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Abstract 

 

Motility plays a key role for the superior survival strategy of many bacteria. So-

phisticated, macromolecular machines, called flagella, serve as bacterial locomo-

tion organelles. These flagella appear in distinct spatial arrangements along the 

bacterial cell, constituting the flagellation patterns, whose disruption is detrimental 

to motility. However, the number of flagellation patterns that have arisen in a 

plethora of bacterial species can be counted by the fingers of one hand. How 

these patterns are established in the first place, and how they are maintained 

during cell division, remains a yet unassessed task in the field. 

Two nucleotide-binding proteins, FlhF and FlhG, were identified to be crucial for 

the spatial regulation of flagella in most flagellated bacteria, which exhibit various 

flagellation patterns. This work presents a structural and biochemical characteri-

zation of the flagella regulating ATPase FlhG, which revealed its function as a 

molecular switch, having a dimeric, membrane-associated state and a mobile, 

monomeric state in the cytoplasm. This hallmark feature of MinD/ParA ATPases 

is conserved in FlhG of peritrichous B. subtilis as well as monotrichous S. putre-

faciens. In both organisms FlhG interacts with the flagellar C-ring components 

FliM and FliN(Y) providing insight into its role as a flagellar C-ring assembly 

factor, coordinating the assembly of a FliM/FliN(Y) complex to FliG. Differences in 

the regulatory networks underlying different flagellation patterns were identified in 

species-specific interaction partners of FlhG, such as the flagellar master regula-

tor FlrA in S. putrefaciens or the late divisome component GpsB in B. subtilis. 

These findings led to the hypothesis that the spatial arrangement of flagella is 

encoded in the structure of the interaction network of FlhF and FlhG. This hy-

pothesis is supported by the occurrence of varying C-ring components in differ-

ently flagellated bacteria. 

This work also includes the implementation and successful application of 1H/2H 

exchange mass spectrometry in Marburg. Not only does this powerful tool allow 

the convenient investigation of protein dynamics, but also the rapid mapping of 

protein-protein and protein-ligand interfaces. Interface mapping, in particular, re-

vealed the power of this method and was applied in various research projects. 
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Zusammenfassung 

Motilität ist ein zentraler Aspekt der Überlebensstrategie von Bakterien. Viele 

Bakterien bewegen sich mit Hilfe komplexer makromolekularer Motoren, Geißeln 

oder Flagellen genannt. Diese sind in speziellen Mustern auf der Zelloberfläche 

verteilt und werden im Folgenden Flagellierungsmuster genannt. Trotz der un-

glaublichen Vielzahl unterschiedlicher Bakterien finden sich in der Natur nur eine 

Hand voll dieser flagellaren Muster. Darüber, wie diese Muster nach jeder Zell-

teilung reproduzierbar und präzise ausgebildet werden, liegen nur spärlich Infor-

mationen vor. 

Zwei Proteine, FlhF und FlhG, spielen in diesem Zusammenhang eine wichtige 

Rolle und führen zu unterschiedlichen Mustern in den jeweiligen Bakterien. Diese 

Arbeit beinhaltet eine biochemische und strukturelle Charakterisierung der 

ATPase FlhG, die die Funktion von FlhG als molekularen Schalter hervorhebt. 

FlhG kann einerseits als Dimer in Membran-assoziiertem Zustand vorliegen, 

andererseits als Monomer frei im Zytoplasma diffundieren. Homologe Proteine in 

den unterschiedlich flagellierten Bakterien B. subtilis und S. putrefaciens weisen 

dieselben charakteristischen Merkmale auf und deuten auf ein einheitliches 

Funktionsprinzip der ATPase hin. FlhG interagiert in beiden Organismen mit den 

Proteinen FliM und FliN(Y) des flagellaren C-rings und offenbart dabei seinen 

Beitrag zum Aufbau des flagellaren C-rings indem es die Interaktion des 

FliM/FliN(Y)-Komplexes mit FliG ermöglicht. Weitere Untersuchungen des Inter-

aktionsnetzwerkes von FlhG in beiden Organismen zeigten sowohl speziesüber-

greifende (FliM/FliN(Y)) als auch speziesspezifische Interaktionspartner, darunter 

das Zellteilungsprotein GpsB in B. subtilis und der Hauptregulator der Flagellen-

biosynthese FlrA in S. putrefaciens. Daraus lässt sich ableiten, dass die unter-

schiedlichen Flagellierungsmuster nicht direkt durch FlhG bestimmt werden, je-

doch in der Struktur des Interaktionsnetzwerkes von FlhG und FlhF kodiert sind. 

Darüber hinaus deutet die Variabilität des C-ring Proteins FliN(Y) in unterschiedli-

chen Bakterien, das mit der Ausbildung unterschiedlicher Muster korreliert, in 

dieselbe Richtung. 

Außerdem wurde im Rahmen dieser Arbeit in enger Zusammenarbeit mit der 

Massenspektrometrie Abteilung der Chemischen Fakultät der Universität Marburg 
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eine Technik zur Untersuchung von Proteinen mit Hilfe von Wasser-

stoff/Deuterium Austausch etabliert. Die erfolgreiche Anwendung wird in dieser 

Arbeit am Beispiel von drei unterschiedlichen Projekten beschrieben und zeigt die 

Vorteile dieser Methode zur Bestimmung von Portein-Ligand und Protein-Protein 

Interaktionsoberflächen. 
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ESI     electrospray ionisation 

ESRF     European Synchrotron Radiation Facility 

FP     fluorescent protein 

GAP     GTPase-activating protein 

GEF     Guanine nucleotide exchange factor 

GFP     green fluorescent protein 

GST     glutathione S-transferase 

GTP     guanosine triphosphate 



 XXII 

h     hours 

HDX     1H/2H exchange mass spectrometry 

HEPES     4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPLC     high performance liquid chromatography 

ID     insertion device 

IM     inner membrane 

IPTG     isopropyl β-D-1-thiogalactopyranoside 

JCSG     Joint Center for Structural Genomics 

LB broth    lysogeny broth 

Lip.     lipid 

LUV     large unilamellar vesicle 

M     mol/litre 

min     minute 

MR     molecular replacement 

MS     mass spectrometry 

MTS     membrane targeting sequence 

NA     numerical aperture 

NMR     nuclear magnetic resonance 

NTA     nitrilotiracetic acid 

NTP     nucleotide triphosphate 

OD     optical density 

OM     outer membrane 

PBS     phosphate buffered saline 

PCR     polymerase chain reaction 

PDB     protein data bank 

PE     2-oleoyl-1-palmitoyl-sn-glycero-3-phosphoethanolamine 

PEG     polyethylene glycol 

PG     (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac- 

     glycerol)(sodium salt) 

PM     plasma membrane 



 XXIII 

PMF     proton motive force 

ppGpp     guanosine tetraphosphate 

pppGpp    guanosine pentaphosphate 

RNA     ribonucleic acid 

rpm     revelations per minute 

rt     room temperature 

SD     Shine-Dalgarno sequence 

SDS-PAGE    sodium dodecylsulfate polyacrylamide gel electrophoresis 

SEC     size exclusion chromatography 

SIMIBI     signal recognition particle, MinD, BioD 

SRP     signal recognition particle 

STED     stimulated emission depletion 

T3SS     type III secretion system 

TCA     trichloroacetic acid 

TRIS     Tris(hydroxymethyl)aminomethane 

UV     ultraviolet 

YFP     yellow fluorescent protein 

 

Bacterial species: 

B. subtilis (Bs)    Bacillus subtilis 

C. jejuni (Cj)    Campylobacter jejuni 

E. coli (Ec)    Escherichia coli 

G. thermodenitrificans (Gt)  Geobacillus thermodenitrificans 

H. pylori (Hp)    Helicobacter pylori 

P. aeruginosa (Pa)   Pseudomonas aeruginosa 

R. shpaeroides (Rs)   Rhodobacter shpaeroides 

S. putrefaciens (Sp)   Shewanella putrefaciens 

V. alginolytics (Va)   Vibrio alginolyticus 

V. cholerae (Vc)   Vibrio cholerae 
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Introduction 

Can you imagine any organism that is more successful than bacteria? Bacteria 

are the most abundant organisms in the world. Rapid adaptation to environmental 

cues and changes due to fast generation times and horizontal gene transfer is a 

hallmark of bacterial survival. Bacterial motility not only allows them to directly 

move towards nutrition sources, but also to avoid toxins and find putative host 

infection sites, which is an essential feature of the bacterial life style. To fulfil all 

these tasks, motility is tightly regulated and intimately linked to fundamental cel-

lular processes such as the chemosensory system, gene transcription, translation 

and the determination of the future cell division site.  

The Introduction will give an overview of bacterial locomotion systems, especially 

the flagellum, and will highlight the occurrence of spatial arrangements of flagella 

in different bacterial species, the so-called flagellation patterns. Furthermore, cell 

division and chemotaxis will be discussed as contiguous cellular processes em-

phasising possible links, similarities and analogous mechanistic features of the 

regulation that underlies the formation of the flagellation patterns. 

 

1.1 Bacterial motility 

Nature invented a plethora of bacterial motility strategies. The majority of motile 

bacteria move by rotating a long helical filament, the flagellum, which constitutes 

one of the most powerful and tiniest motors in the biosphere (1). Its power is 

comparable to the motor of a Ferrari in macromolecular dimensions. Flagellated 

bacteria propel themselves through liquid media (swimming) or move in rafts or 

communities on (semi-)solid surfaces (swarming) (Figure 1AB) (2, 3). Swarming 

behaviour plays a key role within microbial communities and biofilms (4, 5). A 

unique flagella-related movement was observed in spirochetes exhibiting 
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periplasmic flagella attached to each end of the protoplasmic cylinder. Rotating 

these periplasmic flagella results in backward-moving waves of the cell body, 

generating the force for motility (reviewed in: (6)). Besides flagella, some bacteria 

(e.g. Myxococcus, Pseudomonas, Neisseria) also rely on type IV pili to move 

through their environment by twitching motility (Figure 1C; reviewed in: (7, 8)).  

 

Figure 1. Bacterial motility. Flagella-based motility includes (A) swimming of a single cell 

through liquid medium and (B) swarming of microbial communities on surfaces or semisolid sur-

faces. (C) Twitching motility relies on type IV pili that are extended and retracted into the cell upon 

attachment to the environment, generating a pulling movement. (D) A fourth method of motility is 

called gliding and involves a change in cell shape in order to move in a specific direction. The 

image was adapted from ref. (4).  

Type IV pili have a simpler architecture and can be extended from and retracted 

into the cell and therefore result in a step-wise pulling movement (review on 
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type IV pili: (9, 10)). A third way to move is called gliding motility and is independ-

ent of flagella or pili (Figure 1D). A membrane protrusion is formed at a cell pole 

and attaches to a solid surface, allowing the bacterium to glide towards it. Large 

intracellular protein complexes, acting together with cytoskeletal filaments, are re-

sponsible to generate the force required for gliding (reviewed in: (11, 12)). Nota-

bly, flagella-based motility is approximately one thousand times faster than gliding 

or twitching motility (13). In accordance with the bacterial flagellum the archaeal 

locomotion organelle is called the archaellum, although it resembles a rotating 

type IV pilus rather than a bacterial flagellum (reviewed in: (14, 15)). 

 

1.2 The bacterial flagellum 

The flagellum in Gram-positive and Gram-negative bacteria is almost identical. 

 

Figure 2. The bacterial flagellum. Scheme of the bacterial flagellum of Gram-positive (A) and 

Gram-negative bacteria (B) depicts the main flagellar building blocks: the basal body, the rod, the 

hook and the filament structures. The major difference between flagella of Gram-positive and 

Gram-negative organisms is found in the structure of the rod. Most flagella can rotate either CW 

or CCW. Important cellular components are abbreviated (PM: plasma membrane, CW: cell wall, 

OM: outer membrane, IM: inner membrane). The figure was slightly adapted from ref. (16). 
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The bacterial flagellum is an ancient structure with a defined architecture con-

served throughout all bacterial clades and families with four major building blocks: 

the membrane-spanning basal body, an adjacent rod that differs between Gram-

positive and Gram-negative bacteria, the extracellular hook as a universal joint 

and the filament (Figure 2; reviewed in: (17-21)). The filament itself is a long, 

helical tube around 10-15 µm in length and approximately 20 nm in diameter (see 

chapter on flagella in: (22)). The flagellum therefore resembles a ship’s propul-

sion system with an engine room, the transmission and the Archimedes screw 

that generates the propulsion. Fuelled by a gradient of protons (proton motive 

force (PMF)) or sodium ions, it can rotate in a clockwise (CW) or counter 

clockwise (CCW) direction for straight swimming (‘run’) or reorientation (‘tumble’) 

(23). 

 

1.2.1 Architecture of the flagellum 

The core of the basal body is formed by the flagellar type III secretion system 

(fT3SS), a central pore which is composed of 6 trans-membrane proteins (FlhAB, 

FliOPQR), mediating the export of flagellar building blocks and thus playing a 

crucial role for flagellar assembly (Figure 3) ((24) reviewed in: (18, 25)). 

Surrounding this central channel, the membrane spanning protein FliF forms the 

MS-ring and serves as a scaffold for a cup-like structure in the cytoplasm called 

the C-ring (26, 27). It is composed of FliG, FliM and FliN (homologue: FliY) and 

enables bacteria to switch the rotation direction of the flagellum from CW to CCW 

or vice versa upon stimulation of the chemosensory system (reviewed in: (28, 

29)). Accordingly, FliM is able to sense the presence of the response regulator 

CheY in its phosphorylated state (CheY-P) and propagates the signal to FliG, 

which controls the rotation direction through adopting different conformational 

states (30, 31). The motor proteins (MotABXY, PomAB: (32, 33)) are assembled 

around the C-ring in a late stage of the flagellar assembly process and provide 

the energy for rotation by exploiting a flux of ions (H+ or Na+) through the 

membrane (Figure 3; reviewed in: (34)). The actual rotation is generated through 

the interaction of the motor proteins MotA and FliG of the flagellar rotor (35). The 

architecture of the rod differs in Gram-positive and Gram-negative bacteria due to 
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the morphology of the cell wall and the respective arrangement of the bi-layered 

lipid membranes (Figure 2). The extracellular hook is a joint, which connects the 

filament with the membrane and cell wall embedded parts of the flagellum. The 

filament is composed of around 20 000 copies of flagellin, assembled into an 11-

fold helix and closed by the pentameric cap protein FliD at its distal end (36-38).  

 

Figure 3. The flagellar basal body. A scheme of the flagellar basal body of Bacillus subtilis dis-

plays sub-structures of the basal body, including motor components in red (MotAB), the MS-ring 

(FliF) as well as the C-ring in light red (FliG, FliM and FliY), the export apparatus in dark red 

(FlhAB, FliJ and FliI) and further integral membrane components of the basal body in light blue 

(FliE and FliOPQ). The adjacent rod structures are coloured in blue (FlgBC, FlhOP). 

 

1.2.2 The flagellar C-ring 

Together with FliF, the flagellar C-ring constitutes the rotor of the flagellum and 

receives the chemotactic stimuli through its interaction with the final chemotactic 

response regulator CheY. Upon binding of CheY the C-ring switches the direction 

of flagellar rotation from CW to CCW or vice versa (39). The three C-ring 

components FliG, FliM and FliN(Y) are arranged in a specific cup-like architecture 

at the cytoplasmic face of the basal body. The N-terminal domain of FliG (FliGN) 

interacts with the cytoplasmic C-terminus of the MS-ring constituent FliF 

connecting the cytoplasmic and the membrane-embedded parts of the rotor 

(Figure 4AB) (27, 40-44). A helix links the N-terminal domain of FliG with its mid-

dle domain, which interacts with FliM the second C-ring component (30). The 
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conserved ‘EHPQR’ motif of the middle domain of FliG (FliGM) plays a major role 

for the interaction with FliM (Figure 4A) (31, 45, 46). Another helix with an adja-

cent loop region connects FliGM with the C-terminal part of FliG (FliGC), which 

comprises an Armadillo repeat domain (ARMC) and a helical domain composed 

of six α-helices (30, 47). While ARMC interacts with FliM through a hydrophobic 

patch, three conserved charged residues in helix 5 of the helical domain are re-

sponsible for the interaction with the stator protein MotA in Escherichia coli and 

Salmonella (Figure 4A) (35, 48).  

 

Figure 4. The flagellar C-ring. (A) shows the domain architecture of the C-ring proteins FliG 

(red), FiM (green) and FliN(Y) (blue). Domains and important motifs are indicated. (B) displays a 

structural model of the flagellar C-ring, with placement of single structures inspired by electron 

microscopy studies of the basal body (42, 49). The single components are coloured according to 

(A) and illustrated by FliG (pdb: 3HJL), FliMM (pdb: 4FQ0), FliMC (pdb: 1O6A), FliYM (pdb: 4HYN) 

and FliYC (pdb: 1O6A). Dashed lines indicate interactions. 

Recent studies propose a mechanistic model for the switching of rotational 

direction involving conformational rearrangements in FliGM and FliGC, resulting in 



Introduction 

 7 

contacts between neighbouring FliG protomers in the C-ring (30, 50). FliM is the 

second component of the C-ring and interacts through its middle domain (FliMM) 

with FliGM and FliGC (46, 51). The N-terminal part of FliM containing the 

conserved ‘EIDAL’ motif binds phosphorylated CheY, whereas the C-terminal 

domain (FliMC) represents a FliN-homology domain, which forms dimers or larger 

oligomers (52-54). The third C-ring component FliN(Y) is variable and exclusively 

comprises a FliN dimerization domain in some bacteria, while in other bacteria it 

possesses another N-terminal domain or even an additional ‘EIDAL’ motif (Figure 
4A). A recent report indicates a role of FliN in the interaction of the C-ring with 

CheY in E. coli (55). Although extensive research has focussed on the 

reconstruction of the flagellar basal body, the exact location of the C-ring proteins 

remains elusive (56).  

Besides its fundamental role for the implementation of chemotactic signals and 

the switching of the rotation mode of the flagellum, the C-ring seems to be crucial 

for flagellar assembly. The C-ring component FliN interacts with the very N-termi-

nus of FliH, a member of the cytoplasmic ATPase complex FliH/FliI, which is in-

volved in cargo export through the type III secretion system (53, 57-62). The FliN-

FliH interaction mediates the correct localization of the FliH/FliI complex (57). 

Therefore, the flagellar C-ring and the cytoplasmic ATPase complex FliH/FliI may 

provide a sorting platform for type III export cargo (63). 

 

1.2.3 Transcriptional regulation of flagellar genes 

Flagellar assembly requires the allocation of more than 50 different proteins in 

precise order and in definite numbers, giving rise to the idea that the process is 

highly regulated at the level of transcription as well as translation (64). Flagellar 

genes are organised in operons on the genome, controlled by sigma factors and 

transcribed in a hierarchical order. The transcriptional hierarchy has been exten-

sively investigated in the polar flagellated bacteria Vibrio cholerae, Pseudomonas 

aeruginosa and Aeromonas hydrophila where the σ70-dependent master regulator 

FleQ/FlrA (class I) activates the transcription of early flagellar genes (class II). 

These encode proteins involved in basal body and rod formation. Class III genes 

are under control of FlrC and comprise rod and hook proteins. Both class II and III 
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genes are additionally regulated by σ54. Late flagellar building blocks including 

flagellin, the anti-sigma factor FlgM and motor proteins are expressed under the 

control of σ28 factor (Figure 5) (65-67). 

