS FiiM \ -é
H. pylori | . S FliY % )
-y \ |
e -

g FIN

Figure 40: C-ring composition in different organisms.Schematic overview of the differentridg
compositions from differentlflagellated bacteria. Interactions of FIhG (jple) with the corresponding-C

ring componentva t he ¢ Edrdriicafed mot i f

Speci al rol es i nproteohdcteriaCangpgabactgrandiHelicobacter which
comprise both FIIN and FliY at different loci at their geno(B8) (Figure 24). In contrast to
B.subtilis and G. thermodenitrificans FliY lacks the Nterminal EEIDAL6 motif. Initial
interaction studies have shown an interaction of FIhG with FliM f@rejuniand an interaction

between FliY and FIiN (Chapter 2.2.3)owever, no direct interaction between FIliM and FliY

and FIiN could be oderved and requires further attention. However, it can be assumed that the

potential interaction partner of FliM i@. jejuniis FliY, becausdliY is localized in the genome
close tofliM. Furthermore, it seems that FIhG influences spatial parametergsabm, because
an deletion offlnG results in a significant formation of mini cel{§4). In many bacteria the
spatial regulation of the cell division including theridg formation is controlled by the Min
system.Campylobacterspecies lack genes for the Megstem(64). The crystal structure df.
jejuni FIhG solved in this workonfirmed that FIhG exhilBtsome properties common to MinD,
which rai® the possibility tha€ampylobactespecies have adapted FIhG to influence inhibition
of division at poles (Chapter 2.2(84)).
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3.2.1 Bifunctional role of FIhG

Based on oumn vivo andin vitro datacombined with literature reporta/o possible models with
the involvement of FIhG during-€ing assembly are takentanconsiderationKigure 40):

In the fird scenario, FInG might functioais a spacer between the basal bodies and promotes the
assembly of the flagellaC-ring biogenesis. Here it is assumed, that the monomeric FIhG
interacts with FliM/FIiY complex in theytoplasm arriving together to the nascent basal body.
Whether FIhG delivers FliM/Flitomplexto the nascent basal bodywice versas not clear so

far. At the nascent basal body FIhG supports the assembly of FIIM/FliY to FliG in an ATP
dependent mannePrevious data demonstrate that lipids and FIiG trigger the-deéfféndent
dimerization of FIhG. This requires further FIhG/FIiIM/FIIY complexes and result in a complete
C-ring formation(89,122) Possibly during and after therthg assembly, FIhG remains at the C
ring. This raises the possibility that the AbBund FIhG homodimer could function as spacer
between the basal bodidsidure 40A). This is in line with observations B. subtilis where an

flhnG deletion results in aggregated basal bodies. How FIhG is inactivated is not known.

In the second scenario which is mainly based on data of polar flagellated bacteria, FIhG acts as
negative flagellar regulatorRigure 40B). In this scenario FIhG binds FliM/FIiN, this ternary
complex arrives at the future basal body structure. Whether FIhG recruits FIIM/FIiIN to FIiG or
vice versais not clear. In contrast to FIhG froBr subtilis FInG des not remain at the-ihg

neither it builds a quaternary complex with FIliM/FIIN/FIiG. Possibly, the association of
FIIM/FIIN into the nascent @ing recruits FIhG close to the membrane and FlhF. With the
completion of the €ing the basal body is compéeand FIhF as a putative recruiter for early
flagella components is no longer needed. Therefore, FIG inactivates FIhF and serves as a control
point, so that no further basal bodies can be formed. ithiwith the observation that a deletion

of fIhG deletion in polar flagellated bacteria results in hyfiegellated cells. Furthermore .
aeruginosaandV. choleraeit was shown that FIhG interacts with the main flagellar regulator
FleQ (also FIrA) and inhibits its ATPase adtyy which might result indowrregulation of
flagellar gene expression. Moreover, $n putrefaciensecent have experiments demonstrated

that FIrA interacts with FIhG stimulates its ATPase activity and serves as potential release factor
of FIhnG (Mrusek, Steinchen & Bange, unpubgd data). This FIrA/FInG interaction directly

links localization to control of transcription and might be required for the numerical control of
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flagella. FIrA is restricted to the monotrichously flagellated species and is a further difference of
the FIhFFIhG directed flagella formation of monotrichously flagellated and peritrichous

flagellated species.

(A) (B)

Activator
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Figure 41: The Working hypothesis of FIhG during formation of polar and peritrichous

flagella patterns. (A) Schematic model of IRG in peritrichously flagellated bacteria. FIhG interacts

with the FIIM/FIiY complex via thaEIDAL 6 motif of FliY and support the assembly of the FliM/FIiY
complex into the @ing. The ATRbound FIhG homodimer remains bound to FIliM/FliY and could
therefae acts as a spacer to ensure minimal distances between flagella. The consequences of the FlhF
FIhG interaction are still not clear and marked by a question (BarklIhG acts as negative regulator in

polar flagellated bacteria. FING interacts with theéviHIIN complex via the@EIDAL 6 motif of FliM to

promote CGring assembly. In close proximity to FIhF, FIhG stimulates the GTPase activity of FIhF. FlhF
enters into the inactive state and dissociates from the membrane. FIhG interacts with the master
transcrption regulator FIrA, which results in the downregulation of flagellar genes. FIrA interaction with

FIhG might also stimulate the ezlse of FIhG from the membrane.