 

Figure 5. Hierarchy of flagellar gene expression in V. cholerae. The hierarchical flagellar 

gene expression comprises four classes of genes, ordered from early to late flagellar building 

blocks in flagella biogenesis. Arrows mark regulating proteins of adjacent classes of genes. 

Figure 5 was adapted from ref. (67). 

Notably, a FleQ homologue is missing in the lophotrichously flagellated H. pylori 

and the amphitrichous C. jejuni as well as the peritrichously flagellated B. subtilis. 

During exponential growth B. subtilis displays a bistable behaviour growing either 

as long sessile chains or individual motile cells (68). This heterogeneity in popula-

tion is under the control of the alternate sigma factor σD, which fosters growth as 

motile individuals (69, 70). SwrA is another flagellar regulator, which enhances 

bistable behaviour of σD and activates the transcription of the fla/che operon (68, 

71, 72). This large operon (27 kb) comprises most of the flagellar genes involved 

in basal body and rod assembly as well as chemotaxis genes and measures 

twice the length of a B. subtilis cell when fully extended (Figure 6). SigD, en-

coded at the downstream end of the fla/che operon, feeds back to σD and regu-

lates production of late flagellar building blocks (73-75).  

Additional factors are involved in the regulation of flagellar gene expression, such 

as SinR, the master repressor of biofilm formation, as well as SlrA, a small 

peptide that inhibits transcription of the fla/che operon (76-78). An anti-sigma 



Introduction 

 9 

factor, FlgM, is produced in a late stage of flagellar assembly, antagonizing σD 

(79-81)(reviewed in: (82)). 

 

Figure 6. Arrangement of flagellar genes in B. subtilis. Relative to the temporal order of fla-

gella biogenesis, early and middle genes are organized in a large transcriptional unit, the fla/che 

operon, which also comprises vital chemotaxis genes (grey). The fla/che operon includes many 

genes essential for basal body formation (red) as well as hook and rod genes (blue) and regula-

tory genes such as the sigma factor sigD as well as flhF (green) and flhG (orange). Late rod 

genes (flhOP) and the motor components (motAB) are encoded separately. Late flagellar building 

blocks, especially type III export cargo, are encoded on a second gene cluster, including the hag 

gene, which encodes for flagellin, the major component of the flagellar filament. This figure was 

adapted and modified according to ref. (82). 

The regulatory network of flagellar genes in B. subtilis seems more sophisticated 

compared to those of the polar flagella of Vibrio and Pseudomonas species. 

Moreover, flagellar regulation is directly coupled to biofilm formation through 

SinR. 
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1.3 Flagellation patterns 

Flagella appear in species-specific arrangements along the cell body, which differ 

in number and location and thus constitute flagellation patterns (19).  

 

Figure 7. Bacterial flagellation patterns. (A) shows electron micrographs of the peritrichously 

flagellated bacteria B. subtilis and E. coli, while (B) shows electron micrographs of the monotri-

chously flagellated P. aeruginosa and C. crescentus, the lophotrichous H. pylori and the amphitri-

chous C. jejuni. A scheme of the respective flagellation pattern is depicted in the bottom right cor-

ner of the respective electron micrograph. The electron micrographs were kindly provided by 

Albert Siryaporn and Yi Shen (Princeton; P. aeruginosa), Martin Thanbichler and Kathrin Bolte 

(Marburg; C. crescentus), Dave Hendrixson (Texas; C. jejuni) as well as Barbara Waidner 

(Marburg; H. pylori). This figure was adapted from ref. (16). 
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As readily evident phenotypic characteristics, these patterns were among the 

earliest taxonomic criteria in microbiology (83). Despite the yet unexplored 

number of bacterial species showing a plethora of unique structures and features, 

only a handful flagellation patterns have been observed in microbiology (19). The 

localization of a flagellum at the cell body can be restricted to the cell pole (polar 

localization), along the side of the cell (lateral) at midcell or randomly distributed. 

In addition, bacteria also vary in the number of flagella from 1 to more than 

100 flagella per cell, resulting in 5 major flagellation patterns: i) monotrichous, ii) 

lophotrichous, iii) amphitrichous, iv) peritrichous and v) medial (Figure 7).  

Monotrichously flagellated bacteria, such as the well-studied model organisms 

P. aeruginosa, Vibrio species or Caulobacter crescentus, exhibit a single flagel-

lum at one cell pole (84-87). The human pathogenic bacterium H. pylori has more 

than one flagellum at one cell pole and is an example of lophotrichous flagellation 

(64). One flagellum at each pole, amphitrichous flagellation, is observed for the ε-

proteobacterium C. jejuni (88). In a large group of bacteria, flagella emerge from 

the entire side of the cell body, except for the cell poles and midcell. Among these 

peritrichously flagellated bacteria are three of the most prominent model 

organisms of microbiology E. coli, Salmonella enterica and B. subtilis (71, 89, 90). 

Having one flagellum at approximately midcell, Rhodobacter sphaeroides 

displays an exceptional arrangement of flagella and is a representative of the 

medial-flagellated bacteria (91). 

 

1.3.1 Dual flagellated bacteria 

Some bacteria exhibit two independent flagellar systems encoded as separate 

gene clusters at different locations on the genome (92-95). V. alginolyticus, 

V. parahaemolyticus, Aeromonas species, Rhodosiprillum centenum and 

Azospirillum brasilense, which are commonly described as polar flagellated, pos-

sess one flagellum at the cell pole in liquid medium, (96-100) (reviewed in: (101)). 

However, in more viscous environments or on surfaces, these bacteria are able 

to build lateral flagella resulting in a polar-peritrichous pattern (Figure 8A). The 

Gram-negative marine bacterium Shewanella putrefaciens also possesses two 

independent flagellar systems, the primary being a monotrichous arrangement 
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and the secondary flagella emerging from a lateral position (33). In contrast to 

Vibrio species both flagella systems are constitutively expressed and result in one 

polar and one or two lateral flagella (Figure 8B).  

 

Figure 8. Dual flagellation. (A) V. alginolyticus employs a primary polar flagellum to move 

through liquid environments. On surfaces V. alginolyticus is able to build a multitude of lateral 

flagella. (B) S. putrefaciens possesses two independent flagella systems, a primary polar flagel-

lum (black) and one or two secondary lateral flagella (grey). The flagella are encoded on different 

gene clusters in the genome of S. putrefaciens and are constitutively expressed. 

Recent studies showed that in the case of S. putrefaciens the second system 

provides better navigation and advantages in directed movement rather than fa-

vouring swimming behaviour in viscous media. However, the secondary flagellar 

system does not respond to chemotaxis signals, but leads to realignment angles 

smaller than 90° upon tumbling, which promotes directed swimming (102). Spatial 

regulation of the two constitutively produced flagellar systems seems to rely on 

different mechanisms. While the regulatory genes flhF and flhG are encoded in 

the polar flagellar gene cluster, no homologues were found for the lateral system. 

Indeed, deletion of either flhF or flhG only affects the number and location of the 

polar flagellum, but has no influence on the lateral one (103). These unique fea-

tures render S. putrefaciens the ideal model organism to complement the peritri-

chous Gram-positive B. subtilis. This approach not only offers a more general 

perspective of flagellar regulation mechanisms by comparing different organisms, 

but also delivers an internal control with the secondary flagellar system that is 

believed to be unaffected by manipulation of the primary polar system. 
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1.4 Flagellation pattern regulation 

E. coli displays 5-6 flagella in a peritrichously arranged pattern, which until re-

cently was assumed to be generated by random distribution. However, a new 

study was able to demonstrate that emerging flagella avoid the cell pole and even 

exhibit an asymmetric distribution with higher numbers of flagella in the ‘old’ half 

of the cell (90). This phenomenon does not only occur in E. coli, but also in the 

peritrichous B. subtilis, where 20-25 flagella are distributed along the cell body in 

a grid-like pattern, indicating that tight spatial regulation processes underlie fla-

gella positioning (71). The reproducible polar arrangement of one or more flagella 

immediately implies an intrinsically spatial regulation of these sophisticated nano 

machines. All these results demonstrate that positioning of flagella is a process 

under strict control of diverse regulatory systems, acting on different levels. This 

raises the question how a bacterium defines or recognizes its cell pole. One ap-

proach is the use of so-called ‘landmark’ proteins, which is a common principle 

for other processes such as cell division, chromosome segregation and chemo-

taxis array localization (87, 104-106). ‘Landmark’ proteins localize to specific re-

gions inside the cell recruiting essential effector proteins for positioning pro-

cesses.  

 

1.4.1 The ‘landmark’ system in C. crescentus 

In the monotrichous α-proteobacterium C. crescentus, the flagellum is exclusively 

formed at the inherited cell pole after cell division. Having a dimorphic life cycle 

with a non-replicative swarmer cell that transitions into a non-flagellated replica-

tion-competent sessile state, it has been a model organism for studying life cycle 

progression and cell polarity for many decades (reviewed in: (107, 108)). Upon 

entering the replication-competent state the polar flagellum is replaced by a stalk, 

a cylindrical extension that serves as an adhesion organelle. Prior to cell division, 

a flagellum is built at the opposite pole resulting in a motile, flagellated daughter 

cell and a non-motile, stalked mother cell after asymmetric cell division.  

Recent studies on cell polarity identified the coiled-coil membrane protein TipN as 

‘landmark’ protein for the old cell pole. TipN not only plays an essential role for 
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cell polarity but also is responsible for polar localization of the flagellum. In ac-

cordance with cell cycle progression TipN relocates from the stalked to the nas-

cent pole in a late stage of cytokinesis. Deletion of TipN leads to more and mislo-

calized flagella as well as severe polarity defects (87, 105). Polar localization of 

the membrane protein TipF strongly depends on the ‘landmark’ protein TipN and 

the presence of cyclic diguanosine monophosphate (c-di-GMP) (109). TipF is 

able to recruit the third flagellar positioning factor PfII to the cell pole (109, 110). 

TipF not only directs building blocks of the flagellar C-ring (FliG and FliM) to the 

correct assembly site but also may serve in assembly itself, as a tipF deletion 

results in a non-flagellated phenotype (109). In C. crescentus, vital processes 

such as cell cycle progression, cell division plane positioning, chromosome seg-

regation and spatio-temporal regulation of flagellar assembly are coordinated by 

the ‘landmark’ protein system TipN/F (109). How TipN relocates during cytokine-

sis still remains enigmatic. 

 

1.4.2 FlhF and FlhG affect number and placement of flagella 

Besides ‘landmark’ proteins, bacteria have developed a second mechanism for 

the spatial regulation of macromolecular structures within the cell (reviewed in: 

(111)). Based on the dynamic cycle of dimeric ParA/MinD ATPases, bacteria are 

capable of positioning the cell division plane precisely at midcell (Min system; 

reviewed in: (112-114)) segregating replicated chromosomes into both daughter 

cells (ParABS; reviewed in: (115, 116)) and spatially regulating the location of 

chemotaxis arrays (ParC; (117)). In diverse bacterial species two nucleotide-bind-

ing proteins, FlhF and FlhG (synonyms: YlxH, FleN, MotR, MinD2), were identi-

fied to maintain the specific arrangement of flagella (19). Interestingly, a close 

homologue of FlhG is MinD, and both proteins share the conserved ATPase do-

main (Figure 9B) (118). 

 

1.4.2.1 FlhF 

FlhF belongs to the Signal recognition particle (SRP), MinD, BioD (SIMIBI) class 

of nucleotide-binding proteins and constitutes, besides Ffh (also SRP 54 in eu-
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karyotes) and FtsY, the third SRP-GTPase (119). While Ffh and FtsY represent 

the universally conserved core of the SRP-system, which co-translationally in-

serts membrane proteins into the cognate membrane (reviewed in: (120-122)), 

FlhF only occurs in bacteria and is involved in flagella regulation (123). All three 

GTPases share the conserved NG domains, including a regulatory domain (N-

domain) and the GTPase (G-domain) (Figure 9A).  

 

Figure 9. Domain architecture of FlhF and FlhG. (A) The domain architecture of the three 

members of the SRP-GTPase family (FlhF, FtsY and Ffh) shows that they all share the NG do-

main comprising all essential motifs for GTPase activity (G1 to G5 elements, Insertion box). They 

differ in the third domain, which serves SRP-specific purposes in FtsY (A-domain) and Ffh (M-

domain). The function of the B-domain of FlhF remains elusive. (B) A comparison of the 

MinD/ParA member ATPases MinD and FlhG revealed a shared ATPase domain and an adjacent 

membrane targeting sequence (MTS). Important motifs are indicated in red (P-loop, SI: Switch I 

motif, SII: Switch II motif FlhG, ATP bind. residues essential for ATP recognition). FlhG comprises 

an additional N-terminal domain carrying the conserved DQAxxLR motif that serves as an activa-

tor motif of the FlhF GTPase in B. subtilis. N- and C-termini are indicated and apply to all proteins 

below. Figure was modified according to ref. (16). 

During membrane protein insertion, Ffh and FtsY form a GTP-dependent 

heterodimeric complex to target a ribosome nascent chain complex to an 

available translocon. The complex falls apart upon stimulation of GTP hydrolysis 

through the SRP-RNA. Upon binding of GTP, FlhF forms a homodimeric complex 

that structurally resembles the SRP heterodimer (124). In addition to the NG-

domain, FlhF comprises of an N-terminal basic and natively unfolded domain (B-

domain) (Figure 9A). In V. cholerae, this domain is involved in recruiting the MS-
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ring component FliF to the cell pole as the first building block for a future 

flagellum (125). Despite extensive research the molecular role and mechanism of 

FlhF remains elusive and further investigations are required to dissect the 

function of the individual domains involved in flagellar regulation. 

1.4.2.2 The regulatory circuit of FlhF and FlhG 

In most bacterial genomes flhF and flhG form a transcriptional unit with flhG being 

the downstream neighbour of flhF embedded into a flagellar gene cluster. Very 

often FlhA, the major component of the fT3SS, is encoded upstream of flhF and 

flhG.  

 

Figure 10. The regulatory circuit of FlhF. FlhF is a molecular switch with two distinct states. In 

the canonical ‘ON’ state, FlhF (green) forms a GTP-dependent homodimer (pdb: 2PX0), which 

localizes to the plasma/inner membrane. With the N-terminus of FlhG (orange), FlhF forms an 

activator complex (pdb: 3SYN), which triggers GTP hydrolysis of FlhF. Upon hydrolysis the dimer 

dissociates and FlhF transitions into its monomeric ‘OFF’ state, where a nucleotide exchange 

occurs. PM: plasma membrane, IM: inner membrane are abbreviated. Figure was adapted from 

ref. (16). 
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FlhG shares key features with SIMIBI class ATPases such as the P-loop (deviant 

Walker A motif) or the Switch I and II regions. In B. subtilis, FlhG directly interacts 

with the FlhF dimer and is able to stimulate the GTPase of FlhF through an N-

terminal helical motif (DQAxxLR; x represents any amino acid). It mimics the 

SRP-RNA by providing a conserved glutamine residue that reaches into the 

composite active site and triggers hydrolysis (118). Both proteins form a regula-

tory circuit where FlhG triggers the transition of the GTP-bound dimeric ‘ON’ state 

of FlhF into the monomeric ‘OFF’ state (Figure 10). However, the molecular 

role(s) of the distinct states of FlhF is still unknown. 

 

1.4.2.3 The role of FlhF and FlhG in monotrichous flagellation 

In the monotrichously flagellated V. alginolyticus FlhF and FlhG are major deter-

minants for flagella number and position, with FlhF acting as a positive and FlhG 

as a negative one. Depletion of FlhF results in non-flagellated bacteria whereas 

knockout of FlhG leads to a hyper-flagellated phenotype. Overexpression of 

these proteins shows opposing effects (84). In a double deletion of the flhF and 

flhG genes, V. alginolyticus is severely impaired in motility and completely lacks a 

flagellum. However, a suppressor mutant in a gene called sflA partly restores 

motility by promoting the production of lateral flagella (126, 127). Furthermore, 

the polar localization of FlhF in V. alginolyticus depends on the presence of FlhG. 

While in an FlhG depletion strain, FlhF exclusively localizes at a cell pole, wild-

type levels of FlhG result in both polar and cytoplasmic localization of FlhF 

(Figure 11AB). Upon overexpression of FlhG, FlhF is mainly distributed in the 

cytoplasm, indicating that FlhG releases FlhF from the pole (Figure 11C) (128). 

Mutational studies on FlhF revealed that the GTP-binding motif is essential for 

polar localization of the flagellum (129). In the close relative V. cholerae, the 

causative agent of the human diarrheal disease cholera, deletion of flhF and flhG 

resulted in non-flagellated and hyper-flagellated (8-10 flagella) bacteria, respec-

tively. Both mutant strains were non motile on soft agar plates. The N-domain of 

FlhF is vital for its polar localization and FlhF determines polar localization of fla-

gella by recruiting FliF, the earliest component of flagella assembly to the cell 

pole (125, 130). Furthermore, it has been demonstrated that FlhF and FlhG act 

as transcriptional regulators of flagellar gene expression. FlhG represses tran-
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scription of early class I genes, whereas FlhF acts downstream activating class III 

gene expression (131).  

 

Figure 11. Role of FlhF and FlhG in V. alginolyticus. In V. alginolyticus FlhF acts as a positive 

regulator of flagella biogenesis, whereas FlhG, its counterpart, is a negative regulator that de-

creases number of flagella. (A) In the wild-type situation the interplay between FlhF (green circles) 

and FlhG (orange circles) results in one flagellum at a single cell pole. (B) When FlhG is not pre-

sent, FlhF localizes mainly to the cell pole and causes the production of multiple flagella at one 

pole through positive regulation. (C) In the presence of an excess of FlhG, FlhF is constantly re-

leased from the cell pole and cannot initiate flagella biogenesis, which results in a non-flagellated 

phenotype. This figure was inspired by ref. (128). 

Similar to Vibrio species, deletion of the FlhG homologue FleN in P. aeruginosa 

abolishes motility and leads to hyper-flagellated bacteria with 3-6 flagella (86). 

However, in P. aeruginosa that lacks FlhF, flagella are no longer restricted to the 

cell pole but emerge from random positions along the cell body. In addition, an 

flhF mutant strain swims with lower velocity and lacks swarming motility (132). 

Further investigation revealed that FlhF is not only required for flagellar assembly 

but also plays a crucial role in flagellar rotation. Replacing FlhF in P. aeruginosa 

by a hydrolysis-deficient FlhF variant (FlhF R215G) severely impairs swimming 

motility as well as the ability to rotate the flagellum (133). The closely related 

Pseudomonas putida exhibits on average two polar flagella per cell. Deletion of 

FlhF results in a random distribution of a slightly augmented number of flagella 

(~3.2 per cell). Overexpression increases the number of polar flagella to 12 ± 2 

flagella per cell. In both cases motility is abolished or severely affected (134). In 

the monotrichous plant pathogen Xanthomonas oryzae FlhF deviates from its 

homologues in other bacteria by two transmembrane-like domains, and its dele-

tion strongly affects motility (135). FlhF and FlhG are essential determinants of 

flagellar location and number in many monotrichously flagellated bacteria. How-
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ever, their specific effects slightly vary in different species, indicating subtle dif-

ferences in the respective mode of action or interaction network. 

 

1.4.2.4 Amphitrichous and lophotrichous flagellation 

In the field of lophotrichous and amphitrichous bacteria two pathogens emerged 

as model organisms to study flagellation and motility as crucial virulence factors. 

H. pylori, a causative agent of gastric ulcers, has 2-6 polar flagella. Deletion of 

flhG (ylxH) eliminates flagella and thereby motility. Furthermore, in an H. pylori 

flhG deletion strain, transcription of intermediate and late flagellar genes is im-

paired (64). In the amphitrichous C. jejuni, a common cause of gastroenteritis in 

humans, deletion of FlhG leads to less motile bacteria, which are hyper-flagel-

lated at least at one cell pole (88). Upon disruption of FlhF C. jejuni is non-motile 

and produces no flagella or just a single flagellum at one pole (136). Notably, in 

C. jejuni FlhG is not only involved in flagellar biogenesis, but also in cell division. 

Together with flagellar C-ring proteins FlhG prevents polar cell division by an as-

of-yet unknown mechanism (88). 

 

1.4.2.5 Peritrichous flagellation 

The Gram-positive soil bacterium B. subtilis possesses 20-25 lateral flagella ar-

ranged in a grid-like pattern that is symmetrically organized around the midcell 

(71). Fluorescence labelling of the flagellar component FliM showed that basal 

bodies have a minimal distance of 0.39 ± 0.1 µm. Again, FlhF and FlhG play a 

key role in the formation of the peritrichous flagellation pattern. When flhF was 

mutated in the context of the FliM-GFP fusion, B. subtilis retained wild-type 

motility as well as the equivalent number of basal bodies. However, the 

distribution becomes more random and basal bodies tend to cluster at the cell 

pole. On the other hand, in a ΔflhG strain basal bodies appeared to be clumped 

together and the number seemed to be reduced. As observed for flhF deletion 

neither swimming nor swarming motility is significantly affected. A double 

knockout of flhG and flhF resembles the phenotype of a ΔflhF strain (71). 
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1.4.3 Interaction partners of FlhF and FlhG 

FlhF as well as FlhG share a high sequence homology and a similar architecture 

throughout many bacteria with diverse flagellation patterns (Figure 9). This indi-

cates that both proteins act according to the same mechanistic principles in all 

these organisms. However, there are subtle variations of phenotypic behaviour of 

FlhF and FlhG, such as the aflagellated phenotype in H. pylori, upon disruption of 

flhG. While Vibrio species that lack FlhF also lack flagella, deletion of flhF in 

Pseudomonas leads to an aberrant localization of flagella. FlhF and FlhG seem to 

transcriptionally regulate different gene classes in these different organisms. All 

these subtle variations indicate that the key for maintenance of specific flagella-

tion patterns is encoded in the interaction partners of FlhF and FlhG. Assuming 

this scenario is correct, one would expect species-independent as well as spe-

cies-specific proteins that interact with FlhG and FlhF.  

Besides FlhG, FlhF might interact with the flagellar MS-ring protein FliF as it re-

cruits the earliest flagellar component FliF to the old cell pole in V. cholerae (125). 

FliF is conserved in all flagellated bacteria and may thus represent a species-in-

dependent interaction partner. FlhG directly interacts with the c-di-GMP-depend-

ent master regulator of flagellar gene transcription, FleQ, in the polar flagellated 

P. aeruginosa (137). FlhG furthermore decreases the ATPase activity of the 

AAA+-type ATPase FleQ. This negative effect on the ATPase is also observed 

with c-di-GMP. In the presence of both FlhG and c-di-GMP, the ATPase activity is 

massively decreased, indicating a cooperative inhibition (138). FleQ homologues 

are present in many polarly flagellated γ-proteobacteria (138). Notably, a FleQ 

homologue is missing in the peritrichously flagellated B. subtilis implying that this 

would be an example for a species-specific interaction partner of FlhG. In 

V. cholerae the polar ‘landmark’ protein HubP was identified as an interaction 

partner of FlhF as well as FlhG. HubP and FlhF independently localize to the cell 

pole, but both proteins are required for correct localization of FlhG (108, 139). As 

observed for FleQ/FlrA, HubP is missing in B. subtilis or H. pylori and may again 

represent a species or maybe a pattern-specific interaction partner FlhG and 

FlhF. However, the full extent of the interaction network in which FlhF and FlhG 

are embedded remains elusive and will be further addressed in this PhD thesis. 



Introduction 

 21 

1.5 Cell division site determination 

Most bacteria replicate by binary fission leading to the formation of two equal 

daughter cells that each receive one chromosome. Correct positioning of the cell 

division plane and temporal control of fission is essential for bacterial reproduc-

tion. Aberrant Z-ring location leads to miniature cells lacking DNA and vital cellu-

lar structures. Interestingly, in many rod-shaped bacteria cell division occurs at 

midcell, indicating that this process is subject to strict spatio-temporal control 

(140). The assembly of the cytokinetic Z-ring, which is a ring-like structure of the 

bacterial tubulin homologue FtsZ, initiates cell division (141-143). Extensive re-

search revealed the Min system, whose name is derived from the miniature cell 

phenotype, to be a major determinant of spatially correct Z-ring assembly, which 

acts as a negative regulation system. Polymerization of a MinCD complex starting 

at the pole provides an efficient inhibitor of FtsZ polymerisation, restricting Z-ring 

formation to midcell. To complement the Min system, many bacteria employ the 

Noc System, which binds to the membrane and the DNA simultaneously, pre-

venting septum formation through chromosomes (144-148). In contrast to many 

other bacteria, C. crescentus divides asymmetrically into a stalked replication-

competent mother cell and smaller, flagellated swarmer cell. Lacking a conven-

tional Min system, the ATPase MipZ acts as an inhibitor of the cytokinetic Z-ring. 

Through its interaction with ParB involved in chromosome portioning, MipZ local-

izes to the cell poles when the replicated chromosomes segregate, restricting Z-

ring assembly to midcell (149). 

 

1.5.1 The Min system in E. coli 

The Min system was discovered in E. coli through a mutant in the min genes 

which resulted in the formation of miniature cells without DNA load (minicell phe-

notype), indicating incorrect cell division (150). As described below, E. coli has 

become the model organism to study cell division and cytokinesis (reviewed in: 

(112, 113)). Extensive research using genetic and biochemical methods revealed 

three proteins MinC, MinD and MinE to constitute the core of the E. coli Min sys-

tem that spatio-temporally regulates cell division by excluding Z-ring assembly 



Introduction 

 22 

from midcell (151, 152). The SIMIBI class ATPase MinD forms ATP-dependent 

homodimers that are able to interact with phospholipids through a C-terminal am-

phipathic helix acting as membrane targeting sequence (MTS) (153, 154). The 

membrane-associated MinD dimer recruits the potent Z-ring inhibitor MinC. This 

protein prevents FtsZ polymerization through its interaction with FtsZ and there-

fore inhibits Z-ring formation wherever it is associated with MinD (152, 155).  

 

Figure 12. The Min oscillator of E. coli. The schematic cycle of the Min oscillation in E. coli is 

initiated with a MinCD complex starting to assemble at one cell pole towards midcell, forming co-

polymeric structures (1). Subsequently MinE interacts with the MinCD polymer and disassembles 

the MinCD complex through stimulation of the MinD ATPase (2). MinD and MinC monomers or 

dimers dissociate from the membrane and diffuse to the opposite cell pole where assembly is 

reinitiated (3) and follows the same features (4-6). This concerted movement leads to a minimum 

of the cell division inhibitor MinC at midcell. This figure was adapted from ref. (112). 

The topological specificity factor MinE also interacts with MinD on an interface 

that partly overlaps with the MinC binding site. It furthermore stimulates the 
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ATPase activity of MinD, which leads to disassembly of the MinCD complex (156, 

157). The MinCD complex starts to assemble at the cell poles and polymerizes 

towards midcell, where MinE disintegrates MinCD. This leads to a pole-to-pole 

oscillation of the MinCD complex and generates a time-averaged MinC 

concentration with a minimum at midcell where cell division occurs (Figure 12) 

(158). A close relative of E. coli that shares the genetic architecture of the Min 

system is S. putrefaciens. minC, minD and minE are clustered on a genomic 

locus constituting a transcriptional unit. 

 

1.5.2 The Min system in B. subtilis 

In the spore forming Gram-positive B. subtilis, the Min system lacks the ATPase-

stimulating MinE as well as the characteristic oscillation behaviour of these pro-

teins described in E coli. DivIVA replaces MinE as topological specificity factor in 

B. subtilis and is essential for the polar recruitment of MinD (159). DivIVA does 

not stimulate the ATPase of MinD and therefore share only low sequence homol-

ogy with MinE. Recent studies identified an additional protein (MinJ) to be crucial 

for cell division and to function as an intermediary between MinD and DivIVA 

(160, 161). The MinCD complex assembles in a stable arrangement from the 

poles towards midcell, again inhibiting cell division at midcell (Figure 13) (159, 

162).  

 

Figure 13. Static Min system in B. subtilis. With the lack of MinE, the B. subtilis Min system 

also lacks the characteristic oscillation. However, the MinCD complex also assembles from the 

cell poles towards midcell. This leads to a static appearance of the Min proteins in B. subtilis. 

However, to which extent this polymer is intrinsically dynamic through adenosine 

triphosphate (ATP) hydrolysis and nucleotide exchange processes remains 
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unclear. Recent studies demonstrated that the ATPase of MinD in B. subtilis is 

not required for membrane association but rather for polar localization and 

recruitment of MinC (163, 164). Whether and how the ATPase of MinD is 

stimulated in the absence of MinE is unknown. 

 

1.5.3 Cell division site determination in C. jejuni 

C. jejuni lacks both a canonical Min system and a MipZ ‘landmark’ system. In-

stead, another MinD/ParA-like ATPase, FlhG, is involved in determination of the 

future cell division plane at midcell. In addition, FlhG is involved in controlling the 

correct number and location of flagella as observed for many bacteria. However, 

how FlhG can control both processes, cell division plane determination and flag-

ellation pattern maintenance, remains elusive. Research on flagellar proteins in 

C. jejuni addressing the link between positioning of flagella and the cell division 

plane revealed the C-ring proteins FliM and FliN to be involved in correct cell divi-

sion (88).  

 

1.6 Chemotaxis 

Survival of bacteria strongly depends on their ability to sense and to respond to 

environmental changes, avoiding nutrient poor zones and high concentrations of 

toxic substances. Furthermore, flagellated pathogens rely on chemotaxis to find 

and invade their hosts. This not only requires motility but also a chemosensory 

system rendering bacteria capable of sensing the quality and composition of their 

environment. Information acquired by chemosensors then has to be processed 

and translated into a plan of action, referred to as chemotaxis (Figure 14) 

(reviewed in: (165, 166)). Bacteria possess a wide spectrum of intra- and 

extracellular sensors in order to monitor their environment. 
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Figure 14. Bacterial movement. Bacteria are able to follow attractants and avoid repellents 

through a process called chemotaxis. In the absence of either repellent or attractant the move-

ment can be described by the same principles as Brownian motion (left). Upon sensing attract-

ants, bacteria are able to move along the gradient towards high attractant concentration (right). 

The arrows represent the trajectory of the bacterial movement. 

 

1.6.1 The chemosensory system 

Attractants or repellents are recognized by chemoreceptors: dimeric, trans-mem-

brane proteins with a periplasmic ligand binding domain and a cytoplasmic ki-

nase-signalling domain. Upon ligand binding the signal is propagated through the 

membrane and leads to the phosphorylation of a chemotaxis response regulator. 

Chemoreceptors can react to a plethora of attractants (amino acids, sugars or 

metabolic intermediates) or repellents (transition metals) (167). In many bacteria, 

thousands of chemoreceptor proteins are clustered in a hexagonal arrangement 

as ‘trimers of dimers’ in the polar region of the cell as chemoreceptor array (168-

171). The receptors form a ternary signalling complex with the histidine protein 

kinase CheA and a linker protein (CheW). Methylation of the chemoreceptors al-

lows bacteria to compare the current situation with the previous one in a process 

called adaptation, representing a primitive memory (172). The bacterial sensory 

system is not restricted to attracting or repelling substances but also includes fa-
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vourable growth conditions such as pH or redox properties (energy taxis) or even 

optimal light intensity for photosynthesis (phototaxis) (173-175). 

Notably, a recent study revealed that spatial regulation of chemotaxis arrays in 

V. parahaemolyticus relies on the ParA/MinD-like ATPase ParC. Through its 

interaction with ParP, ParC is capable of recruiting chemoreceptor arrays to the 

cell pole. The hydrolysis cycle of the ATPase, with its distinct states, plays a key 

role for this recruitment; however, the role of the putative ParC dimer and its 

exact mechanism remains unclear (117).  

 

1.6.2 Characteristics of chemotaxis 

In E. coli chemotaxis signalling begins with binding of a repellent to a chemore-

ceptor, inducing a conformational change that is transmitted through the mem-

brane to CheA via the signalling domain of the chemoreceptor and the linker 

protein CheW, inducing autophosphorylation of CheA (Figure 15). Phosphory-

lated CheA (CheA-P) is able to phosphorylate its cognate response regulators 

CheY and CheB. CheY-P, in turn, diffuses from the chemosensory cluster to the 

flagellum, where it binds to the flagellar C-ring components FliM and FliN and 

switches the rotational state of the flagellum from CCW (default: ‘run’) to CW 

(‘tumble’) and causes the bacterium to tumble more often (55, 176, 177). CheB-P 

acts as a methylesterase and mediates the methylation status of the chemore-

ceptors, hence regulating adaptation. The signalling cascade is terminated by the 

phosphatases CheZ and CheR that efficiently dephosphorylate CheY-P (178, 

179). 

In B. subtilis the chemotaxis signalling cascade appears inverted compared to 

E. coli. In the default state the flagellum rotates clockwise which causes 

B. subtilis to tumble (‘tumble’). Upon sensing attractants, CheA is 

autophosphorylated, which leads to an increase in CheY-P that binds to the 

flagellar C-ring and switches the rotation to counter clockwise, inducing straight 

swimming (‘run’) (Figure 15). Furthermore, the chemotaxis system in B. subtilis is 

more complex and includes additional factors such as the adaptation mediator 

CheD another linker protein between the chemoreceptor and CheA, CheV 

(reviewed in: (180-182)). 
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Figure 15. Scheme of chemotaxis. Chemotaxis starts with the perception of environmental cues 

(e.g. attractants) by (chemo)receptors (light green) (1). The signal is transduced through the 

membrane and translated into a response through phosphorylation of CheA (light green ovals) (2), 

which in turn phosphorylates CheY (green hexagons) producing CheY-P (3). CheY-P (red hexa-

gons) binds to the flagellar C-ring (red) (4) and causes the flagellum to switch the direction of ro-

tation from clockwise (CW) to counter clockwise (CCW) or vice versa (5). The phosphatase CheZ 

(green) triggers dephosphorylation of CheY-P and therefore resets the system and renders it ca-

pable of reacting to further stimuli (6). OM stands for outer membrane, while IM represents the 

inner membrane. 

In B. subtilis three proteins are involved in the inactivation of CheY-P. CheC is 

able to dephosphorylate CheY-P. Formation of a dimeric complex between CheC 

and CheD enhances the ability of the former to dephosphorylate the CheY-P 5-

fold. In addition, the flagellar C-ring component FliY comprises a CheC-like 

phosphatase domain, harbouring two active sites to inactivate CheY-P (183-187). 

R. sphaeroides represents an organism of complex tactic behaviour, comprising a 

broad range of different external stimuli, such as oxygen, light, some amino acids, 

specific sugars as well as organic acids (reviewed in: (165, 188)). Two sets of 

flagellar genes fla1 and fla2 in the genome of R. sphaeroides encode two inde-

pendent flagella systems, each of them providing a fully functional flagellum 
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(189). However, R. sphaeroides exclusively expresses fla1, resulting in a flagel-

lum with a unidirectional motor (190, 191). Therefore, R. sphaeroides navigates 

by turning the rotation of the flagellum ‘ON’ (run) and ‘OFF’ (tumble) instead of 

switching the direction of flagellar rotation (192). 

 

1.6.3 CheY interacts with the flagellar C-ring 

The final response regulator and integrated chemotaxis signal, CheY-P, controls 

the direction of flagellar rotation. Therefore, CheY-P is sensed by the flagellar C-

ring protein FliM through binding to a conserved motif (LSQxEIDALL; ‘EIDAL’ 

motif) at the N-terminus of FliM. The crystal structure of CheY in complex with the 

N-terminal peptide of FliM revealed that the helical N-terminus of FliM binds to a 

helix-β-strand-helix motif formed by helices α4 and α5 and strand β4 of CheY. 

Structural analysis revealed the interaction of an amphipathic interface of CheY 

with the helical ‘EIDAL’ motif, which also exhibits an amphipathic character (193, 

194). 
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Aim of the work 

Despite the plethora of bacterial species, only a handful flagellation patterns are 

known in nature, which are reproducibly established during each cell division cy-

cle. Moreover, flagellation patterns served as early taxonomic criterion in microbi-

ology, as flagellation is easily observed under the microscope. In many flagellated 

bacteria, two nucleotide binding proteins FlhF and FlhG play an essential role to 

establish and maintain different flagellation patterns. 

However, the precise mechanism underlying flagellation pattern control still re-

mains elusive. It is unclear how FlhF and FlhG interact with the flagellar system to 

assign the future flagellar assembly site and restrict flagella to a certain number. 

While a crystal structure of FlhF was published in 2007 and more recent studies 

showed a direct interaction between FlhF and FlhG, information about FlhG is 

currently scarce.  

Herein, I set out to analyse the crystal structure of FlhG (195), uncover its specific 

features and elucidate its interaction network in the Gram-positive peritrichous 

B. subtilis and the Gram-negative monotrichous S. putrefaciens. I wanted to 

understand how the mechanistic features of these two proteins shape the 

regulatory module that controls the number and location of flagella. Furthermore, 

I aimed at comparing mechanistic features and interaction partners of FlhF and 

FlhG in B. subtilis and S. putrefaciens to get insights into how universal and 

species-specific features are interconnected to regulate different flagellation 

patterns.  

In order to complement structural and biochemical data I aimed at establishing 

hydrogen deuterium exchange mass spectrometry in Marburg to conveniently 

investigate protein-protein interaction interfaces. I therefore cooperated with 

Dr. Uwe Linne from the Mass Spectrometry Facility of the Chemistry Department 

of Philipps-Universtiy Marburg. 
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Results 

2.1 FlhG is a MinD-like ATPase 

FlhG belongs to the MinD/ParA type superfamily of ATPases (196). As MinD, 

FlhG exhibits the characteristic features of SIMIBI class ATPases (119). A de-

tailed sequence alignment of MinD and FlhG proteins from different organisms 

revealed that FlhG and MinD share conserved motifs for ATP hydrolysis (P-loop 

or deviant Walker A motif, Switch II region), magnesium coordination (Switch I 

region) as well as ATP binding (ATP binding motifs) (Figure 16). This strongly 

indicates that FlhG is an ATPase like MinD and may exhibit similar mechanistic 

features, such as ATP-dependent dimerization. 