The main task of FIhG seems to difatiatebetween monotrichously flagellated bacterial an
peritrichously flagellated bacteria. In monotrichously flagellated bacteria, FIhG must ensure that
only one flagellum is formed. Therefore FIhG inactivates FIhF and interacts with the master
regulator FIrA, which radts in an inactivation of FIrAdownregulation of flagellar gene

expression and finallynactivation of FIhG. The interaction with theridg could serve as a
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temporal checkpoint. The interaction with theify possibly signals the completion of the basal

body and FIhF is no longer required.

In peritrichously flagellated bacteria FIhG supports then@ assembly and serves as a spacer to
prevent basal body aggregation. Little is known about the stimulation of FIhF by FIhG in
peritrichously flagellated bacteria and it seeimat deletions offlhF or flhG in B. subtilishave

only minor influence on the flagellation pattern and do not impair swimmingwvarnsing
motility. The FIhF/FIhGmediated orchestration of lophotrichous flagellation pattern su¢h as
pylori is fairly unknown. A deletion foflhG in H. pylori leads to nosflagellated cdé indicating

an opposite effect of FIhG on the number of flagella and a different mechanism of cq@8jing
Furthermore the amphitrichously flagellated bacteri@njejuni FIhG seems to be involved in

cell division. It is remarkable, how such a highly conserved protein which sbplyslittle
variations in its structure along the bacteria, controls a wide spectrum of features depending on

the respective interaction network and requires more attention for better understanding

3.3 The mysterious role of FIhF

FIhF consists of three dmins named the-BN- and Gdomain. While the Blomain is natively
unfolded, the Nand Gdomains form a structurally and functionally coupled (8&). Notably,
all three domains of FIhF are required for spatimnerical regulation of flagellation and maotility
(16,91,117)

The NGdoman shares high actural homology with the wettharacterized SRBTPases Ffh
and FtsY. Structal and biochemical analysis haskown that the Né@lomain of FIhF forms a
homodimer in the presence of GTP that shares significant homology to thehaselberized
Ffh/FtsY NGdomain heterodimer that regulates thetremslational insertion of transmembrane

protein in all living organism&6) (compare also to chapters hid 1.6.

Sequence alignments of FlIhF proteins from different bacterial species reveal significant
differences in thie lengthbetween FIhF proteins from different bacterial species. While the NG
domain shows a high degree of conservation, thdomain is generally less conserved. The
strongest degree of conservation between differetdiBains is found within the f&rminal 40
residues of FIhF proteind.23).
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The precise molecular function of FIhF remains enigmatic. It is clear that the protein is required
for the correct localization of flagella. &refore, it is assumed that FIhF targets early flagellar
components to the future flagella assembly site. However, an exact mechanism is far from being
demonstratedn vivodata of monotrichously flagellated bacteria suggested that FIhF can localize
to the cell pole independent of other flagellar proteins. However, no transmembrane binding
region for FIhF has been identified so far. Furthermore, it was shown that FIh// frcmolerae

is important for the polar localization of the earliest flagellar strattcomponent, the inner
membrane MSing protein FliF(16). Moreover, it seems that thedémain of FIhF is important

for the polar localization, while the-Eand Gdomain are responsible for recruitment of FliF to

the cell pole. Interestgly, in the monotrichously flagellateBhewanella oneidensi#, was
shown that that the -@omain of FIhF is necessary fas placement, contrasting thedémain of

V. cholerag-IhF (123)

In this study, | have identified novel interaction partners of FIhF providing hints towards a better
understanding of the biological role of FIhF. In the following chapters, | will summarize what we
know on the interaction partners of the &d NGdomain of FIhF and what their presence

allows us to conclude about the function of the mysterious protein FlhF.

3.3.1 The Bdomain of FIhF: a platform for multiple interactions

| could show thas. putrefaciens|hF associates with ribosomes wéigy the first Nterminal
residues of the Blomain seem to play a crucial role (Chapter 2.5.3). Moreover, it was shown that
the absence of the first 10 amino acids impairs the interaction with the ribosomes. Additionally,
in vivo studies demonstrated thdeletion of the first ten amino acids of FIhF has the same
negative effect on swimming as a deletion of the whole ¢@hapter 2.5.2).

The association of FIhF with ribosomes might be not surprising as FIhF is the third member of
the SRPGTPase family. Théwo other members FtsY and Ffh are well characterized far the
important rolein mediating the transfer of ribosomeascent chain complexes (RNC) to the
translocon within the membrane. An interesting idea about the function of FIhF could be inspired
by recent data on the SRBceptor FtsY. IrE.coli, FtsY is targeted to the membrane during its
own production via its Mlomain (108) It is assumed that after targeting of FtsY to the

membrane, the bbsome or its large subunit remains membiamend. The integral membrane
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3. Discussion

proteinencoding mRNA targets to the ribosome and forms a translation initiation complex,
followed by the recognition through the SRP after emerging of the nascent hydrophobie.peptid
A detailed overview about the novel model of the SRP receptaliated ribosome targeting

pathway is described in the introduction (Chapter 1.6).