 

Figure 16. Vital ATPase motifs. A sequence alignment indicates that MinD and FlhG proteins 

from different organisms share the essential motifs for ATP binding, Mg2+ coordination (Switch I) 

as well as ATP hydrolysis (P-loop and Switch II). Organisms are abbreviated in the following way: 

Geobacillus thermodenitrificans (Gt); B. subtilis (Bs); H. pylori (Hp); E. coli (Ec); S. putrefaciens 

(Sp) and C. jejuni (Cj). 
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2.1.1 Purification of FlhG 

The availability of pure and homogeneous protein in sufficient amounts is a pre-

requisite for any biochemical or structural analysis. Purification of FlhG of 

B. subtilis however, yielded only low amounts of poorly soluble protein 

accompanied by heavy precipitation. Changing the hexa-histidine (His)6-tag from 

N- to C-terminus even decreased the solubility additionally. Different buffer 

conditions did not improve either the solubility or the yield of the protein. 

Therefore, the homologue of the moderate thermophile soil bacterium 

G. thermodenitrificans NG 80 was employed for the following biochemical and 

structural analysis of FlhG (197). Especially in crystallography it is a common 

technique to exploit the increased stability and potentially increased solubility of 

orthologous proteins from thermophile organisms to augment purification yields 

and crystallization success (198, 199). Typical representatives for thermophile 

organisms in crystallography are Aquifex aeolicus or Thermotoga maritima (200, 

201).  

 

Figure 17. Purification of GtFlhG. (A) displays the Coomassie-stained SDS-PAGE of the Ni-

NTA affinity purification of GtFlhG. After elution, pure GtFlhG was obtained in reasonable 

amounts. (B) The size exclusion chromatogram shows a single peak. The inlay represents the 

corresponding Coomassie-stained SDS-PAGE of the peak fractions (indicated in red), confirming 

that GtFlhG is the major protein component of the peak fractions. 
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Therefore, GtFlhG carrying a (His)6-tag at its N-terminus was produced re-

combinantly in E. coli and purified by a two-step protocol including Ni-NTA affinity 

chromatography and subsequent size exclusion chromatography (SEC) (Figure 
17). A detailed protocol is provided in the materials and methods section. 

Not only was GtFlhG more stable than its mesophilic orthologue from B. subtilis, 

but also exhibited enhanced solubility, although it still precipitated at higher 

concentrations. Thus, purification yielded sufficient amounts of protein for 

biochemical assays as well as crystallography. The protein concentration was 

determined using the absorbance at 280 nm with a nano drop and a predicted 

extinction coefficient (web.expasy.org/protparam), which was 24 400 M-1cm- for 

GtFlhG.  

 

2.1.2 ATPase activity of FlhG 

To assess whether GtFlhG is indeed an ATPase as indicated by alignments 

(Figure 16), a high performance liquid chromatography (HPLC)-based ATP 

hydrolysis assay was employed. Purified GtFlhG was therefore incubated with 

ATP for 1h at 37 °C and subsequently subjected to isocratic (flow rate 0.8 ml/min) 

reversed-phase HPLC using a C18 column. 2 mM ATP was added to the protein 

to start the reaction. The nucleotides ATP and adenosine diphosphate (ADP) 

were monitored on the UV detector at 260 nm and quantified by determining the 

respective peak areas using ChemStation. 

This assay provided evidence that GtFlhG is indeed an ATPase with an activity of 

51.2 ± 2.4 nmol(ATP)*h-1*nmol(enzyme)-1 under assay conditions. As a control 

the D60A variant of GtFlhG was generated, which is supposed to be defective in 

magnesium binding and therefore catalytically silent. Our hydrolysis assays cor-

roborated this assumption, as no catalytic activity of GtFlhG D60A was detecta-

ble. Upon addition of lipids from a commercial E. coli polar lipid extract (Avanti 

polar lipids), the ATPase activity of GtFlhG increases by factor of 1.4 to 

82.1 ± 3.6 nmol(ATP)*h-1*nmol(enzyme)-1 under assay conditions (Figure 18A). 

This shows the importance of lipids for the ATPase activity of FlhG and indicates 

a possible membrane interaction of FlhG during the ATPase cycle. However, a 
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hydrolysis activating protein (like MinE for MinD in E. coli) was not identified, alt-

hough several putative candidates were tested (FliM/FliY, DivIVA, GpsB). 

 

Figure 18. ATP hydrolysis of GtFlhG. (A) The results of the HPLC-based hydrolysis assays 

display the catalytic activity of GtFlhG, the catalytic deficient variant GtFlhG D60A and GtFlhG in 

the presence of lipids. Lipids alone have no effect on ATP hydrolysis. The experiments were per-

formed in triplicates indicated by the error bars. (B) The table summarizes the catalytic activity of 

GtFlhG and EcMinD under the respective assay conditions. a The results for EcMinD are taken 

from ref (202). 

The ATPase activity of MinD from E. coli was determined using an assay based 

on radioactive labelled ATP (203, 204). The assay was also performed at 37 °C 

for 1 h, however, only 1 mM ATP was supplemented to the reaction. EcMinD dis-

played a basal ATPase activity of 4.4 nmol(ATP)* h-1*nmol(enzyme)-1 under the 

respective conditions (202). Upon addition of MinE, which triggers ATP hydrolysis 

in MinD, and the presence of phospholipids the activity increased to 

35.5 nmol(ATP)* h-1*nmol(enzyme)-1 (Figure 18B) (202). These data indicate that 

the hydrolysis rate of GtFlhG rather corresponds to the hydrolysis rate of an 

activated EcMinD/MinE complex in the presence of phospholipids than to MinD in 

its apo state. This remains plausible, even considering that, in the initial assays 

1 mM ATP instead of 2 mM was used, and that GtFlhG is derived from a 

moderate thermophile organism with an optimal performance at elevated 

temperatures. 
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2.1.3 Crystallization of FlhG 

Purified GtFlhG was concentrated to ~11 mg/ml. Crystallization was performed by 

the sitting drop method in 96-well plates and initial hits were obtained in the Joint 

Center for Structural Genomics (JCSG) core suite I B3 (0.1 M HEPES, pH 7.5; 

10 % (w/v) Polyethylenglycol (PEG) 8000). The crystal quality was improved 

using fine and additive screens as well as seeding with small crystal fragments 

(Figure 19) (195).  

 

Figure 19. Crystallization of GtFlhG. (A) Initial needles were obtained in JCSG core I B3 (0.1 M 

HEPES, pH 7.5; 10 % (w/v) PEG 8000) after 10 days of growth. (B) After three weeks more de-

fined needles were observed in JCSG core III D8 (0.1 M HEPES, pH 7.0; 5 % (w/v) PEG 6000). 

(C) An additive screen (96 conditions) on JCSG core I B3 also provided more defined needles in 

condition C6 (0.1 M HEPES, pH 7.5; 10 % (w/v) PEG 8000 + 0.1 M urea). The figure was adapted 

from ref. (195). 

High quality crystals were gained after three weeks and flash frozen in liquid 

nitrogen after a short incubation in a cryo-protecting solution that consisted of 

mother-liquor supplemented with 20 % (v/v) glycerol. 

 

2.1.4 Structure determination and refinement of FlhG 

Data collection was performed at the European Synchrotron Radiation Facility 

(ESRF) in Grenoble, France under cryogenic conditions (100 K) at the beamline 

ID 23-2 to a diffraction limit of 2.8 Å resolution (195). Data were recorded with a 

DECTRIS PILATUS 6M detector. Data processing was carried out using iMosflm 

(205) and the CCP4-implemented program SCALA (206). The structure of apo-



Results 

 34 

FlhG was solved by molecular replacement (MR) with CCP4-integrated PHASER 

(207) using a monomer of the EcMinD dimer (pdb: 3QL9) as search model at 

2.8 Å resolution (Table S1). Structures were manually built in COOT (208) and 

refined using PHENIX refine (209). The structure was refined to an Rwork/Rfree of 

17.7/22.8. The crystal structure of the GtFlhG monomer was deposited in the 

protein data bank (pdb) with the entry 4RZ2. Figures were designed with PyMol 

(www.pymol.org). 

 

2.1.5 Crystal structure of monomeric FlhG 

To get insights into the structure and the functional role of FlhG, its crystal struc-

ture was determined at 2.8 Å resolution (Table S1). The structure was complete 

except for amino acid residues 1-20 and 265-274 most likely due to flexibility or 

degradation.  

The overall shape of the GtFlhG monomer resembles a half sphere and exhibits 

the typical MinD fold. The protein core is composed of 7 parallel and one 

antiparallel β-strands which are surrounded by 10 α-helices (Figure 20A). The 

monomeric structures of GtFlhG and MinD from E. coli (pdb: 3QL9) superimpose 

with a root mean square deviation (r.m.s.d.) of 2.3 Å2 for 160 Cα-atoms revealing 

a highly conserved protein core with minor deviations in the helical periphery 

(153).  

The main peripheral changes in GtFlhG include an extension of helix α7, and a 

loop that replaces two helical segments, one between α6 and β7 and the other 

between β7 and α7 found in MinD (Figure 20BC). Structural analysis identified 

FlhG as a MinD-like ATPase, sharing fold and structural elements for ATP 

hydrolysis and dimerization. 
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Figure 20. Crystal structure of GtFlhG. (A) shows the cartoon representation of the monomeric 

crystal structure of GtFlhG (pdb: 4RZ2) coloured in rainbow from the bottom as well as a lateral 

side. Secondary structure elements as well as N- and C-terminus are indicated. A flexible linker 

(indicated as dashed line) connects the protein core and α10. (B) displays a cartoon representa-

tion of a EcMinD monomer in grey (pdb: 3Q9L) and (C) represents an overlay of GtFlhG (rainbow) 

and EcMinD (grey). 

 

2.2 FlhG interacts with the membrane via its MTS 

A hallmark feature of MinD is its C-terminal amphipathic helix, which tethers the 

MinD dimer to the membrane, thereby recruiting MinC to the membrane where it 

inhibits the polymerisation of FtsZ (151, 210). Moreover, it generates two distinct 

locally separated states during the ATPase cycle, an ATP-dependent dimer at the 

membrane and a monomer, which is diffusible in cytoplasm and thus these states 
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are crucial for the regulation process. Sequence alignments strongly indicate that 

this C-terminal amphipathic helix is conserved in FlhG from different organisms 

(Figure 21A). Additionally, helical wheel projections of EcMinD and GtFlhG 

emphasise the amphipathic propensity of the C-terminus of FlhG from 

G. thermodenitrificans (rzlab.ucr.edu) (Figure 21B). The C-terminus of GtFlhG 

seems to possess a strong amphipathic character, compared to GtMinD and 

BsFlhG. 

 

Figure 21. A C-terminal amphipathic helix. (A) Sequence alignment of the C-terminal helix of 

MinD and FlhG proteins displays conserved residues. Organisms are abbreviated: 

G. thermodenitrificans (Gt); B. subtilis (Bs); H. pylori (Hp); E. coli (Ec); S. putrefaciens (Sp) and 

C. jejuni (Cj). (B) A helical wheel projection of the C-terminal helix of EcMinD and GtFlhG reveals 

an amphipathic character (www.rzlab.ucr.edu). The hydrophobic side is depicted as dashed line. 

The increasing amphipathic character is indicated in shades of green. 

 

2.2.1 Crystal structure of the C-terminal amphipathic helix 

The crystal structure of the GtFlhG monomer resolves the C-terminal amphipathic 

helix, which has never been resolved in any available MinD structure so far.  

Helix α10 is nestled into a hydrophobic groove mainly formed by helices α4 and 

α5 (Figure 22). The structure suggests that this C-terminal helix α10 plays an 

essential role in membrane binding of FlhG, in the same way as observed for 

MinD (163). 
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Figure 22. Hydrophobic cleft for MTS binding. The Electrostatic surface (positive charges are 

indicated in blue, negative charges in red) of GtFlhG (pdb: 4RZ2) shows the hydrophobic cleft 

(indicated by an arrow, left) into which the MTS (lime green) is bound (right) in the monomeric 

crystal structure of GtFlhG.  

 

2.2.2 αα10 is an autonomous and transplantable MTS  

To investigate whether helix α10 functions as membrane targeting sequence, a 

fusion protein was generated, which comprises helix α10 adjacent to a green-flu-

orescent reporter protein (GFP). The gfp-α10 fusion was expressed in E. coli and 

its subcellular localization was observed using high-resolution fluorescence mi-

croscopy (Figure 23AB). Indeed, GFP-α10 exclusively localized at the cytoplas-

mic side of the inner membrane implicating that helix α10 constitutes an autono-

mous and transplantable MTS. To show that membrane localization results from 

helix α10 a mutation was introduced which was supposed to abolish membrane 

association.  

As hydrophobic interactions play a vital role for membrane attachment, two highly 

conserved neighbouring phenylalanine residues (F275 and F276) within helix α10 

were replaced by alanine (GFP-α10 F2A). Uniformly fluorescent E. coli cells were 

observed upon production of GFP-α10 F2A displaying that helix α10 attaches 

GFP to the membrane (Figure 23AB). Furthermore, this also shows that 

phenylalanine 275 and 276 are crucial for the function of the MTS in GtFlhG. 
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Figure 23. Autonomous MTS of FlhG. (A) Fluorescence microscopy images of E. coli express-

ing gfp-α10 (top) and gfp-α10 F2A (bottom) show that helix α10 of GtFlhG is an autonomous 

MTS. The scale bars equal 2 µm as indicated. (B) displays a scheme of the GFP-α10 (pdb: 1F0B 

(FP); pdb: 4RZ2 (GtFlhG MTS)) fusion construct used for this experiment. Amino acid residues 

F275 and F276 of GtFlhG are shown as sticks and are indicated.  

 

2.2.3 Flotation assays 

To further characterize the ability of GtFlhG to associate with membranes, flota-

tion assays with large unilamellar vesicles (LUVs) were performed (195). The 

vesicles were composed of 70 % of the neutral phospholipid 2-oleoyl-1-palmitoyl-

sn-glycero-3-phosphoethanolamine (PE) and 30 % of the anionic phospholipid 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)(sodium salt) (PG), 

which represents the composition of a model membrane (211) and were gener-

ated using an extrusion technique. The target protein was incubated with LUVs 

as well as the respective nucleotide and subsequently overlaid with a gradient of 

iodixanol. During ultra centrifugation LUVs float from the bottom to the top of the 

centrifugation tube along the gradient of iodixanol dragging vesicle bound pro-

teins with them (Figure 24A). After centrifugation the content of the tubes were 

separated into three samples (top, middle and bottom) and their protein content 

was visualized using Coomassie-stained SDS-PAGE (Figure 24B). In this case, 

GtFlhG was incubated with LUVs and additionally either ADP or 5′-

adenylylimidodiphosphate (AMPPNP), which is a non-hydrolysable analogue of 

ATP.  
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Figure 24. Flotation assays. A scheme of the flotation assays is given in (A). LUVs (blue) float 

along an iodixanol gradient (indicated in grey) during ultra-centrifugation carrying LUV bound 

proteins (orange) with them to the top, while unbound proteins (green) remain at the bottom. (B) 

Coomassie-stained SDS-PAGE of the flotation experiment (195). The iodixanol gradient was 

separated into three fractions. 

In the presence of ADP the major portion of GtFlhG remained in the bottom 

fraction and a minor part was observed in the middle fraction, indicating no or 

only weak interaction with the vesicles. Upon addition of AMPPNP, GtFlhG was 

detected in all three fractions in equal amounts (Figure 24B). This demonstrates 

that the interaction of GtFlhG and lipids is ATP-dependent, which is reminiscent 

to MinD.  

 

2.3 Crystal structure of homodimeric FlhG 

Our membrane interaction studies revealed that FlhG and MinD share the same 

nucleotide dependent membrane binding behaviour. The ability of MinD to asso-

ciate with lipid membranes depends on the presence of ATP, due to the dimeri-

zation of MinD, which is induced upon ATP addition. This led to the assumption 

that FlhG, as MinD, is able to form homodimers. In order to crystallize the GtFlhG 

homodimers, a variant of FlhG (D60A) was generated that is deficient in magne-

sium binding and hence catalytically inactive, as confirmed by our HPLC-based 

hydrolysis assays (Figure 18). The respective mutation in MinD was used to suc-

cessfully crystallize MinD in its dimeric state (153). 
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2.3.1 Purification of FlhG D60A 

GtFlhG D60A was purified as stated for the wild-type protein and also heavily 

precipitated as observed for GtFlhG. In short, GtFlhG D60A was purified using a 

His trap column and subsequently subjected to SEC (Figure 25). The UV detec-

tion during SEC revealed that GtFlhG D60A was obtained in larger amounts, than 

GtFlhG, evident through increased peak height and thus peak area. After SEC, 

GtFlhG D60A was concentrated to 12 mg/ml, where it heavily precipitated. The 

concentration was determined on the nano drop (ε = 24 400 M-1cm-1).  

 

Figure 25. Purification of GtFlhG D60A. (A) displays the Coomassie-stained SDS-PAGE of the 

Ni-NTA affinity purification of GtFlhG D60A. The elution fraction mainly contains GtFlhG D60A. (B) 

The size exclusion chromatogram shows a single peak. The inlay represents the corresponding 

Coomassie-stained SDS-PAGE of the peak fractions (indicated in red) confirming that GtFlhG 

D60A is the major protein component of the peak fractions. 

 

2.3.2 Crystallization of FlhG D60A 

Again, crystallization was performed by the sitting drop method in 96-well plates 

using the JSCG core suite screens in the presence of ATP and adenylyl-

imidodiphosphate (AMPPNP). With AMPPNP no crystals were observed even 

after several weeks. In the presence of ATP however, high quality crystals were 
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gained after three weeks in JCSG core I in C10 (0.1 M HEPES, pH 7.0; 20 % 

(w/v) PEG 6000) (Figure 26). Crystals were flash frozen in liquid nitrogen after a 

short incubation in a cryo-protecting solution that consisted of mother-liquor 

supplemented with 20 % (v/v) glycerol (195). 

 

Figure 26. Crystallization of GtFlhG D60A. (A) shows crystals of GtFlhG D60A in the presence 

of ATP grown after three weeks in JCSG core I, C10 (0.1 M HEPES, pH 7.0; 20 % (w/v) PEG 

6000). (B) The UV image of the GtFlhG D60A crystals indicates that these crystals are indeed 

protein crystals. The indicated crystal (dashed lines) diffracted to 1.8 Å. The figure was adapted 

from ref. (195). 

 

2.3.3 Structure determination of FlhG D60A 

Diffraction data of the indicated crystal (Figure 26) were collected at the ESRF in 

Grenoble, France under cryogenic conditions (100 K) at the beamline ID 23-1 to a 

diffraction limit of 1.8 Å resolution (195). Data were recorded with a DECTRIS 

PILATUS 6M detector. Diffraction images were processed using iMosflm (205) 

and the CCP4-implemented program SCALA (206). The structure of dimeric 

GtFlhG D60A was solved by MR with CCP4-integrated PHASER (207) using 

monomeric GtFlhG (pdb: 4RZ2) as search model at 1.9 Å resolution (Table S1). 

The structures were manually built in COOT (208) and refined using PHENIX 

refine (209). The structure was refined to an Rwork/Rfree of 22.1/26.0. Two ADPs 

were identified in the active sites of the GtFlhG D60A dimer. The crystal structure 

of the GtFlhG D60A dimer was deposited in the pdb with the entry 4RZ3. Figures 

were designed with PyMol (www.pymol.org). 
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2.3.4 Overall structure of FlhG D60A 

The crystal structure of GtFlhG D60A was obtained at 1.9 Å resolution (Table S1) 

and the structure was complete except for the first 20 amino acids and residues 

265-287 due to either flexibility or degradation. The structure revealed an ADP 

bound GtFlhG dimer, even though ATP was added prior to crystallization. This is 

presumably a result of the extended time period that was necessary for crystal 

growth (3-4 weeks). As for the monomer, the FlhG homodimer shows significant 

structural similarity to that of EcMinD with an r.m.s.d. of 2.8 Å2 over 329 Cα-

atoms. Both dimers resemble an ellipse-like shape with similar dimensions of ap-

proximately 60 x 45 x 40 Å (Figure 27).  

 

Figure 27. Structure of the GtFlhG dimer. (A) Overview of the crystal structure of GtFlhG D60A 

dimer (pdb: 4RZ3) presented as cartoon and coloured in rainbow. Grey dashed lines indicate the 

subunits of the dimer. (B) The overlay of the GtFlhG dimer (rainbow) and the dimeric structure of 

EcMinD (grey; pdb: 3Q9L) shows close structural homology. Dashed bars indicate the size of the 

dimers. 

The subunits are arranged in the same ‘face-to-face’ orientation with similar P-

loop distances of 3.7 and 3.8 Å between the P-loop glycines (i.e., G32 and G12 in 

GtFlhG and EcMinD, respectively). As observed for MinD, the active site of FlhG 

is composed of highly conserved key motifs responsible for ATP binding, magne-

sium coordination or ATP hydrolysis. The prominent P-loop or deviant Walker A 
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motif of MinD/ParA ATPases (GKxxxGKT/S) is composed of a loop region and an 

adjacent helical turn (Figure 28AB) (212-214). It is involved in binding the phos-

phate moieties of ATP, by forming several hydrogen bonds between the amide 

nitrogen of the polypeptide backbone and the β-phosphate (Figure 28B). The P-

loop contains two highly conserved lysine residues that fulfil vital tasks during the 

catalytic cycle. The second lysine (K36 in GtFlhG) forms a polar interaction with 

oxygen of the γ-phosphate being involved in the positive cage, which neutralizes 

the dense negative charges of the nucleotide. The first one (K31 in GtFlhG) is 

part of the dimer interface and spans into the active site of the other subunit 

providing the catalytic lysine for ATP hydrolysis. The P-loop constitutes the most 

important motif reflected by the fact that a whole family of GTPases and ATPases 

is named after this motif (P-loop NTPases) (119).  

 

Figure 28. Catalytic motifs of GtFlhG. (A) shows an overview of GtFlhG (pdb: 4RZ3) with ADP 

bound in the active site. Catalytically important motifs are coloured in blue (P-loop), dark blue 

(Switch I) and cyan (Switch II). (B) The P-loop coordinates the β-phosphate of ADP in a nest of 

backbone amide moieties. The distances between the phosphate oxygen atoms and the amide 

nitrogen atoms are depicted in dashed lines. (C) The Switch II region indirectly contributes to ATP 

hydrolysis by stabilizing the P-loop through polar contacts. Hydrogen bonds are indicated with 

dashed lines and the respective distances are depicted. 
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The so-called Switch I motif (DIxxxNI) coordinates the magnesium ion, which is 

essential to compensate the accumulation of negative charges through the 

phosphate groups of ATP (Figure 28). Aspartate 60, which was replaced by Ala 

in order to obtain the structure of the FlhG dimer, is a key residue of the Switch I 

motif. Therefore, GtFlhG D60A is supposed to be defective in magnesium binding 

and hydrolysis, locking the ATPase in an ATP bound dimeric state.  

The Switch II motif assists in shaping the active site of the ATPase by forming 

polar contacts with the P-loop. The Switch II motif is less conserved than the 

other two and only indirectly involved in the ATP hydrolysis. However, it has an 

important function in the second row (Figure 28C).  

The adenine base of the ATP is coordinated through arginine 194, which is able 

to form π-stacking interactions with the aromatic ring system of the base. Arginine 

194 is held in place by glutamate 228 (Figure 29A). Nucleotide specificity is pro-

vided by a small motif conserved among ATPases. In order to distinguish ATP 

from other nucleotides like GTP, the ATPase has to read the topology of the dis-

tal end of the nucleotide.  

 

Figure 29. ATP coordination. (A) gives a detailed view of the nucleotide coordination of GtFlhG 

(pdb: 4RZ3). Crucial residues are indicated. The dashed lines mark the hydrogen bonds to the 

amino group at position 6 of ADP, which provide the specificity for adenosine nucleotides. (B) 

shows the chemical structures of adenine and guanine, which differ at positions 2 and 6. Numbers 

indicate the respective positions in the nucleotide. 
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While adenine possesses an amine group, guanine displays a carbonyl moiety at 

position 6. Guanine has an additional amino group at position 2, which is absent 

in adenine (Figure 29B). The carbonyl group of the backbone of proline 227 as 

well as the side chain carbonyl group from asparagine 193 form hydrogen bonds 

with the amino group at position 6 of the adenine base. Binding of GTP would 

force two to three carbonyl oxygen atoms in close proximity, which would 

immediately generate a repulsive interaction (Figure 29A). 

Structural comparison of the composite active sites of the GtFlhG and EcMinD 

homodimers shows that all elements required for ATP hydrolysis (P-loop and 

Switch II motif), magnesium binding (Switch I motif) and nucleotide binding are 

structurally conserved between FlhG and MinD (Figure 30). Furthermore, the 

nucleotide itself is located at the same position and in a highly similar orientation 

in both proteins (Figure 30). These findings fit ideally to previous results all 

demonstrating that FlhG and MinD share the same hallmark features such as 

ATP-dependent homodimerization and membrane association. 

 

Figure 30. Catalytic motifs in FlhG and MinD. Overview of GtFlhG (pdb: 4RZ3) (A) in light cyan 

and EcMinD (pdb: 3Q9L) (B) in orange with ADP and ATP bound in the active site, respectively. 

Catalytically important motifs of GtFlhG are coloured in blue (P-loop), dark blue (Switch I) and 

cyan (Switch II). The respective regions of EcMinD are indicated in red (P-loop), yellow (Switch I) 

and orange (Switch II).  

However, an evident difference between GtFlhG and EcMinD is a protrusion in 

GtFlhG that originates from an extension of helix α7 of about two to three turns 
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(Figure 31A). EcMinD instead possess two short additional helical segments, 

one before helix α6 (α6a) and one adjacent helix α7 (α7b) (Figure 31B). These 

topological differences may represent modified interaction interfaces, allowing 

MinD and FlhG to interact with different proteins. Notably, EcMinD exhibit a larger 

dimer interface (~1000 Å2) than GtFlhG (~700 Å2). The short helical segment in 

front of helix α7 contributes to dimer formation in MinD, which is absent in 

GtFlhG. On the other hand helix α7 of FlhG is longer forming the C-ring interface. 

 

Figure 31. Electrostatic surface of FlhG and MinD. Electrostatic surface representation of 

GtFlhG (pdb: 4RZ3) (A) and EcMinD (pdb: 3Q9L) (B) displays differences in surface charge dis-

tribution. Furthermore, helix α7 of GtFlhG is indicated and forms a wing-like protrusion at either 

side of the FlhG Dimer. Surface charges are colour-coded from positive (blue) to neutral (white) to 

negative (red). 

Also the C-terminal tip of helix α1 of EcMinD is involved in dimer formation 

through polar contacts to helix α1 of the other subunit within the dimer (Figure 

32). This might indicate that the EcMinD dimer is more stable than the GtFlhG 

dimer. 
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Figure 32. Dimer interfaces of the FlhG and MinD Dimers. Monomers of the GtFlhG dimer 

(pdb: 4RZ3) (A) and the EcMinD dimer (pdb: 3Q9L) (B) are shown in light cyan and orange, re-

spectively. The black dashed lines indicate the respective dimer interface. 

Taken together, GtFlhG and EcMinD share the same MinD/ParA ATPase fold 

and all vital motifs for ATPase activity. Subtle topological differences include 

helix α7 and the neighbouring regions, resulting in a larger dimer interface in 

EcMinD and wing-like protrusion in the GtFlhG dimer. These topological 

modifications may hint towards interaction interfaces with different proteins. 

 

2.3.5 Conformational rearrangements upon dimerization 

Intriguingly, the MTS, which was present in the structure of the GtFlhG monomer, 

is absent in the homodimer. Furthermore, GtFlhG features significant structural 

rearrangements upon changing between the monomeric, MTS bound and the 

dimeric ‘closed’ state. Monomeric GtFlhG represents the ‘open’ state because 

helices α4 and α5 are orientated parallel to each other forming a hydrophobic 

groove into which the MTS is nestled. Upon transition into the ‘closed’ confor-

mation a helical segment is transformed into an extensive loop (dimerization 

loop), which is part of the dimer interface and thus required for dimer formation. 

The hydrophobic groove is closed through helix α5, which bends towards the 

protein core (Figure 33AB). As a result the MTS is exposed to the environment 
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and thus able to attach to lipids (Figure 33AC). In this state, the MTS is very 

flexible and can easily be degraded during the crystallization process and is 

therefore no longer visible in the crystal structure of the GtFlhG homodimer.  

 

Figure 33. Conformational rearrangements in FlhG. (A) A side-by-side view of the GtFlhG 

monomeric (pdb: 4RZ2) (left) and dimeric (pdb: 4RZ3) (right) state coloured in rainbow shows 

structural rearrangements upon dimer formation. Helices α4 and α5 are indicated. A red dashed 

line marks the cleft where the MTS binds in the open conformation of GtFlhG. Red dashed arrows 

mark the major rearrangements. (B) displays an overlay of the open monomeric state of FlhG 

(rainbow) and the closed dimeric state coloured in grey. Red dashed arrows indicated the major 

rearrangements. (C) A Side-by-side view of the electrostatic surface of GtFlhG monomeric (left) 

and dimeric (right) state indicates the closure of the MTS cleft in the dimeric state. The green helix 

represents the MTS in the open state. Surface charges are again colour-coded from positive 

(blue) to neutral (white) to negative (red). 

These findings demonstrate that dimer formation of FlhG seems unlikely to occur 

as long as the MTS is associated to FlhG because in this state, a part of the di-
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mer interface is hidden. Only after exposure of the MTS, the dimer interface is 

fully revealed and renders FlhG capable of dimer formation. However, whether 

ATP binding or the presence of lipids trigger the transition from the ‘open’ to the 

‘closed’ state remains unclear. The fact that GtFlhG is in its monomeric state in 

solution, which was confirmed by SEC, strongly indicates that the presence of a 

membrane triggers the conformational transition, which allows dimerization 

(Figure 33). Still, one cannot exclude that dimerization may also require the 

presence of a membrane and ATP simultaneously. These observations provide 

the molecular explanation for the interconnection of MTS-mediated membrane 

association and nucleotide-dependent homodimer formation of GtFlhG. 

 

Figure 34. Regulatory circuit of FlhG. The scheme illustrates that FlhG has two distinct state, a 

dimeric membrane-associated ‘ON’ state and a cytoplasmic monomeric ‘OFF’ state and therefore 

forms a regulatory switch. (MTS: membrane targeting sequence, PM: plasma membrane, IM: 

inner membrane; pdbs: 4RZ2 and 4RZ3). 

Taken together, FlhG is a molecular switch with two spatially separated and mu-

tually exclusive states. In its canonical ‘ON’ state FlhG is associated to a mem-
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brane in its dimeric conformation through its C-terminal MTS. ATP hydrolysis trig-

gers the transition into the canonical ‘OFF’ state, where monomeric FlhG is freely 

diffusible in the cytoplasm. In this conformation the MTS is nestled into a 

hydrophobic cleft of FlhG and thus protected (Figure 34). 

 

2.4 The Interaction network of FlhG 

Having elucidated fundamental features of FlhG itself, I aimed at investigating 

how these are implemented in the complex regulatory process of flagellation 

pattern maintenance. It is therefore necessary to identify interaction partners of 

FlhG. A summary of the current literature in the introduction section showed that 

the interaction network of FlhG is poorly understood and essential pieces are still 

missing. Besides FlhF, no interaction partner of FlhG was identified in B. subtilis 

so far (118). Therefore, an affinity pull down assay with FlhG and an appropriate 

tag was used as bait against whole cell lysate of B. subtilis. 

 

2.4.1 Interaction of FlhG with FliM and FliY 

An N-terminal glutathione-S-transferase (GST) fusion of BsFlhG was generated. 

Immobilized GST-BsFlhG was incubated with freshly prepared cell lysate from 

B. subtilis and the protein content was visualized by Coomassie-stained SDS-

PAGE after elution of GST-BsFlhG. Electrospray ionization (ESI) mass 

spectrometry identified the flagellar C-ring proteins FliM and FliY as putative 

interaction partners of FlhG (Figure 35A) (data of G. Bange and N. Kümmerer).  

This interaction was confirmed repeating the pull down experiment with purified 

proteins from B. subtilis (Figure 35A) and to be consistent with the structure, also 

with GST-FlhG, FliM and FliY derived form the thermophile G. thermodenitrificans 

(GST-GtFlhG, GtFliM and GtFliY; Figure 35B). Due to their improved solubility 

and stability further biochemical analysis was performed with proteins from the 

G. thermodenitrificans and labelled respectively. 
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Figure 35. Interaction of FlhG with FliM and FliY. (A) shows the Coomassie-stained SDS-

PAGEs of pull down assays with GST-BsFlhG incubated with freshly prepared B. subtilis lysate 

(left). These pull down assays were repeated using a purified BsFliM/FliY complex (right). (B) 

shows the Coomassie-stained SDS-PAGE of pull down assays with GST-GtFlhG and a complex 

of the C-ring proteins GtFliM and GtFliY derived from the moderate thermophile 

G. thermodenitrificans without nucleotides as well as in the presence of ADP, ATP or AMPPNP. 

As a final proof for a stable interaction of these three proteins, a ternary complex 

was reconstituted on SEC.  

 

Figure 36. Purification of a ternary complex of GtFliM/FliY/FlhG. (A) displays the Coomassie-

stained SDS-PAGE of the Ni-NTA affinity purification of the ternary complex GtFliM/FliY/FlhG. (B) 

shows the respective size exclusion chromatogram shows a single peak. The inlay represents the 

corresponding Coomassie-stained SDS-PAGE of the peak fractions (indicated in red). 



Results 

 52 

The purification was performed using (His)6-tagged GtFlhG and GtFliM, while 

GtFliY remained untagged. In this combination contaminating, excrescent FliY is 

washed away during affinity purification. After Ni-NTA affinity chromatography all 

three proteins GtFlhG, GtFliM and GtFliY were detected in a 1:1:1 ratio. 

Subsequent SEC resulted in a single peak (Figure 36). The elution volume 

corresponds to a globular particle of around 2.5 MDa, indicating that GtFlhG, 

GtFliM and GtFliY form macromolecular complexes in vitro. 

To characterize the interaction of GtFlhG with the flagellar C-ring, pull down ex-

periments were also performed in the presence of different nucleotides (ADP, 

ATP and AMPPNP). However, none of the nucleotides had any influence on the 

interaction, demonstrating that FlhG binds to the flagellar C-ring in a nucleotide 

independent manner (Figure 35B). To dissect whether GtFlhG binds to GtFliM or 

GtFliY or both, interaction assays were attempted with the single proteins. GtFlhG 

and GtFliY directly interact with each other and form a stable dimeric complex. 

GtFliM on the other hand was hardly produced in E. coli and purification failed 

due to insolubility. Co-production of GtFliM with GtFlhG also flailed to result a 

dimeric complex, because GtFliM was not produced. However, the co-production 

of GtFliM with GtFliY led to a stable dimeric complex of GtFliM and GtFliY, which 

was easy to purify. These findings indicate that only GtFliY directly interacts with 

GtFlhG and not GtFliM. However, a GtFliM/FliY complex binds to GtFlhG via 

GtFliY. 

Considering the close homology between FlhG and MinD, I also aimed at in-

vestigating whether FlhG is capable of replacing MinD as the core of the Min 

system to correctly localize the future cell division plane. As the interaction be-

tween MinD and MinC is the key to position a potent Z-ring inhibitor, FlhG is sup-

posed to interact with MinC in order to replace MinD as the central ATPase of the 

Min system. Interaction studies using GST-tagged GtFlhG on GST beads and 

purified GtMinC were performed and analysed on Coomassie-stained SDS-

PAGE. No interaction of GtFlhG and GtMinC was observed, while the interaction 

with a GtFliM/FliY complex served as a positive control (Figure 37).  
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Figure 37. FlhG does not interact with MinC. (A) Coomassie-stained SDS-PAGE of interaction 

assays using GST-GtFlhG, a complex of the C-ring proteins GtFliM and GtFliY as well as GtMinC. 

The input control of GST-GtFlhG is displayed in the first lane, whereas lanes four and five repre-

sent controls for GtFliM/FliY and GtMinC, respectively. (B) represents a scheme of the corre-

sponding pull down experiment displayed in (A). The upper part shows the immobilized GST-tag 

of FlhG in grey. The lower part shows the proteins used in the assay. 

Given the fact that GtFlhG and GtMinC are not able to interact with each other, 

the possibility that FlhG may replace MinD in cell division site determination 

seems very unlikely. A final proof will consist in the replacement of MinD by FlhG 

in B. subtilis. Alternatively it can be tested whether FlhG is able to rescue the cell 

division defect of a B. subtilis minD deletion strain. 

 

2.4.2 Mapping of protein-protein interfaces by 1H/2H exchange 
mass spectrometry (HDX) 

To gain further insights into the binding mode of FlhG and FliY, the interface was 

assessed using hydrogen deuterium exchange mass spectrometry (HDX), a 

technique that allows a convenient mapping of protein-protein binding interfaces. 

This method was implemented in Marburg in the scope of this PhD work in col-

laboration with Dr. Uwe Linne from the mass spectrometry facility of the 

Chemistry Department (Philipps University, Marburg). A detailed description of 
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the principle of HDX as well as the setup including illustrations is provided in the 

special methods section of the results (see 2.11. Methods section: 1H/2H 

exchange mass spectrometry). A brief explanation of the experiment and the 

outcome is provided in the following. The protein of interested is incubated in 

deuterated buffer leading to an exchange of amide protons to deuterium. The 

exchange reaction is quenched by decreasing the pH to 2.5 and the temperature 

to 0 °C. After injection into HPLC the protein is on-line digested on a pepsin 

column and peptic peptides are separated and subsequently analysed by ESI 

mass spectrometry. The degree of deuterium incorporation relates to the flexibility 

and exposure to solvent of the respective region of the protein (Figure 65). 

Assuming that a binding motif gets more rigid when bound in a protein-protein 

complex, the decrease of deuterium incorporation in specific regions of a protein 

upon complex formation (shielding), indicates the putative interface. 

 

2.4.3 The binding interface of FliM/FliY on FlhG 

To investigate the binding interfaces in the ternary GtFlhG/FliM/FliY complex, 

GtFlhG, GtFliY and the complexes GtFliY/FliM, GtFlhG/FliY and GtFlhG/FliY/FliM 

were prepared. After dilution in deuterated buffer, amide proton exchange was 

allowed for 30 and 60 s prior to quenching and the deuterium incorporation of the 

peptic peptides was determined. 

In a first step the deuterium incorporation into GtFlhG was analysed to elucidate 

the interface on GtFlhG. Three regions were identified, which show a significant 

decrease of deuterium incorporation when GtFlhG is either bound to GtFliY or 

part of the GtFlhG/FliY/FliM complex. However, no difference in deuterium incor-

poration was observed between the dimeric GtFlhG/FliY and the ternary 

GtFlhG/FliY/FliM complex again implicating that GtFlhG only directly interacts 

with GtFliY, not with GtFliM.  