As such, it is conceivably to speculate that FIhF could target the ribosome yncanvparable to

FtsY. In such ascenario, the Mlomain would guide ribosomes to the membrane. Since it was
shown that the Nerminal region of the Blomain was able and sufficient to bind ribosomal
proteins, it is possible that FIhF attaches to the ribosome viadtain clos to the membrane
(Chapter 2.5). How and whether the SRP system may be involved in this process, is still unclear.
In this work no direct interaction between FIhF and FtsY or Ffh was observed, but eadié b

to poor stability of fullength FIhF fromS. putrefaciens. In vitronteraction assays revealed that

the Nterminal region of the Blomain is also db to bind the SRIRNA. Whethera specific
interaction between the SFENA and FIhF as observed in this studytrueor not, has to be
further illuminaged (Chapter 2.5.4). However, recamtvitro studies with FIhF and FtsY froi.
subtilis indicate an interaction between both proteins (Bange, unpublished data). It is also
possible that FIhF acts as a counterpart to the-Sygem €.g; FtsY) to controlthe recruitment

of integral flagellar proteins to the right position. However, no congruent model can be derived

from these data at this point and requires further attention.

Furthermore, | was able to demonstrate that tftBain of FIhF interacts witthe flagellar G

ring. In vitro interaction assays demonstrated the FIhF f®mputrefacienandB. subtilisis able

to bind FIiIN(Y) and FIiN(Y)/FliM (Chapter 2.5.5). Again the-tdrminal 40 residues of the-B
domain are required for the interaction of Fiwih the flagellar Gring proteins. Moreoverit
could be observed that FIhF 8f putrefacienss also able interact with FliY dB. subtilisand

vice versaThis compability of the Gring componentsuggests that the interaction interface of
the cognde C-ring proteinmight be located in the Flidomology domain. This suggests that the
natively disordered Blomain of FIhF serves as platform for multiple interactions partners and

might be responsible for the spatiotemporal coordination of basal bagiyplalys
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3. Discussion

3.4 Species independent and species dependent interaction
partners of FIhG and FIhF

A well-documented interaction partner of FlIhF is the MiKe@ ATPase FIhG(89). FIhG
interacts with FIhF via its conservedtdBrminus (also named: activator helix) and stimulates the
GTPag activity of FIhF (see chapter 2.2.1This feature marks the central interconnection
between the regulatoryircuits of FIhF and FIhG. The FIhF/FIhG interaction has nbee
characterized in peritrichous amdnphitrichous as well as in polar flagellated spe¢82; 88,
115)

Interestingly, FIhF and FIhG are able to bind tgiy components. While FIliG and FliM are
highly canserved, the third €ng member FIiN(Y) differs in size and domain architecture. FIhF
from bothB. subtilisandS. putrefacienss able to bind FIiIN(Y). FIhG interacts iB. subtilisas

well asS. putrefaciensvith the Gring but it interacts with differ® components of the-@ng in

both species. The difference in thai@g composition and the variation in the FIhG binding site
with the Gring is pobably an important hint in its role to maintendifferent flagellation
patterns. The association of Flkth the ribosome has been only observe®imputrefaciens

but it is easy to imagine that this interaction occurs in other organisms, especially with the

involvement of the conservedtdrminal region of the Blomain.

Besides components of the basal hodFIhF and FIhG interact with proteins, which are limited to
bacterial species or families. Therefore two proteins are described, which are restricted mainly to
monotrichously flagellated bacteria lilkseudomonad/ibrio andShewanellaspecies, the maste
regulator of flagellar gene transcription FleQ/FIrA and the polar landmark protein HubP. Both,
FIhF and FIhG interact with Hub@1), and it was at first assumed that HubP marks the initial
placement of the flagellum. BUFIhF locates independently of HubP teetcell pole, which
suggests HUb is not necessary for the localization of the flagellum. Interestihgly2deleted
cellsshowahypef | agel | at ed flipGreells. Bdcauge®f thHe pléthora gb interaction
partners of HubP, it could be possible that HubP serves as gathering place inElb&iremnd

FIhG, which impliesan important role of HubP during fifirent cell possesses such as

chromosome partitioning, chetaxis and flagellation pattenontrol.
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3. Discussion

In Pseudomonag-IhG (also: FleN) interacts with the DNA binding domain of master regulatory
transcription factor of flagellabiogenesis, FleQ (also: Ay (63). Moreover, FIhG inhibits the
ATPase activity of FleQ, which might result in downregulation of flagellar gene expression
(100,102) Recent studies in our workgroup confirmed that FIhG interacts with the master
regulator FIrA inS. putrefacienand demonstrate that the DNoAnding domain of FIrA interacts

with FIhG in tre ATP-bound state (dimer) and stimulates its ATPase activity (Mrusek, Steinchen
& Bange, unpublished data). This regulatory interaction between FIhG and FIrA could represent
the basis to restrict flagellar biosynthesis to one flagellum in monotrichoagiilited bacteria.

This idea is supported by the fact that FleQ/FIrA homologues are missing in bacteria exhibiting
more than one flagellum such as the lophotrichddslicobacter and amphitrichous
Campylobactespecies. However, further evidence is neddestipport this idea.

3.5 Conclusion & Open guestions

Based on the available data, | would like to propose a (very speculative) hypothesis in which
FI hF serves as -eceptod delicated to aitectingetltie m8sBive amount of
flagellar transmebrane proteins to the correct future assembly Bigri(e 41).

| would inspire a thinking in which FIhF targets a ribosome to the membrane during its own
production Figure 42A). How FIhF recognizes the future flagellar sigeg( the cell pole)

remairs puzzling. One idea might be that FIhF is able to recognize specific lipid compositions

such as enriched cardiolipin at the cell pdi25) Another way would be the presence of specific

l andmar k proteins enabl i migosoinéd @ammptex with the futeredo Nt a c -
assembly site. For the polagellated bateria, the landmark protein HubP seems to be a

promising candidate and several experimsnfgortthat notion (reviewed i(83)).

Another unresolved issue iwhether and how the SRP system is involved in this pathway.
Considering the fact that spontaneous membrane insertion of transmembrane proteins is error
prone and extremely unlikely, the probability seems high that FtsY and SRP are invaiisd in
proces. FIhF recruits, possiblin complex with ribosomedlagellar proteinsto the flagellar
assembly site. d-far only the recruitment of the earliest component FliF was observed, but FIhF
could perform a similar function for other flagellar integral memérnaroteins (e.g.; components
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3. Discussion

of the type IIl export apparatus such as FIIOPQR, FIhA, or FIRBufe 41B). The function of

the novel interaction between FIhF and therng is not completely understood and @amy be

at most speculated. One option cobkl FIhF binds the FliM/FIiIN complex as the last missing
component of the basal body and togethigh the landmark protein HubP recrufhG in close
proximity to the membrand-{gure 41C). Now, FIhG locates close to FIhF, triggers its GTPase
activity ard takes over the FliM/FIIN complex. The FIhF dimer falls apart and is released from
the membrane. The accumulation of FIhG close to the membrane and the nascent flagellum leads
to ATP-depement dimerization. The membrabeund FIhG promotes the assembly=oM/FIiN

into the Cring and prevents further polar localization of FI#fter assembly of the basal bady
FIhG interacts wth FIrA, which is thought twdo possess two functior{igure 42D): At first,

FIhG inactivates FIrA and represses expressioitagellar genes and secdpdtimulatesof the

ATPase activity whiclsubsequentlyeleass FIhG from the membrane.

These examples illustrate how diverse the interaction network of FIhG/FIhF between bacterial
species can be and provide an idea how a coedemolecular switch may control different

flagellation patterns.
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Figure 422 Working hypothesis of polar flagellation patterning determined by FIhF and FIhG. (1)

FIhF targets to the future flagellar assembly site in drandationally process. The ribosome remains
membranébound and close to the future assembly site for further flagellar components (especially
membrane proteinsj2) FIhF might support the assembly of flagellar proteins into the basal body. The
last componeist of the basal body are theri@dg components FliM and FIiN3) The landmark protein
HubP together with FIhF and FliM/FIIN promotes the accumulation of FIhG close to the flagellar
assembly siteln close proximity, FInG stimulates the GTPase activity dfFFand takes over the
FIIM/FIIN complex. FIhF fals apart and disassembles from thembraneFIhG might assisthe asseinly

of FliIM/FIIN in the Gring (4). The interaction of FIhG with thenaster regulator of flagellar gene
transcription FIrA has severakffects: 1. FIhG inhibits the ATPase activity, which might results in
downregulation of flagella genes. 2. FIrA stimulates ATPase activity of FIhG and serves as release factor

of FIhG.
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4. Material and methods

4.1 Materials

4.1.1 Chemicals

Chemicals wer purchased from Sigma AldricRoth and AppliChem in higheptirity available.

Chemicals were used as received withfurther purificatiorunless states otherwise.

Consumablesupplies(1.5/2.0 mlreaction tubes, 15/50 ml Falcombes, pipde tips as wi as
syringes)were purchasedrom Sarstedt and BraurDther equipment (pipettes, heating block,

vortexers and power suppliesgrefrom Neolab

4.1.2 Bacterial strains and plasmids.

Largescale protein production for crystallography and biochemassalys was carried out in
phageresistant, chemically competeit. coli BL21 (DE3) (Life technologies) and Rosetta
(Novagen. For plasmid amplificationchemically competenE. coiDH5U (Li fe techn«
were employed. For ribosome purification and prepamabf S. putrefacienslysates, strain

Shewanella putrefacier®N-32 was used (gifteérom the Thormann groyg73)).

4.1.2.1 Plasmids

Various plasmids were used in the scope @ thork for different purposes. pET24dand
PET16b both Novagepserved as vectors for protein production of (kHiaggedproteins, which
also allowed ceproduction of different proteins due to different resistance marketsrminal

GST-fusion proteis were generated using pGA{B Peranen and M. Hyvbnen, unpublished
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Table 1: Vectors used in this work