Two of the three regions are located in close proximity with region R1 covering 

helix α6 and the adjacent β-strand β7 and region R2 containing two thirds of helix 

α7. The third region R3, which only responds weakly to complex formation, com-

prises the amino acids from helix α8 to helix α9 (Figure 38). The strongest 

decrease in deuterium incorporation (>30 %) was observed in region R2, which 
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comprises the C-terminal half of the exposed helix α7. The neighbouring helix α6 

also exhibited decreased deuterium uptake upon complex formation, although to 

a lesser extent (5-10 %). This might be either due to conformational effects from 

helix α7 or helix α6 takes also part in GtFliY binding. A third region at a lateral 

side of GtFlhG responded very weakly to complex formation (< 5 %), which is 

more likely due to secondary effects than direct binding. Hence, helix α7 was the 

best candidate for the interface. 

 

Figure 38. HDX Measurements reveal the FlhG/FliY Interface. HDX measurements revealed 

three regions (R1, R2 and R3) of GtFlhG that exhibited a decrease of deuterium uptake in the 

complex with GtFliY. Deuterium uptake of two representative peptides of R1 to R3 is shown for 

GtFlhG and the GtFlhG/FliY complex after 30 s and 60 s in incubation in deuterated buffer. The 

respective regions are indicated in the structure of GtFlhG (pdb: 4RZ3) (top, right) and are col-

oured-coded accordingly. 
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To confirm our HDX findings, surface exposed residues within the region R2 were 

varied and the ability to bind GtFliY was assessed in Ni-NTA pull down assays 

from cell lysate. In a first step six variations were made in helix α7 (R199E, 

Y202D, R207E, H210L, R214E, F215S), where the strongest protection occurred 

(Figure 39C). The interaction studies revealed that a single variation of either 

residue arginine 207 or phenylalanine 215 is sufficient to abolish the interaction of 

GtFlhG and GtFliY (Figure 39A).  

 

Figure 39. Variants of FlhG (1). (A) shows the Coomassie-stained SDS-PAGE of Ni-NTA affinity 

pull down experiments using GtFlhG with an N-terminal (His)6 tag and the indicated variants, all 

located in region R2 (see Figure 38) as well as untagged GtFliY. Variants shown in (B) are either 

located in region R1 (Y173D and K177E) or in the P-loop (K36Q), which presumably abolishes 

catalytic activity. (C) shows the structure of GtFlhG (pdb: 4RZ3) coloured as indicated before (see 

Figure 38). The arrows mark the position of the varied residues. The inlay shows helices α6 and 

α7 with the varied residues indicated as sticks.  
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Based on these results, more variations were introduced into region R1 (Y173D 

and K177E), which identified another two residues that are crucial for the 

interaction (Figure 39B). As a control the hydrolysis deficient GtFlhG variants 

K36Q and D60A were also tested towards their ability to bind GtFliY. No 

difference in the binding compared to wild-type GtFlhG was observed, which 

again confirms that the binding is independent of nucleotides (Figure 39B and 

Figure 40A).  

In another control experiment the distant but surface exposed arginine 234 was 

replaced by glycine, which again had no effect on the interaction of GtFlhG and 

GtFliY (Figure 40A). In order to proof the importance of the interface, the pull 

down assays were repeated now testing whether the GtFlhG variants are able to 

bind a complex of GtFliM and GtFliY. Ni-NTA affinity interaction assays against 

untagged GtFliM/FliY corroborated previous findings and emphasized the 

essential role of tyrosine 173, lysine 177, arginine 207 and phenylalanine 215 for 

C-ring binding (Figure 40B). 

 

Figure 40. Variants of FlhG (2). (A) shows the Coomassie-stained SDS-PAGE of Ni-NTA affinity 

pull down experiments using the indicated GtFlhG variants with an N-terminal (His)6 tag as well as 

untagged GtFliY. GtFlhG D60A is defective in Mg2+ coordination and lacks catalytic activity. 

GtFlhG R234G is a variant in a surface exposed arginine in close proximity to R3. (B) Ni-NTA 

affinity experiments were repeated using an untagged GtFliM/FliY complex instead of GtFliY. 

GtFlhG variants are located in region R1 (Y173D and K177E) or R2 (Y202D, R207E, H210L, 

R214E and F215S). 
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All four residues, Y173 and K177 on helix α6 and R207 and F215 on helix α7 are 

located on neighbouring helices and point away from the protein core and to-

wards each other, forming a composite interaction site for GtFliY (Figure 41). 

 

Figure 41. Scheme of the FlhG, FliY binding interface. (A) The cartoon representation of 

GtFlhG (pdb: 4RZ3; rainbow) displays the FliY binding interface. Essential residues are shown as 

sticks and labelled accordingly. Important secondary structure elements are indicated. (B) shows 

a scheme of the respective interaction interface depicting helices α6 and α7 as helical wheel pro-

jections. The N-terminal ‘EIDAL’ motif of FliY is indicated as grey helix. The black arrows mark the 

amino acid residues that are essential for the interface. 

 

2.4.4 The binding interface of FlhG on FliY 

Analysis of the deuterium incorporation not only delivered the interface on 

GtFlhG, but also provided hints for the counterpart on GtFliY. Since the very N-

terminus of GtFliY displayed a decrease in deuterium content in the GtFlhG/FliY 

complex (Figure 42B). This region contained a conserved motif (LSQxEIDALLN; 

‘EIDAL’ motif) that is also present at the N-terminus of GtFliM. Notably, GtFliM 

and GtFliY show very similar domain architecture, with an N-terminus that com-

prises the ‘EIDAL’ motif, a globular middle domain with identical fold and a C-ter-

minal FliN homology domain, which serves for oligomerisation (Figure 42A) (54).  

This raises the question why GtFliY is able to bind GtFlhG and apparently not 

GtFliM, although both proteins share a conserved N-terminus. To investigate the 
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binding mode of FlhG and the C-ring components, GtFliM and GtFliY variants 

were generated, which lack the conserved N-terminus, specifically the first 25 and 

the first 27 amino acid residues, respectively (FliM-ΔN and FliY-ΔN). Combining 

full length GtFliM, GtFliY and the N-terminally truncated versions resulted in four 

GtFliM/FliY complexes that i) have both ‘EIDAL’ motifs, ii) lack the ‘EIDAL’ motif 

of FliM, iii) lack the EIDAL motif of FliY, or iv) lack both N-termini.  

In vitro pull down assays with (His)6-tagged FlhG revealed that only the ‘EIDAL’ 

motif of GtFliY is necessary and sufficient to bind GtFlhG (Figure 42C). These 

findings also indicate that subtle variations within the ‘EIDAL’ motifs of GtFliM and 

GtFliY mark specificity for the ability to bind GtFlhG or not. 

 

Figure 42. FlhG interacts with the N-terminus of FliY. (A) shows the domain architecture of the 

C-ring proteins FliM and FliY of G. thermodenitrificans. Domains are colour-coded and labelled. 

(B) displays the deuterium uptake of the N-terminus of GtFliY (12-28) alone and in complex with 

GtFlhG after 30 s incubation in deuterated buffer. P1: DALLRGMDDSDHVPALH. (C) shows a 

Coomassie-stained SDS-PAGE of pull down assays using GtFlhG with an N-terminal (His)6 tag 

and GtFliY, GtFliM as well as the respective N-terminal deletion variants (GtFliM-ΔN and GtFliY-

ΔN) without tag.  
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2.4.5 The binding of FlhG and CheY to FliM/FliY 

The ‘EIDAL’ motif of FliM plays an essential role in chemotaxis signalling (176, 

193, 194). The phosphorylated response regulator of the chemotaxis signal cas-

cade CheY-P binds to the ‘EIDAL’ motif of FliM to control the rotatory direction of 

the flagellum upon external stimuli, switching it from CW to CCW or vice versa. 

To investigate whether FlhG and CheY-P can compete for the ‘EIDAL’ motifs in 

the FliM/FliY complex or whether each protein binds to its own ‘EIDAL’ motif, 

competitive interaction assays were performed. 1 nmol of the GST-GtFlhG fusion 

protein was immobilized and incubated with a purified GtFliM/FliY complex to 

result the ternary GST-GtFlhG/FliM/FliY complex. This complex was further 

incubated with increasing amounts of purified BsCheY (from 0.2 nmol to 40 nmol) 

to see whether a quaternary complex is formed upon addition of BsCheY or 

whether BsCheY is able to detach GtFliM/FliY from GST-GtFlhG, which 

implicates a competitive binding situation.  

 

Figure 43. Interaction of FlhG and CheY with FliM/FliY. Competitive pull down assays were 

carried out, forming a ternary complex of GST-GtFlhG and purified GtFliM/FliY, which was subse-

quently incubated with increasing amounts of BsCheY. The Coomassie-stained SDS-PAGE of the 

interaction assay reveals the formation of a quaternary complex at high BsCheY concentration. 

The ratio of GST-GtFlhG to BsCheY is indicated at the bottom and the respective controls are 

provided in the first three lanes. 
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CheY derived from B. subtilis was used for these interaction experiments in 

combination with FlhG, FliM and FliY from G. thermodenitrificans. This seems 

justified considering the fact that CheY from B. subtilis and G. thermodenitrificans 

share 48 % identity and 80 % conserved residues including the relevant 

interaction interface with FliM. The pull down experiment displayed the formation 

of a quaternary complex (Figure 43).  

However, binding of BsCheY to the ternary complex is only observed upon addi-

tion of a large excess of BsCheY. This indicates a low binding affinity of BsCheY 

to GtFliM/FliY, which may be caused by the use of a protein from a different or-

ganism, in this case B. subtilis. These findings open up two possible scenarios. 

Both BsCheY and GtFlhG can simultaneously bind to the C-ring complex 

GtFliM/FliY or the binding affinity of BsCheY to GtFliM/FliY is not high enough to 

release GtFliM/FliY from GST-GtFlhG. To distinguish between both possible in-

teraction modes, the binding assays were repeated using GST-BsCheY (1 nmol) 

as anchor for GtFliM/FliY and GtFlhG as releasing factor.  

 

Figure 44. Interaction of FlhG and CheY with FliM/FliY 02. (A) shows a Coomassie-stained 

SDS-PAGE of competitive interaction experiments performed using a ternary complex of GST-

BsCheY and GtFliM/FliY, which was subsequently incubated with increasing amounts of GtFlhG. 

The ratio of GST-BsCheY to GtFlhG is indicated at the bottom and the respective controls are 

provided in the first three lanes. (B) displays the scheme of a quaternary complex composed of 

GST-BsCheY/GtFliM/FliY/FlhG. The upper part shows the immobilized GST-tag in grey and the 

lower part shows the proteins used in the assay. 
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Again, a GST-BsCheY/GtFliM/FliY complex was incubated with increasing 

amounts of GtFlhG (from 0.25 nmol to 5 nmol) displaying the formation of a 

quaternary complex of all four proteins. Without GtFliM/FliY, GtFlhG does not 

interact with BsCheY. But as soon as the C-ring complex is present GtFlhG 

attaches to the ternary complex GST-BsCheY/GtFliM/FliY even at very low 

amounts, indicating a high affinity of GtFlhG towards GtFliM/FliY (Figure 44). 

These experiments exclude the possibility of a competitive binding situation.  

As two ‘EIDAL’ motifs are present at the B. subtilis/G. thermodenitrificans C-ring 

complex it can be argued that FlhG binds to the ‘EIDAL’ motif of FliY, while CheY 

interacts with the ‘EIDAL’ motif of FliM (Figure 44). This raises the question con-

cerning the specificity of the highly conserved ‘EIDAL’ motif. Are there additional 

binding sites that may facilitate the discrimination between FlhG and CheY? Fur-

ther investigations will be necessary to answer these questions in detail. 

 

2.4.6 Macromolecular shape of the FlhG/FliM/FliY complex 

SEC revealed that the ternary complex GtFlhG/FliM/FliY forms large particles 

with an estimated size of around 2.5 MDa. Electron microscopy was employed to 

determine the shape and to get insights into the morphology of this complex. By 

imaging a dimeric complex of GtFliM and GtFliY as well as the ternary 

GtFlhG/FliM/FliY complex, I aimed at elucidating the impact of FlhG on the 

flagellar C-ring complex GtFliM/FliY. As the ternary complex GtFlhG/FliM/FliY, 

dimeric GtFliM/FliY was easy to purify using the well-established protocol 

including an initial Ni-NTA affinity purification followed by SEC.  

For the purification the C-terminal (His)6-tagged version of GtFliM was employed, 

while the GtFliY carried no tag. After the Ni-NTA affinity column GtFliM and 

GtFliY were eluted in a stoichiometric ratio of 1:1. SEC displayed a single peak, 

containing both proteins (Figure 45). According to size standard measurements 

the particle size of the eluted GtFliM/FliY complex was approximately 2 MDa. 

Complexes of similar size were also observed for the ternary complex 

GtFlhG/FliM/FliY (Figure 45). 
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Figure 45. Purification of a GtFliM/FliY complex. (A) displays the Coomassie-stained SDS-

PAGE of the Ni-NTA affinity purification of the dimeric complex GtFliM/FliY. (B) The respective 

size exclusion chromatogram shows a single peak. The inlay represents the corresponding 

Coomassie-stained SDS-PAGE of the peak fractions (indicated in red). 

Electron microscopy was performed in collaboration with Dr. Andreas Klingl and 

Dr. Katrin Bolte in the laboratory of Prof. Dr. Uwe Maier (Philipps University, 

Marburg). The electron microscopy samples of the complexes GtFliM/FliY and 

GtFlhG/FliM/FliY were taken after SEC and imaged using negative stain electron 

microscopy. The samples were prepared on copper grids and stained using ura-

nyl acetate. 

GtFliM/FliY resulted in large globular particles. A class of ring-like particles ap-

pearing in different orientations on the grid with different sizes and diameters was 

observed (Figure 46). The size of the particles was in range of 16 to 39 nm in 

diameter, with an average of 25.1 ± 4.6 nm over 150 particles. 
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Figure 46. Electron micrographs of GtFliM/FliY. A negative stain electron micrograph shows 

an overview of GtFliM/FliY particles. Ring-shaped particles in different orientations are depicted 

and combined with a schematic drawing (right). Ring-shaped particles exhibiting different 

diameters are display at the bottom to indicate the size distribution. 

Electron micrographs of the ternary complex GtFlhG/FliM/FliY displayed similar 

particles in shape and size. Again, a class of ring-shaped particles was visible, 

that were slightly larger in size after particle analysis. The diameter of these parti-

cles was 30.8 ± 5.7 nm on average (n=150), with a distribution ranging from 18 to 

43 nm (Figure 47). As indicated on SEC the ternary complex forms larger aggre-

gates, which may be simply due to the presence of an additional protein in the 

complex. It also might indicate that FlhG influences the size of the FliM/FliY com-

plexes, which seem to form spontaneously. The electron micrographs 

demonstrate that a complex comprising FliM and FliY, autonomously adopt a 

ring-like shape similar to the native C-ring. Upon addition of FlhG the particles 
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increase in size and diameter, indicating that the presence of FlhG fosters larger 

aggregates. However, electron microscopic studies on purified basal bodies 

revealed a diameter between 42 and 47.4 ± 2.4 nm of the C-ring of the sodium 

driven flagellum of S. enterica (215-217). This indicates that the C-ring complexes 

obtained after purification of the GtFliM/FliY complex seem to be significantly 

smaller in diameter than the native C-ring in the flagellum. As these reports 

investigated the sodium driven flagellum of S. enterica, the results are not directly 

comparable to the proton driven flagella of B. subtilis. 

Therefore, the size of the C-ring of the peritrichous flagella of B. subtilis still re-

mains elusive. 

 

Figure 47. Electron micrographs of GtFliM/FliY/FlhG. A negative stain electron micrograph 

shows an overview of GtFliM/FliY/FlhG particles. Ring-shaped particles in different orientations 

are depicted and combined with a schematic drawing (right). Ring-shaped particles exhibiting 

different diameters are display at the bottom to indicate the size distribution. 
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Triplicate measurements of these complexes revealed that the shape of the parti-

cles were reproducible. However, the diameter of the ring-like structures dis-

played a strong variation, rendering the quantification of the rings and the differ-

entiation between the dimeric and the ternary complex difficult. It seems that the 

size of the particles depended on the concentration step of the sample between 

nickel affinity chromatography and SEC. The higher the samples were concen-

trated after affinity purification the smaller the diameter of the rings appeared af-

terwards on electron microscopy. 

Our results demonstrate that C-ring particles composed of FliM and FliY autono-

mously adopt a circular shape and form large C-ring particles or pre-C-ring parti-

cles. In the presence of FlhG these particles retain their circular shape but appear 

slightly larger in size. However, our experiments also showed that more factors 

influence the size of the C-ring particles such as the concentration of the sample 

and the conditions during purification.  

 

2.4.7 The interaction of FlhG with FliG 

The flagellar C-ring is composed of three components FliY, FliM and also FliG, 

which was neglected in our experiments so far. In the mature flagellum, FliG in-

teracts with the integral membrane protein FliF and is therefore located in close 

proximity to the plasma membrane (Figure 48). Our in vitro interaction studies 

showed that FlhG interacts with the C-ring complex FliM/FliY. However, as FlhG 

is not integral part of the flagellum at some point FlhG has to be released from 

the C-ring before flagella biogenesis is completed.  

To investigate a putative interaction between FliG and FlhG, a GST fusion of 

GtFliG was generated and GST-GtFliG was incubated with GtFlhG, nucleotides 

and lipids, derived from an E. coli lipid extract. In the absence of nucleotides and 

lipids GtFlhG binds weakly to GST-GtFliG. However, in the presence of ATP and 

lipids a strong interaction between GtFlhG and GST-GtFliG was observed 

(Figure 48).  

This indicates that GtFlhG not only interacts with the flagellar C-ring protein 

GtFliY but also with GtFliG. Whether FlhG has any influence on the switching of 
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the motor remains unclear. However, its partner FlhF has an influence on the 

rotation of the flagellum in P. aeruginosa. Besides mislocalization, flagella in a 

P. aeruginosa FlhF deletion strain are unable rotate (133). 

 

Figure 48. Interaction of FlhG and FliG. (A) shows the Coomassie-stained SDS-PAGE of pull 

down assays incubating GST-GtFliG and GtFlhG in the absence and presence of lipids (Lip), ADP 

or ATP and indicated combinations. (B) displays a detailed scheme of the C-ring composition and 

architecture (light red) at the flagellar basal body. Motor components are coloured in red, the 

type III secretion system in dark red and further components are illustrated in blue. 

FliG is located close to the plasma membrane through its interaction with the in-

tegral membrane protein FliF. In the presence of ATP and lipids FlhG is also po-

sitioned at the plasma membrane due to dimer formation and exposure of the 

MTS. In this scenario a possible interaction between FliG and FlhG occurs at the 

flagellar basal body involving the FlhG dimer, although a functional role for this 

interaction remains elusive. 