4. Materal and methods

Vector Insert Org Cloning sites Tag Reference
pPET24d  FIhF dN152 Sp  Pcil/BamHI N-His This study
pPpET24d  FIhF dN152/dC20 Sp  Pcil/BamHI N-His This study
pET24d  FlhF (fl) Sp  Pcil/BamHI N-His This study
pGEX FIhF (fl) Sp  BamHI/EcoRl N-His, NGST  This study
pEM-Gb1l FIhF Sp  BspHI/BamHI N-His This study
pET24d  FIhF dN10 Sp  Pcil/BamHI N-His This study
pET24d  FIhF B-dom Sp  Pcil/BamHI N-His This study
pGEX FIhF B-dom Sp  BamHI/EcoRl N-His, N-GST  This study
pET16b  FIhF B-dom Sp  Pcil/BamHI No His This study
pGAT3 FIhF N32 Sp  Nco/Xho N-His, N-GST  This study
PGAT3 FIhF N1132 Sp  Nco/Xho N-His, N-GST  This study
pPET24d FIhF_R285A Sp  Pcil/BamHI N-His This study
pET24d  FIhF_dN10_D390A Sp  Pcil/BamHI N-His This study
pPET24d  FIhF_dN10 R285A Sp  Pcil/BamHI N-His This study
pPpET24d  FIhG (fl) Sp  Nco/Xho N-His This study
pGAT3 FIhG-GST Sp  Nco/Xho N-His, NGST  This study
pET24d FIhG dN16 Sp  Nco/Xho N-His This study
pGAT3 FIhG N20 Sp  Nco/Xho N-His, NNGST  This study
pET24d  FtsY Sp  Nco/Xho N-His This study
pET16b  FtsY Sp  Nco/Xho N-His This study
pPGAT3 FtsY Sp  Nco/Xho N-His, NGST  This study
pGAT3 FtsY N32 Sp  Nco/Xho N-His, NNGST  This study
pGAT3 FtsY N1132 Sp  Nco/Xho N-His, NGST  This study
pET24d  Ffh-NG Sp  Pcil/BamHI N-His This study
pET16b  Ffh-NG Sp  Pcil/BamHI N-His This study
pPET24d  Ffh Sp  Pcil/BamHI His Bange Lab
pET24d  Ffh Sp  Pcil/BamHI No His Bange Lab
pET24d  FliM1 Sp Pcil/BamH C-His This study
pET24d FliM1 Sp  Pcil/BamHI No His This study
pET24d  FliM1 dEIDALL (1-27) Sp Pcil/BamHI C-His This study
pET24d  FliM1 dEIDALL (1-27) Sp  Pcil/BamHI No His This study
pET16b  FliM1 dEIDALL (1-27) Sp Pcil/BamHI No His This study
pET24d  FliN1 Sp  Pcil/BamHI N-His This study
pPET16b  FIiN1 Sp Pcil/BamHI No His This study
pET24d  FliM2 Sp  Ncol/Xho No His This study
pPET24d  FIiN2 Sp Nco/Bam N-His This study
pGAT3 FIhG Cj Ncol/BamHI N-His, NGST  This study
pET24 FliyY Cj Pcil/BamHI No His This study
pET16b  FliY Cj Pcil/BamHI No His This study
pET16b  FIiM Cj Nco/Bam C-His This study
pET24d  FIiN Cj Nco/Bam No His This study
pMAL - FliM Cj N-MBP Hendrixson Lab
CS2
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pQE30
pQE30
pQE30
pQE30
pQE30
pET24d
pET24d
pET24d
pET24d
pET24d
pET24d
pET24d
pET24d

pGAT3
pGAT3
pGAT3
pGAT3
pGAT3
pGAT3
pGAT3

pET24d
pET24d
pET24d
PET16b

4.1.3 Oligonucleotides

FIliN

FIhF

FInG

FIhF D321A
FIhF R324A
FIhF

FIhG

FIhF, FInGd424
FIhF,FInGQ4A
FIhG D61A
FIhG K37A
FIhG Q4A
FING d424
FIhF

FIhF B-dom
FIhF B 22111
FIhF B 41111
FIhF B 62111
FIhF B 81111
FINF B 47
FIhF B 2147

FIhG
FliM
FliY
Fliy

4. Material and methods

N-His

His

His

His

His

His

His

His, FLAG
His, FLAG
His

His

His

His

N-His, N-GST
N-His, NGST
N-His, N-GST
N-His, NGST
N-His, N-GST
N-His, NGST
N-His, N-GST

N-His
C-His
C-His
C-His

Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Hendrixson Lab
Bange Lab
Bange Lab
Bange Lab
Bange Lab
Bange Lab
Bange Lab
Bange Lab
Bange Lab

Bange Lab
Bange Lab
Bange Lab
Bange Lab

The oligonucleotides used in this work were obtained from &igjldrich andarelisted in table

2.

Table 2: Oligonucleotides used in this work

Primer Sequence Organism

Shé-IhFdN1526HP  ctctaaacatgtcacaccatcaccatcaccatgctgatattgaag S. putrefaciens
ShérIhnFdN1856HP  ctctaaacatgtcacaccatcatcaccatcccgttggcgctatge S. putrefaciens
SheFIhFBamR ttaaggatccttactcaaatgcacaggcc S. putrefaciens
SheFIhFdAN10%cil  ttaaacatgtctcaccatcaccatcaccatcagcaacctgaggc: S. putrefaciens
SheFlIhFdN8&cil ttaaacatgtctcaccatcaccatcaccatccagcagattcattac S. putrefaciens

SpFIhFAN10_Pcil
SpFIhF_Pcil_HF
SheFIhFdC20Bam
FIhF-N32-Nco6H-F
FIhFN32-Xho-R

ttaaacatgtctcaccatcaccatcaccatatgcgtgccgetctg  S.
ttaaacatgtctcacgtgaagattaaacga
ttaggatccttaactatctaatgtcgcaagcgc
ttaaccatgggepccatcaccatcaccatatgcgtgecgetctg  S.
ttaactcgagttatttgtttgacatgataa
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4. Material and methods

FIhFAN73Pcil-F ttaaacatgtctcaccatcaccatcaccatggaaagcagcctgtc S. putrefaciens
FIhnFAN137#PciF ttaaacatgtctcaccatcaccatcaccatccggcecgctttigada: S. putrefaciens
g
SpFIhF BamHiF taaggatccatgggggcaccatcaccatcaccataagattaaar S. putrefaciens
SpFIhF EcoRIR ttaagaattcttactcaaatgcacag S. putrefaciens
SpFIhF Bdom Pci no ttaaacatgttggtgaagattaaacgattttttgcc S. putrefaciens
His F
FIhF-Bdom BamR ttaggatccttacggaatgtctc S. putrefaciens
SpFIhF R285A F gatcatttatgccattggcgcc S. putrefaciens
SpFIhF R285A R ggcgccaatggcataatgatc S. putrefaciens
SpYIxH N20 R S. putrefaciens
SpYIxH D58A F cttagtgcttgacgcagcccttggcttagccaatgt S. putrefaciens
SpYIxH D58A R gacattggctaagccaagggctgcgtcaagcactaa S. putrefaciens
SpFIhG Q5A F accctggatgcagcaagtgg S. putrefaciens
SpFIhG Q5A R ccacttgctgcatccagggt S. putrefaciens
SpFIhG dN16 ttaaccatggggcaccatcaccatcaccataacgaaaaagtga S. putrefaciens
Nco6H-F a
SpFH NG Pci6H F  ttaaacatgtctcaccatcaccatcaccatcaccattttgagaacc S. putrefaciens
SpFFH NG BamR ttaaggatccttagcccaaaatgcgtgaag S. putrefaciens
SpFtsY_H6_ Nco F  ttaaccatggggcaccatcaccatcaccatgcaaagaaaggtt! S. putrefaciens
SpFtsY_Xhol R ttaactcgagttagttacgcttttt S. putrefaciens
SpFtsYN32Xho-R ttaactcgagttaagtatcttgtgttgg S. putrefaciens
SpFtsYdN10F ttaaccatggggcaccatcaccatcaccatcgtaaagataag S. putrefaciens
SpFIliMdN15 Pci ttaaacatgtctggggttgatgacgtcg S. putrefaciens
SpFliM1 Bam_R ttaaggatccttatastagtatctctagc S. putrefaciens
FIiIM1dN27 Pcil F ttaaacatgtctgctgctagccaagatgcgegatcctac S. putrefaciens
SpSRPRNA R1 ttaactgcaggcagattggaggttcc S. putrefaciens
SpSRPRNA F1 ttaaggatccctaatacgactcactatacgggtgaccctag S. putrefaciens
Cj FInG Nco_F ttaaccéggggcaccatcaccatcaccatattaaccaagcaaai C. jejuni
Cj FInG Xho_R ttaactcgagttaaaatctttcaataatttttc C. jejuni
CjFIhF Nco_F ttaaccatggggcaccatcaccatcaccatggacaacttataca C. jejuni
CjFIhF Xho_R ttaactcgagttattcattattttttcc C. jejuni
C FIhG K37QF gcgttggacaagtacg C. jejuni
CjFInG K37QR cgtactttgtccaacgc C. jejuni
CjFliM Ncol ttaaccatggctgagatactctc C. jejuni
CjFIiM dN26 Nco ttaaccatggcctcaaattcaaa C. jejuni
CjFliM Bam C. jejuni
CjFliM Bam-6H ttaaggatccttaatggtgatggtgatggtgtatttcttcatcctcc  C. jejuni
CjFliY Pci ttaaacatgttgatcaatgattttttaaaaatgtttac C. jejuni
CjFliY Bam ttaaggatccttatcttagttgttctaatctttc C. jejuni
CjFIliN Nco ttaaccatgggcagcgatgatatagag C. jejuni
CjFIiN BamHI ttaaggatccttaaatttctttt C. jejuni
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4.14. Enzymes and cloning equipment

Restriction enzymes and further reagendsg.( dNTPs, BSA solution, reaction buffersfor
molecular cloning and genetic manipulatso were purchased fromNew EnglandBiolabs,
Biozym Scientific GmbH and Fermentas. Plasmid preparationgalextraction of aplified or
plasmid DNA were prformed using kits from Qiagd®@IAprep spin Miniprep kit and QIAquick
Gel Extracton Kit, respectively) according the manual provided by the manufacturss size
standard for agarosgels, QuickLoad® Purple 2og DNA ladder (0.1-10.0 kb and Gene
RulerTM 1 kb was employed, which was provided New England Biolabs and Thermo
Scientific, respectivelyProtein variantswere generated by overlapping PCRIl plasmids

obtained were sequenced\iiVG-Biotech AG.

4.1.5 Protein biochemistry

Purified proteins were concentrated using Amicon Ulecentrifugal filter unitg10 K, 30K or

50 K molecular weight cubff) purchased from Merck Millipore. PageRulerTptestained
protein ladder 14180 kDa, PageRulerTMinstained broad raegproteinladder and Pierce
unstained protein MW arker from Life technologies agell as Protein Marker EXtended PS13
(5-245 kDa) supplied by GeneOn, warsed as size standards for SBAGEs. NiNTA agarose
and glutathione sepharo4B were purchased fmo Qiagen and GHealthcare, respectively. Spin

columns and other equipment for pulhbgdoexperiments were supplied MoBiTec.