 

2.4.8 GpsB as putative interaction partner of FlhG 

In B. subtilis GpsB (also YpsB) was identified as a DivIVA paralogue and compo-

nent of the cell division machinery (reviewed in: (218, 219)). It associates with the 

divisome at a late stage (220). The rather small protein (98 amino acids) interacts 

with the cell division protein EzrA in B. subtilis and Streptococcus pneumonia 
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(221, 222). In B. subtilis GpsB also interacts with the catalytic domain of the 

Ser/Thr kinase PrkC, which on the other hand is able to phosphorylate threonine 

75 of GpsB (221, 223). Phosphorylated GpsB in turn regulates the PrkC kinase, 

inhibiting phosphorylation of PrkC substrates (221). Previous work indicated that 

GpsB might also be connected to flagellar assembly or flagellation pattern control 

(personal communication G. Bange) and was therefore considered as putative 

interaction partner of FlhG. In a first step, the coding region for GpsB was ampli-

fied and transferred into a pGAT3 expression vector, which generated a N-termi-

nal GST fusion protein of GpsB (GST-BsGpsB). Due to 62 % identity and 94 % 

conservation of GpsB from B. subtilis and G. thermodenitrificans the following 

binding experiments were performed with GST-BsGpsB and GtFlhG. In the bind-

ing studies, purified GST-BsGpsB was immobilized on GST-beads and incubated 

with purified GtFlhG in the absence and presence of ATP (Figure 49A). These 

pull down assays revealed a weak interaction between GST-BsGpsB and GtFlhG 

in the presence of ATP. In a next step, the influence of different nucleotides on 

the interaction was investigated. The results show that without nucleotides the 

signal of GtFlhG was barely visible, while in the presence of ADP, ATP and the 

non-hydrolysable analogue AMPPNP, the signal for GtFlhG increased. The 

strongest interaction was observed in the presence of ATP (Figure 49B). 

 

Figure 49. Interaction of FlhG and GpsB. (A) shows a Coomassie-stained SDS-PAGE of pull 

down experiments using GST-BsGpsB and GtFlhG with and without ATP. (B) In addition to (A), 

interaction experiments were repeated in the presence of ADP and AMPPNP.  
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Time resolved interaction assays, varying the incubation time of GST-BsGpsB on 

beads and GtFlhG, were additionally performed. GtFlhG and ATP were pre-incu-

bated in a ratio of 1:400 (GtFlhG:ATP) for 20 min at 0 °C prior to the assay. Sub-

sequently, GtFlhG/ATP was added to GST-BsGpsB and incubated for different 

time periods ranging from 1 to 120 min. Analysis by Coomassie-stained SDS-

PAGE, displayed a decrease in affinity of GtFlhG to GST-BsGpsB over time 

(Figure 50A). This may indicate that GtFlhG binds to BsGpsB in its ATP bound 

state. Upon hydrolysis, the complex falls apart releasing FlhG. A subsequent ex-

change of the nucleotide in FlhG renders FlhG-ATP competent to again bind 

GpsB again. With increasing incubation time more ATP is consumed which leads 

to a decreased binding of FlhG-ATP to GpsB. However, our HPLC-based hydrol-

ysis assays showed no stimulation of the ATPase activity of GtFlhG upon addition 

of GST-BsGpsB (Figure 50B).  

 

Figure 50. Interaction of FlhG and GpsB in the presence of ATP. (A) shows a Coomassie-

stained SDS-PAGE of time-resolved pull down assays using GST-BsGpsB, GtFlhG and 0.25 mM 

ATP. Incubation times are stated at the bottom. (B) displays preliminary hydrolysis assays of 

GtFlhG, GST-BsGpsB and a mixture of both proteins. Experiments were not performed in tripli-

cates and thus lack the error bars. 

This may exclude the possibility that GpsB is the activator of the FlhG ATPase. 

However, GST-BsGpsB seemed to have a weak ATPase activity itself, which 

may be caused by autophosphorylation of GpsB, which opens up the possibility 

that GpsB might interact with FlhG in its phosphorylated state. This also explains 
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why the affinity is increased upon addition of ATP. However, it does not explain 

why the affinity decreases over time. Taken together, the experiments show a 

nucleotide-dependent interaction between FlhG and GpsB. This may point 

towards an interaction of GpsB with an ATP-bound FlhG dimer.  

To investigate the interaction interface on GpsB, it was further subdivided into 

three smaller fragments and cloned into a pGAT3 GST-fusion vector (Figure 
51A). The first construct only comprises the N-terminus of GpsB (amino acids 1-

24), in the second one the C-terminus is excluded (amino acids 1-70) and the 

third one consists of amino acids 21-98. Interaction assays employing GST-

BsGpsB 1-24 and GtFlhG were inconclusive, because both proteins were indis-

tinguishable on a Coomassie-stained SDS-PAGE. GST pull down assays were 

repeated using GST-BsGpsB 21-98 and GtFlhG. In the presence of ATP a weak 

interaction between GST-BsGpsB 21-98 and GtFlhG was visible, as observed for 

full length GST-BsGpsB, indicating that the N-terminus is negligible for the inter-

action (Figure 51B). 

 

Figure 51. Truncated variants of GpsB. (A) shows a scheme of the GST-BsGpsB truncation 

constructs which were generated to further investigate the interaction of FlhG and GpsB. (B) 

shows the Coomassie-stained SDS-PAGE of interaction assays employing GST-BsGpsB 21-98 

and GtFlhG in the absence or presence of ATP. The first and the last lane provide input controls. 

Previous experiments showed that ATP is necessary for FlhG homodimer for-

mation, which is closely connected to membrane association. Repeating the pre-

sented interaction assays in the presence of lipid vesicles may provide further 

insights into the interaction of FlhG and GpsB.  
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2.5 Localization of FlhG in B. subtilis 

To get further insights into the physiological role of the ATPase, FlhG was visual-

ized in B. subtilis using a fluorescent protein (FP). A fusion protein consisting of 

FlhG and a yellow FP (YFP) was integrated into the original genomic locus in 

B. subtilis PY79 through a pSG1164 vector. This work was performed in close 

collaboration with Dr. Felix Dempwolff of the group of Prof. Dr. Peter Graumann 

(Philipps University, Marburg). B. subtilis was grown to late log phase and immo-

bilized on soft agar pads for microscopy. 

 

2.5.1 FlhG is highly dynamic in B. subtilis 

In B. subtilis FlhG displays a highly dynamic behaviour, forming mainly foci at the 

membrane with a short half-life. In fact, a closer look revealed two subpopulations 

of BsFlhG foci. The major fraction (76.6 %) is highly mobile and changes location 

in the millisecond range. The second minor fraction (23.4 %) resides at a specific 

location with an average resting time of around 29.0 ± 22.6 s (n=61) (Figure 52). 

This observation corroborates the structural and biochemical analysis predicting a 

dynamic behaviour between a membrane bound and a cytoplasmic state. Fluo-

rescence microscopy indicates that BsFlhG forms larger aggregates at mem-

brane. The number of proteins per aggregate as well as the size of the 

aggregates is either not accessible or below the resolution limit of the technique 

and can therefore not be determined. How the formation of oligomeric structures 

contributes to number of flagella or positioning remains elusive. 
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Figure 52. Localization of FlhG in B. subtilis. (A) depicts a time-course of images of fluores-

cently labelled FlhG in B. subtilis showing the cellular behaviour of FlhG. Dashed lines indicated 

the outline of B. subtilis cells and a bright-field image is included on top. The scale bar equals 

2 µm. (B) shows a cartoon illustrating the FlhG foci. Static foci are coloured in dark green, 

movable foci are shown in light green.  
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2.5.2 FlhG co-localizes with FliM 

In order to connect the dynamic behaviour of FlhG with the localization of flagella, 

a fluorescent marker for flagellar basal bodies was introduced into B. subtilis. A 

fusion protein of BsFliM with an adjacent cyan-coloured FP (CFP) was integrated 

into B. subtilis PY79 at an ectopic site in the genome as an additional copy to the 

native FliM. Based on this strain YFP-FlhG was integrated into its original locus 

generating a double fluorescently labelled B. subtilis strain. Fluorescence micros-

copy displayed FliM-CFP mainly engaged in static foci located at the membrane, 

reflecting the distribution of the basal bodies (Figure 53). As the employed strain 

carried two FliM copies, the native one and the fluorescently labelled FliM at the 

amyE site, fewer foci than the reported 20-25 basal bodies were counted (71).  

 

Figure 53. Localization of FliM in B. subtilis. (A) shows a series of images of B. subtilis with 

fluorescently labelled FliM. A bright-field image is provided at the top. Dashed lines indicate the 

outline of single B. subtilis cells. The scale bar equals 2 µm. (B) shows a cartoon illustrating the 

distribution of basal bodies in the cell. Foci are coloured-coded according to their behaviour, static 

(dark red) and movable (light red). The number of flagella exceeds the number of basal bodies 

due to the presence of the native fliM gene in addition to an ectopic fliM-cfp. 

YFP-FlhG in contrast was still highly mobile again appearing in dynamic foci at 

the membrane. This also proofed to be a convenient indicator for the functionality 

of YFP-FlhG. Previous studies demonstrated that upon deletion of FlhG, basal 
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bodies tend to clump together forming larger aggregates. As basal bodies ap-

peared normal in size and distribution considering the lower number due to the 

two FliM copies, the YFP-FlhG fusion protein is functional and executes its job in 

flagellation pattern maintenance. Fluorescence microscopy also revealed that a 

subpopulation of the static FlhG foci co-localizes with a fraction of basal bodies 

with an average residing time of 33.0 ± 20.1 s (n=31). This shows that FlhG is not 

an integral part of the basal body (Figure 54). However, it associates with the 

flagellar C-ring at a specific stage.  

 

Figure 54. Co-localization of FliM and FlhG. (A) provides an overview picture of several 

B. subtilis cells, while (B) shows a time course of images. YFP-FlhG is shown in green, whereas 

FliM-CFP is coloured in red. White arrows indicate co-localization of both proteins. All scale bars 

equal 2 µm. 

As FlhG co-localizes only with a fraction of basal bodies, FlhG is probably re-

quired during a specific phase, presumably of basal body biogenesis, due to the 

fact that flagella are inherited and not disassembled. This led to the working hy-

pothesis that FlhG may bind to a FliM/FliY complex in the cytoplasm and delivers 

the C-ring building blocks to a nascent basal body. Prof. D. B. Kearns (Indiana 

University Bloomington, USA) kindly provided the plasmid for a strain expressing 

fluorescently labelled FliM. 
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2.6 FlhG delivers FliM and FliY to nascent flagellar C-
rings 

Fluorescence microscopy revealed that FlhG temporarily co-localize with FliM, 

and as such with flagellar basal bodies. This led to the idea that FlhG may be 

involved in the flagellar assembly itself. In this scenario FlhG would definitely play 

a role in C-ring assembly, as it is able to interact with a FliM/FliY complex in a 

nucleotide independent manner and additionally with FliG depending on the 

presence of ATP and lipids. 

 

2.6.1 FlhG renders FliM/FliY capable of binding FliG 

To further assess flagellar C-ring assembly and the influence of FlhG in vitro, 

GST-GtFliG served as anchor point to build up the C-ring (Figure 55). For the 

reconstitution of the flagellar C-ring, GST-GtFliG was attached to GST-beads and 

subsequently incubated with a GtFliM/FliY complex in the presence and absence 

of GtFlhG. In the absence of FlhG the GtFliM/FliY did not interact with GST-

GtFliG.  

 

Figure 55. FlhG-assisted interaction of FliG and FliM/FliY. (A) shows the Coomassie-stained 

SDS-PAGE of interaction studies employing GST-GtFliG (lane 1, input control) incubated with 

GtFliM/FliY (lane 2), GtFlhG (lane 3) and GtFliM/FliY as well as GtFlhG (lane 4). (B) displays a 

scheme illustrating the pull down experiment. The upper part shows the immobilized GST-tag in 

grey, the lower part indicates the proteins used in the assay. 
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In the absence of the GtFliM/FliY complex a very weak interaction between 

GtFlhG and GST-GtFliG is detectable, as it was also observed previously. 

However, upon addition of GtFlhG a quaternary complex of GST-

GtFliG/FliM/FliY/FlhG is formed with a stoichiometric ratio of approximately 

GtFlhG:GtFliM:GtFliY of 1:1:1 (Figure 55). This indicates that FlhG is required for 

correct assembly of the C-ring under in vitro conditions. 

 

2.6.2 FlhG assists in the assembly of FliM/FliY to FliG depending 
on ATP and lipids 

To see whether the assembly only requires the binding of FlhG to the FliM/FliY 

complex or whether membrane association and the ATPase activity is required 

for this process, the C-ring assembly pull down assays were repeated in the 

presence of nucleotides and phospholipids. In the absence of GtFlhG, a complex 

of GtFliM/FliY did not interact with GST-GtFliG. Also, the interaction of GtFlhG 

with GST-GtFliG in absence of GtFliM and GtFliY is barely visible. The formation 

of the quaternary complex of the flagellar C-ring and GtFlhG is observed when all 

four proteins are present. The further addition of ADP, ATP or ATP and lipids did 

not change the situation. However, in the presence of ADP and lipids the signal 

for GtFlhG, GtFliM and GtFliY increased to a stoichiometric ratio exceeding 1 

compared to GST-GtFliG, indicating the assembly of oligomeric C-ring complexes 

at the GST-GtFliG (Figure 56). 

Why this is observed in the presence of ADP and lipids but not upon ATP and 

lipid addition appears enigmatic at first, but a closer look at the assay conditions, 

showed that they were carried out in phosphate buffered saline (PBS) at 0 °C. 

The low temperature and the absence of magnesium in the buffer led to the con-

clusion that under these conditions the ATPase of GtFlhG is barely active and 

therefore did not exhibit the expected behaviour. On the other hand the combina-

tion of ADP and lipid may mimic the post hydrolysis state and may therefore trig-

ger the assembly of the C-ring components under these conditions. To confirm 

this hypothesis, interaction assays were performed under modified conditions. 

Instead of PBS buffer the assays were carried out in SEC buffer, containing 

20 mM MgCl2 and at 37 °C to be closer to physiological temperatures. 
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Figure 56. Influences on the interaction of FliG, FliM, FliY and FlhG. The Coomassie-stained 

SDS-PAGE shows pull down assays investigating the influence of the presence of nucleotides or 

lipids or the combination on the ability of GtFliM/FliY/FlhG to interact with GtFliG. Proteins were 

used in the same constitution as stated in the interaction assay before. 

Furthermore, ATP and lipids were supplemented to this experiment. Under these 

conditions, an interaction between GST-GtFliG and the GtFliM/FliY complex was 

observed after 5 min of incubation resulting in a stoichiometric ratio of approxi-

mately 1:1:1. As described before GtFlhG interacts with GST-GtFliG in the pres-

ence of ATP and lipids also displaying a stoichiometric ratio of approximately 1:1 

after 5 min incubation (Figure 57). Pull down assays including all four compo-

nents were incubated for different periods of time (<1, 1, 5, 10, 30 and 60 min) to 

be able to monitor the gradual assembly of C-ring components at GST-GtFliG, 

which would be expected according to the hypothesis from the last experiment. 

Upon very short incubation of GtFlhG and GtFliM/FliY with GST-GtFliG a quater-

nary complex with a stoichiometry of 1:1:1:1 was observed. After only 5 min the 

stoichiometric ratio of GtFlhG, GtFliM and GtFliY exceeded 1 compared to GST-

GtFliG. After 10 min of incubation the Pull down assays displayed a similar stoi-

chiometry as observed before for ADP and lipids at low temperature and the ab-

sence of Mg2+, again indicating the assembly of oligomeric C-ring building blocks 

at GST-GtFliG (Figure 57). These results match the expectation based on the 

previous experiment. 
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Figure 57. Assembly of oligomeric C-ring structures. (A) shows the results of time-resolved 

pull down experiments, which were performed using GST-GtFliG, GtFliM/FliY as well as GtFlhG 

incubated with ATP and lipids. The Coomassie-stained SDS-PAGE shows the control pull downs 

in lane 1-3 and different incubation times ranging from a couple of seconds (0 min) to 60 min. The 

grey bar indicated increasing incubation time. (B) displays a scheme of the assembly of oligo-

meric GtFliM/FliY/FlhG complexes at GST-GtFliG. The upper part shows the immobilized GST-tag 

in grey, the lower part indicates the proteins used in the assay. 

Since under special conditions an ADP bound state may mimic the situation ob-

served for the presence of ATP and lipids under more physiological conditions, 

these results implicate that the energy generated by the ATP hydrolysis does not 

play a vital role in this process. The ATPase is probably rather a molecular switch 

that uses ATP to generate two distinct states, which are important to coordinate 

certain events. ATP hydrolysis therefore solely constitutes the transition between 

both states. 

 

2.7 FlhG in S. putrefaciens 

The Gram-negative marine bacterium S. putrefaciens CN-32 is the ideal organ-

ism to complement the study on the MinD/ParA ATPase FlhG performed in 

B. subtilis. Not only is S. putrefaciens Gram-negative and possesses a different 
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monotrichous flagellation pattern, but it exhibits two different flagella systems. 

The gene cluster of the primary flagella system encodes the S. putrefaciens 

orthologue of FlhG and produces a single polar flagellum. The additional second-

ary system is encoded in a second, independent gene cluster, producing one or 

two lateral flagella, which are responsive neither to regulation through FlhG nor to 

chemotaxis. Besides the possibility to study pattern maintenance in monotrichous 

flagellation, it provides a second independent system as the perfect negative 

control for further investigations. This project was carried out in close collabora-

tion with Prof. Dr. Kai Thormann (Justus Liebig University, Gießen). Cell biology, 

genetics and in vivo manipulations were performed by Florian Rossmann in the 

Thormann lab and will be briefly summarized. I complemented the in vivo study 

with biochemistry and in vitro interaction studies in S. putrefaciens. 

 

2.7.1 FlhG in a monotrichous Gram-negative bacterium 

In S. putrefaciens, FlhG is encoded on the polar flagellar gene cluster adjacent 

downstream to flhF. A detailed sequence alignment displayed that SpFlhG re-

tained all essential motifs for the hallmark features such as ATPase activity, di-

merization and membrane association (Figure 16 and Figure 21A). Deletion of 

flhG in S. putrefaciens CN-32 results in a hyper-flagellated phenotype at the cell 

pole as observed for Vibrio species with 6-12 flagella per cell accompanied by 

severely reduced motility. However, localization and number of lateral flagella are 

unaffected by the flhG deletion (103). Again, HPLC-based hydrolysis assays con-

firmed that FlhG is an ATPase. Replacement of SpFlhG by a hydrolysis deficient 

variant (i.e. FlhG K29A) leads to hyper-flagellation at the cell pole and severe 

motility defects, demonstrating that in S. putrefaciens the ATPase activity plays a 

crucial role to restrict the number of polar flagella. In S. putrefaciens FlhG exhibits 

a C-terminal amphipathic helix that presumably is responsible for membrane as-

sociation. Introduction of a double phenylalanine mutant in S. putrefaciens 

(i.e. F275A and F276A), that in G. thermodenitrificans silenced the membrane 

association ability of the MTS, showed the same phenotype as the flhG deletion 

strain, indicating that not only the disruption of the ATPase activity but also the 
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impairment of the membrane association ability is detrimental to the 

monotrichous flagellation pattern (103). 

 

2.7.2 FlhG interacts with the flagellar C-ring 

Having confirmed the main features of FlhG in S. putrefaciens, new questions 

arose. Does FlhG also interact with the flagellar C-ring components in a monotri-

chously flagellated bacterium? Can FlhG bind to both the polar and the lateral C-

ring in S. putrefaciens? Does FlhG interact with the flagellar C-ring in a similar 

way as observed in B. subtilis/G. thermodenitrificans?  