4.16 Crystallization

Crystallization experiments were performed in SWISSCI MR@ell and MRC 3well
crystallization plates witt®6 conditions oneach plate. The JCSG core sugsoviding 386
crystallization conditions served astial screen. Individual finescreens and additive screens
were prepam in SWISSCI MRC 2well and MRC3-well plates. Crystals were loopeadd flash
frozen with equipmen{(CrystalWand Magentic, Mounted CryoLoops and CrystalCap HTTM

Vial) orderedirom Hampton Research.
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4.1.6.1Data collection at the ESRF

4. Material and methods

Diffraction data of crystals was collected at EféRF in Grenoble, France at theamlinedD23-

1 and D23-2.

4.1.7 Gowth media and buffers

E. coli was cultured inLuria-Bertani (LB) broth medium (20 g/l) and on LBAgar (16 gl)

orderedas a premix from Roth. LB brothedium and agar wesgerilizedbefore usage.

Table 3: Buffers used in this work

Lysis Buffer

20 mM HEPES, pH 8.0
250 mM NacCl

20 mM KClI

20 mM McCl,

40 mM imidazole

Ni-NTA elution buffer

20 mM HEPES, pH 8.0
250 mM NacCl

20 mM KCI

20 mM MdCl,

500 mM imidazole

SEGBuffer

20 mM HEPES, pH 7.5
200mM NacCl

20 mM KClI

20 mM MgQ,

10x PBS buffer,

137 mM NacCl
2.7 mM KClI

10 mM NaHPQO,
1.8 mM KH,PO,

PBST

137 mM NaCl

2.7 mM KClI

10 mM NaHPQO,
1.8 mM KHPO,
0.1% (v/v) Tween 20
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Transferbuffer

48 mM Tris

39 mM Glycin
35mg/ml SDS
20% (v/v) Methanol

4. Material and methods

GSH elution buffer

50 mM Tris-HCI, pH 7.9
20 mM glutathione

SDS separation buffer 1,5M Tris
0.1% (w/v) SDS pH 88
SDS stacking bufer 0.5M Tris-HCI

0.1% (w/v) SDS pH 6.8

10x SDS runmg -buffer

0.8M Gilcin
0.1M Tris
0.25% (w/v) SDS pH 83

5x SDS loading buffer

100 mM Tris
2 mg/ml SDS
10% (v/v) Glycerol

3% ( vmewcaptodthanol
1 mg/ml bromphenol

4.1.8 Antibiotics

Table 4

Antibiotic Stock solution End concentration Solvent
Ampicillin-sodiumsalt 100pg/mi ddH,O
Kanamycin sulfate 50ug/ml ddH,O
Chloramphenicol 34pg/ml Ethanol96% (v/v)
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4.19 Laboratory equipment

Table 5

4. Material and methods

Equipment

Supplier

FPLC systems

Akta purifier GE Healthcare
Akta prime GE Healthcare
Columns

HiLoad 26/600 Superdex S200 pg
HiLoad 26/600 Superdex S75 pg
HisTrap FF 1 mland 5 ml

GE Healthcare
GE Healthcare
GE Healthcare

Centrifuges

Heraeus Pico 21 Centrifuge
Heraeus Fresco 21 Centrifuge
HeraeusMegduge 40R

Sorvall LYNX 6000
A27-8 x 50 Fixed Angle Rotor

Fiber | i 46 & FO00RBX Fixed Angle Rotor

Optima XPN80 Ultracentrifuge
JLA-16.250 Rotor (Fixed Angle)
SW 40 Ti Rotor(Swinging Buckex

Thermo Scientific
Thermo Scientific
Thermo Scientific

Thermo Scientific

Beckmann Coulter

Incubators

WiseCubdncucell
Shaking Incubator WIR0

WesternBlot equipment
SDSPAGE equipment
Agarose gl equipment
Photometer

T 100 Thermo Cycler
M-110L Microfluidizer

GEL iX20 Imager

ChemiDoc MP Imaging System
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Wisd Laboratory Instruments

Biorad

Biorad

Cleaver Scientific
Amersham biosciences
Biorad

Microfluidics

Intas

Biorad
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Gryphon LCP
Peristaltic pump Gilson

ARI-Art Robbins Instruments

NanoDrop Lite Thermo Scientific

4.2 Methods

4.2.1Molecular cloning

The genes emdling for the proteins (FIhF, FIhG, FliM, FIiG, FIiN, FIIN(Y), FfRisY, (Table 6)
usedin this studywere amplifiedfrom S. putrefacien€N-32, B. subtilisPY79 andC. jejuni 81-
176 genomic DNA by polymerase chain reaction (PCR) usi@p HighFidelity DNA
Polymerase (New England Biolabs) accogdin t o t he ma n u fMostfoware r 6 s
primers encoded a hexahistidine tagframe with the DNA sequepfthe correspondingene
Protein valants were generated by overlapping PCR. A list of primer and plasmid insds

work is provided withtable 1 and table 2.

Table 6

Protein S. putrefacien€N-32 C.jejuni81-176

FIhF Sputcn32_2561 CJJ81176_0102
FING Sputcn32_2560 CJJ81176_0101
FliM Sputcn32_2569 CJJ81176_0098
FliY CJJ81176_0097
FIliN Sputcn32_2568 CJJ81176_0375
FliM1 Sputcn32_3479
FliM2 Sputcn32_3480
Ffh Sputcn32_1167
FtsY Sputcn32_0289
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4.2.21solation of plasmid DNA from E. coli

Plasmd DNA was extracted from 4ml overnight cultures ofE. coli D H 5. The plasmid
preparations werearried out using th®1Aprep SpinMiniprep Kit (Qiagen, Germanyaccoding

to the instructions of thmanufacturerTherefore the cells were harvested by defugation by
4000 rpmfor 10 min at 4°CUpon lysis of the cells through alkaline conditions, the sample was
neutralized and centrifuged3 000 rpm, 10 minand 4°C) to remove the cell debris. The
supernatantvas transferred to a sptolumnand elutedvith ddHO.

4.2.3Agarose gel electrophoresis

The qualiy of PCRreactionsand analysi®©f DNA restrictionenzyme digestsere assessed by
agarose gel electrophoresie gels were preparéd TB-buffer containing 32 % (w/v) agarose
dependingon the ste of the analyzed DNA fragmerithe agarose was dissolved in Tiiffer

(100 mM Tris 100 mM boric acidand 2 mM EDTA, pH 8.Bby heatingand poured into
horizontal gel castsThe DNA samples were mixed wiix loading dyg300 mM boric acid,

300 mMTris, 20% (v/v) glyerol and 0.5 mghl bromphendblue) and loaded on the gel. After
running at 100Vfor 30 minutes,the DNA was stainedvith ethidium bromide (Roth) and
visualized usinga GEL iX20 Imager Amplified DNA was extracted from agarose gels using the
QIAquick Gel Extraction kit (Qiagen)accordg t o t he manpalf act ur er 0s

4.2 .4Purification of recombinant proteins

For recombinantexpression ofproteins fromS. putrefaciensC. jejuni and B.subtilis E. coli
BL21 (DE3, transformed with the respeati plasmids, andvere grown in LB broth in the
presence oéppropriate antibiotickanamycin orampicillin in final concentrations of 50 or 100
pg/ml, respectively. Largscaleprotein production was mainly performed una@eitoinduction
conditions. Therefe, 12.5 g/ID-(+)-lactosemonohydratavas added téhe culturefollowed by
incubationat 30 °C for ~160 h under constant shaking (180 )pih necessary, proteins were
produced following induction with IPTG. In brief, MM IPTG was addetb a cell cultue with
anoptical density Asoonm) Of approximately0.6 - 0.8. After furtherincubation {ypically 2-3h at
37°Cunderconstant shakingt 180 rpm) the cells were harvestdxy centrifugation(2,000x g,
20 min, 4°C) The cells wereesuspendedn lysis kuffer and subsequently lysed using the M
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110L Microfluidizer (Microfluidics). To clarify the lysate from cell delsfithe sample as
centrifugedat 47,850 xg for 20 min at 4°CThe clear supernatant was loadeth 1 ml HisTrap
FF column equilibrated withO column volumes (CV) of lysis buffeifter washing thecolumn
with 50 ml lysis bufferthe proteins were eluted using 15 mNITA elution buffer The eluted
protein fractions wereconcentrated using Amicon Ultdb centrifugal filter units and
subseqantly applied to SEC, equilibrated with SEC buffer. Fractions weag/sed using SDS
PAGE. Proteincontainingfractions were pooled and concentrated up to a concentration fitting

the experimentalequirements. Theoncentration was determined §yyectrphotometer

4.2.5.1 Ribosome purification

The ribosome purifications were preparetther using the protocol of Bommand co-workers

(121) Mid-log-phase cultures db. putrefacien€CN-32 strain grown at théemperature 37C.
Harvested culturesiereresuspended in 10 ml buffer 1 (M HEPES 6 mM MgCl, and 100

mM NaCl). After opening the cells with theitofluidizer the cells were again centrifuyfor

30 minat27,000x g and 4°C. The cells were dilwtén 1.5 ml buffer 1 and layered tma 1640

% (w/v) sucrose gradient in a centrifuge tube with an end volume of 12 ml. This was spin down
in an Ultracefrifuge in a swingingoucket rotorfor 12 h by 4°C and30,000 x g. After
centrifugation the gradient was collected by hand from the top to the bottom in 0.8 ml fractions.
The samples were analyzed by SBAGE and Western blotting

4.2.5.2Ribosomehigh and low salt wash

S. putrefacien€CN-32 was grown in LBmedium at37 °C and vigorous shaking untrhid-
logarithmic phase The cells were harvested by centrifugation5@ x g, 20 min, 4°C),
suspended in 10 ml ribosome lysis buffer (@M HEPES 60 mM K-acetate 1 M Mg-acetate5
mM DTT and 1 mM PMSF) and subsequently lysed using thelML Microfluidizer
(Microfluidics). Following cell lysis three centrifugation steps are applied: clarifying the cell
lysate from cell debrighe sample was centrifuged fb5 min by 2900x g at 4°C.The cleared
lysate was transferred to a new tube and centrifiged80 min at 81,000 x g at 4°C The
resulting supernatant was theaentrifugedat 207,000 x g for 2h at 4°C. The pellet with the
ribosomes was resuspettin 2ml of ribosome lysis buffeand laid over a cushion of 25 @h/v)
sucrose in lysis buffegsuppliedwith 100mM K-acetatdor low salt washor 800mM for high salt

wash respectively The samples were centrifugat247,000x g for 2h at 4°C.The supernatdn
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