The first step to address this task consisted of interaction studies with the C-ring 

proteins SpFliM1 and SpFliN1 of the polar system and SpFliM2 and SpFliN2 of the 

lateral system. Pull down assays, testing all four possible C-ring combinations 

(SpFliM1/FliN1, SpFliM1/FliN2, SpFliM2/FliN1 and SpFliM2/FliN2), demonstrated that 

FliM and FliN are system-specific and only interact with their cognate C-ring part-

ners. No interaction was observed between proteins from different flagellar sys-

tems (Figure 58). For these Ni-NTA interaction assays FliM carried a C-terminal 

(His)6-tag, while FliN was not tagged. Further interaction studies were performed 

using an N-terminal GST fusion variant of SpFlhG (GST-SpFlhG) carrying addi-

tionally a (His)6-tag, (His)6-tagged versions of FliM1/2 and untagged FliN1/2.  

Ni-NTA affinity pull down assays revealed the presence of all produced proteins, 

although GST-SpFlhG is visible in large excess. GST affinity interaction studies 

revealed that only the polar C-ring complex SpFliM1/FliN1 is able to bind the GST-

SpFlhG (Figure 58B). These findings were confirmed by Ni-NTA affinity pull 

down assays with (His)6-tagged SpFlhG where both C-ring complexes 

SpFliM1/SpFliN1 SpFliM2/SpFliN2 carried no affinity tag (Figure 58C). These ex-

periments revealed that SpFlhG exclusively interact with the polar C-ring complex 

SpFliM1/SpFliN1, giving a molecular explanation why FlhG only affects the polar 

pattern. 
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Figure 58. Interaction FlhG, FliM and FliN in S. putrefaciens. (A) shows the Coomassie-

stained SDS-PAGE of Ni-NTA affinity pull down assays employing SpFliM1 and SpFliM2 carrying a 

(His)6-tag as well as FliN1 and FliN2 without tag. (B) The Coomassie-stained SDS-PAGE shows 

Ni-NTA affinity and GST affinity pull down experiments of the GST-SpFlhG with SpFliM1/FliN1 and 

GST-SpFlhG with SpFliM2/FliN2. The experiments were carried out as described in the text. The 

Ni-NTA affinity (lanes 1 and 2) experiments served as the positive control to monitor the presence 

of all components. (C) shows the Coomassie-stained SDS-PAGE of interaction studies employing 

(His)6-tagged SpFlhG and untagged C-ring complexes SpFliM1/FliN1 and SpFliM2/FliN2. 

 

2.7.3 The N-terminus of FliM1 mediates FlhG interaction 

A closer look at the domain architecture of the different C-ring components in S. 

putrefaciens revealed that the polar FliM1 displays features of the canonical FliM 

including a N-terminal ‘EIDAL’ motif, a globular middle domain containing FliG 

binding motifs and a C-terminal FliN homology domain. However, the lateral FliM2 

lacks the ‘EIDAL’ motif at its N-terminus and the middle domain of FliM2 does not 

share the characteristic motifs required for the interaction with FliG. Only the C-

terminal FliN-domain seems conserved. Both FliN1 and FliN2 only consist of a 

short FliN-domain (Figure 59A). This led to the assumption that SpFlhG interacts 

with the N-terminal ‘EIDAL’ motif of SpFliM1 in S. putrefaciens, as observed for 

the ‘EIDAL’ motif of FliY in B. subtilis. Again the first 27 amino acids of FliM1 were 

deleted generating SpFliM1-ΔN.  
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Figure 59. Two flagella systems. (A) shows the domain architecture of the C-ring components 

FliM and FliN of the polar (SpFliM1 and SpFliN1) and lateral flagella system (SpFliM2 and SpFliN2) 

of S. putrefaciens. (B) shows the Coomassie-stained SDS-PAGE of pull down assays using 

SpFlhG carrying a (His)6-tag and untagged C-ring proteins. 

Interaction assays revealed that a polar C-ring complex lacking the N-terminus of 

FliM1 was not able to interact with SpFlhG (Figure 59B). The N-terminal EIDAL 

motif of FliM1 mediates thus the interaction of FlhG with the C-ring complex 

SpFliM1/SpFliN1.  

 

2.8 Compatibility of FlhG and the C-ring components of 
G. thermodenitrificans and S. putrefaciens 

In both, B. subtilis and S. putrefaciens, FlhG is a ParA/MinD ATPase, which is 

supposed to form dimers and attaches to the membrane through a C-terminal 

membrane targeting sequence. Furthermore, it interacts with a conserved ‘EIDAL’ 

motif present in the C-ring complex FliM/FliY in G. thermodenitrificans and 

FliM1/FliN1 in S. putrefaciens. As a synthetic approach I wanted to know whether 

FlhG would be able to recognize C-ring components from the other organism in 

vitro. Some of the experiments were performed by Sabrina Henche in the scope 

of a 6 weeks practical course under my supervision. 
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2.8.1 Compatibility of the FlhG and C-ring components in vitro 

GST affinity pulldown assays were performed, using GST-GtFlhG and GST-

SpFlhG as bait and the C-ring complex FliM/FliY from G. thermodenitrificans as 

prey. The interaction between GST-GtFlhG and GtFliM/GtFliY was confirmed and 

served as a positive control (Figure 60). However, GST-SpFlhG also interacts 

with GtFliM/GtFliY almost equally strong as GST-GtFlhG (Figure 60). This indi-

cated that FlhG might be exchangeable between different species. 

 

Figure 60. Compatibility of a C-ring complex. (A) shows the Coomassie-stained SDS-PAGE of 

interaction studies employing GST-GtFlhG and GST-SpFlhG as well as a purified GtFliM/FliY 

complex. (B) shows a scheme of the interaction assays described in (A). The upper part shows 

the immobilized GST-tag in grey, the lower part indicates the proteins used in the assay. Green 

represents proteins derived from G. thermodenitrificans, while proteins of S. putrefaciens are de-

picted in purple. 

Based on these initial results, the interaction studies were modified and extended 

now including GST-GtFlhG and GST-SpFlhG as bait and all combinations of the 

C-ring proteins GtFliM, GtFliY, GtFliM1 and GtFliN1 as prey (Figure 61A). Pull 

down assays were performed as described without the presence of nucleotides or 

lipids. The native ternary complexes GST-GtFlhG/FliM/FliY and GST-

SpFlhG/FliM1/FliN1 served as positive controls and this interaction was clearly 

visible on the Coomassie-stained SDS-PAGE (Figure 61B). Besides GtFliM/FliY, 

GST-GtFlhG seems to interact with the S. putrefaciens C-ring complex 

SpFliM1/FliN1 and weakly with GtFliM/SpFliN1. Upon incubation of GST-GtFlhG 
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with SpFliM1 and GtFliY, GST-GtFlhG interacts with GtFliY. However, the signal 

for SpFliM1 was missing indicating that SpFliM1 and GtFliY do not interact with 

each other. On the other hand GST-SpFlhG strongly binds to SpFliM1/FliN1 as 

well as the C-ring complex FliM/FliY from G. thermodenitrificans. The interaction 

of GST-SpFlhG with the complex GtFliM/SpFliN1 was barely visible.  

 

Figure 61. Compatibility of flagellar components from different organisms. (A) displays a 

scheme of the interaction assays shown in (B). Components are colour-coded according to the 

respective species, G. thermodenitrificans in green and S. putrefaciens in purple. (B) shows the 

respective Coomassie-stained SDS-PAGE of interaction assays employing GST-GtFlhG and 

GST-SpFlhG and the respective combinations of C-ring complexes shown in (A). 
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Incubation of GST-SpFlhG with SpFliM1 and GtFliY results in a strong GtFliY 

signal and a much weaker signal for SpFliM1, again pointing to a incomplete or 

impaired complex formation between SpFliM1 and GtFliY (Figure 61B). These 

interaction studies demonstrated that FlhGs from both species strongly bind to 

their cognate C-ring complexes as well as to the C-ring complexes of the other 

species. FlhG seems thus interchangeable concerning C-ring interaction between 

G. thermodenitrificans/B. subtilis and S. putrefaciens at least under in vitro assay 

conditions. However, Chimeric C-ring complexes seem either not to form at all or 

be defective in FlhG interaction. As FlhG seemed to be compatible in both 

species, we aimed at generating an S. putrefaciens strain carrying BsFlhG or 

GtFlhG instead of its native SpFlhG. This was done in laboratory of Prof. 

Dr. Kai Thormann. However, it turned out to be much more difficult to exchange 

components of the flagellation pattern control system in vivo (personal communi-

cation K. Thormann). 

 

2.9 FlrA in S. putrefaciens 

FleQ/FlrA is the c-di-GMP dependent master regulator of flagellar gene expres-

sion in many polarly flagellated γ-proteobacteria. It activates the transcription of 

early flagellar genes initiating the transcription cascade that results in the bio-

synthesis of a flagellum. C-di-GMP is a ubiquitous second messenger affecting 

the transition between a motile free swimming lifestyle and the formation of adhe-

sive biofilms, modulating transcription, translation, enzyme activity as well as 

protein-protein interaction (reviewed in: (224-229)). Recent studies demonstrated 

that FleQ and FlhG directly interact with each other in the monotrichous 

P. aeruginosa. A sequence alignment of PaFleQ and SpFlrA the master regulator 

of flagellar gene transcription in S. putrefaciens show a conserved domain archi-

tecture and high sequence homology, indicating a similar mode of action in both 

organisms. I therefore started to investigate FlrA in S. putrefaciens. These ex-

periments were performed by Sabrina Henche in the scope of a master project 

under my supervision. 
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2.9.1 FlhG interacts with FlrA in S. putrefaciens 

To confirm the interaction of SpFlrA and SpFlhG an N-terminal GST fusion con-

struct of FlrA was generated (GST-SpFlrA). In vitro interaction studies revealed 

that FlhG indeed interacts with FlrA in S. putrefaciens. While, without nucleotides 

only a weak interaction is observed, the interaction affinity increases upon addi-

tion of ADP or ATP. This effect was not obtained by addition of AMPPNP (Figure 
62). 

 

Figure 62. Interaction of FlhG and FlrA in S. putrefaciens. (A) shows the Coomassie-stained 

SDS-PAGE of GST affinity interaction assays using GST-SpFlrA and purified SpFlhG in the ab-

sence or presence of the indicated nucleotides. (B) provides a scheme of the pull down assays 

shown in (A). The upper part shows the immobilized GST-tag of SpFlrA in grey, the lower part 

indicates the proteins used in the assay. 

According to our in vitro binding assays, FlhG and FlrA interact in a nucleotide 

dependent manner. However, as both proteins comprise an ATPase, it is not 

clear whether the nucleotide load of FlhG or FlrA or maybe of both is the crucial 

factor for the interaction. To further assess this task FlrA was subdivided accord-

ing to its domain architecture (Figure 63B). One construct includes the N-termi-

nal FleQ domain (SpFlrA-FleQ), another one the C-terminal DNA binding domain 

with the characteristic helix turn helix motif (SpFlrA-DNA). The third sub-construct 

of FlrA contains the AAA+ ATPase domain, constituting the middle part of FlrA. In 

pull down assays GST-SpFlhG was now used as a bait, whereas the domains of 

FlrA carrying a (His)6-tag were the prey. Due to insolubility of the ATPase do-
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main, the interaction studies were performed with the N- and C-terminus of FlrA. 

While the DNA binding domain of FlrA clearly interacts with FlhG, no interaction 

was observed with the N-terminal FleQ domain (Figure 63AC). Again, the 

interaction was strongly enhanced by addition of ADP as observed for full length 

FlrA. These experiments indicate that the nucleotide load of the FlhG ATPase 

strongly influences the interaction of FlhG and FlrA. This might implicate that FlrA 

interacts with the FlhG homodimers. 

 

Figure 63. Interaction of FlhG and FlrA in S. putrefaciens. (A) shows the Coomassie-stained 

SDS-PAGE of GST affinity pull down assays using GST-SpFlhG and the N-terminal FleQ domain 

of SpFlrA (SpFlrA-FleQ) as well as the C-terminal DNA-binding domain of SpFlrA (SpFlrA-DNA). 

The addition of nucleotides is indicated. (B) displays the scheme of the domain architecture of 

FlrA in S. putrefaciens. (C) provides a scheme of the pull down assays shown in (A). The upper 

part shows the immobilized GST-tag of SpFlhG in grey, the lower part indicates the proteins used 

in the assay. 

Initial experiments confirmed the connection of FlhG and the master regulator of 

flagellar gene expression FlrA in S. putrefaciens. The interaction seems to be 

mediated through the DNA-binding domain of FlrA, which raises the question 

whether FlhG competes with DNA in binding to FlrA. Whether FlhG may release 

FlrA from the promotor regions of flagellar genes and thereby inhibit flagellar 

gene expression needs to be further addressed. How FlhG may influence the 

ATPase of FlrA as reported previously also remains elusive. 
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2.10 HubP in S. putrefaciens 

In P. aeruginosa HubP is reported as a polar ‘landmark’ protein, which recruits a 

plethora of proteins including several MinD/ParA ATPases to the cell pole, 

thereby directly interacting with FlhF and FlhG. HubP is composed of a periplas-

mic LysM domain, an adjacent transmembrane helix and an extensive disordered 

cytoplasmic domain, which is supposed to function as an interaction platform for 

many polar proteins.  

The HubP orthologue (SpHubP) of S. putrefaciens shares the same domain 

architecture and is assumed to exhibit similar cellular functions. The cytoplasmic 

domain of SpHubP contains acidic repetitive motifs of around 30 amino acids in 

length with small variations (EIAAELDxELxxxxxxxDDIDALLA(D/E)FD). In 

collaboration with the Thormann group (Justus Liebig University, Gießen), we 

aimed at further elucidating interaction partners of SpHubP. Susanne Brenzinger 

therefore generated a fusion protein of the cytoplasmic domain (amino acids 102-

580) of HubP adjacent to a GST tag (GST-HubP102-580). A GST- and (His)6-

tagged cytoplasmic domain of HubP was produced in E. coli BL21 (DE3) under 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) induction and purified using a two-

step protocol, consisting of GST-trap affinity chromatography and subsequent 

SEC. 

Pull down assays with freshly prepared cell lysate of a hubP deletion strain of 

S. putrefaciens CN32 were performed and visualized on Coomassie-stained 

SDS-PAGE after elution. Signals corresponding to putative interaction partners 

were analysed by mass spectrometry (Figure 64). GST-HubP102-580 which was 

not incubated with lysate from S. putrefaciens, served as input control. To 

exclude unspecific interactions with the GST tag, purified GST was used as 

second control for this assay. 

Protein signals that appeared in neither control were assumed as specific inter-

action partners. Mass spectrometry analysis revealed two prominent groups of 

interaction partners. The first group is related to the chemotaxis system including 

(ArcA, an uncharacterized methyltransferase (Sputcn32_1759), a putative signal 

transduction protein and an uncharacterized histidine kinase), the second group 

comprises the ribosomal proteins of the large subunit L1 to L3 (Table S2).  
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Figure 64. HubP interaction network. (A) shows the Coomassie-stained SDS-PAGE of GST 

affinity interaction assay using a GST fusion of the cytoplasmic domain of HubP (GST-SpHubP 

102-580) and freshly prepared lysate of a S. putrefaciens ΔhubP strain. (B) illustrates the pull 

down assay of (A). The upper part shows the immobilized GST-tag of HubP in grey and HubP in 

blue. The lower part represents the plethora of possible interaction partners in the lysate of the 

S. putrefaciens CN32 ΔhubP. 

The first group of proteins corroborate to the previously reported function of HubP 

as polar ‘landmark’ protein that especially orchestrates chemotaxis proteins 

(139). However, the ParA/MinD ATPases (ParA, ParC, MinD and FlhG) and FlhF 

were not identified in the pull down experiments, although the interaction is 

reported in literature. This may indicate a very weak or transient interaction of 

these nucleotide-binding proteins with HubP emphasizing the dynamic of the 

system (139). The full extent of the task spectrum of HubP remains elusive and 

may go beyond simple scaffolding functions. 

 

2.11 Method section: 1H/2H exchange mass spectrometry 

HDX has emerged as a powerful tool to study protein dynamics and protein-pro-

tein interfaces, complementing canonical methods of structural biology, such as 

X-ray crystallography and nuclear magnetic resonance (NMR) (reviewed in: (230-
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234)). Traditionally hydrogen/deuterium exchange was investigated employing 

NMR analysis (reviewed in: (235)). First studies using amide proton exchange in 

combination with mass spectrometry date back to the 1990s (236). HDX allows 

the assessment of the flexibility and dynamic behaviour of proteins by measuring 

the incorporation of deuterium into the backbone of amino acids. In the scope of 

this work this method was implemented in Marburg in cooperation with Dr. Uwe 

Linne (head of the mass spectrometry facility of the Chemistry Department, 

Philipps University, Marburg).  

 

2.11.1 Functional principle of HDX 

HDX employs the effect that hydrogen and deuterium as isotopes may freely re-

place each other in molecules without changing their chemical properties. Upon 

incubation of a molecule in deuterated solvent hydrogen is replaced by deuterium 

depending on the nature of the chemical bond and the respective pKa value. The 

exchange rate of the amide hydrogen of the protein backbone proofed to be in a 

suitable kinetic window, being fast enough to get high exchange rates after short 

incubation in deuterium rich buffer, but also being slow enough under specific 

conditions leaving enough time to digest the protein, separate the peptides by 

HPLC and analyse the deuterium content by ESI mass spectrometry (Figure 65). 

Hydrogen atoms directly bound to carbon show much slower exchange rates, 

whereas hydrogen atoms within the polar, acidic or basic side chains of amino 

acids exchange and re-exchange too fast to be detected. The exchange rate of 

the hydrogen atoms also depends on their solvent accessibility within a molecule. 

Amide bonds of the protein backbone involved in the formation of secondary 

structure elements (i.e. α-helices and β-strands) exchange much slower than 

amide hydrogens bound in surface exposed loop regions. The incorporation of 

deuterium into a protein therefore correlates to its flexibility and its propensity to 

form secondary structure elements. This allows estimating the flexibility and also 

the secondary structure elements of proteins. 

The protein of interest is diluted into a deuterium containing buffer and incubated 

for a specific time, which may range from 20 s to several hours, allowing the 

exchange of hydrogen to deuterium. The exchange reaction is subsequently 
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quenched by lowering the pH to 2.5 and decreasing the temperature to 0 °C. A 

pepsin digest of the protein, which can be performed on the HPLC through a 

pepsin column, provides peptic peptides still labelled with deuterium. These 

peptides are separated and analysed by mass spectrometry, resulting in peptides 

with increased mass and a specific signal shape. The deuterium incorporation is 

calculated as the mass difference of the centroids of the deuterated version of a 

peptide and its non-deuterated counterpart (Figure 65). 

 

Figure 65. Principle of 1H/2H exchange mass spectrometry. The scheme displays the essen-

tial steps of HDX measurements. Deuterium incorporation is visualized in red. The deuterium in-

corporation is calculated as the centroid mass difference of the non-deuterated peptide (grey ar-

row) and its deuterated counterpart (red arrow). Pdb code of the shown structure: 4RZ2.  

 

2.11.2 HDX in life sciences 

In the life sciences HDX emerged as an ideal complementation to classic struc-

tural biology, aiming at elucidating the structure at highest possible resolution. 

HDX allows assessing protein dynamic in solution without the need of crystals 

and without size limitations that are faced using NMR. It offers the possibility to 
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identify flexible regions in proteins that may prevent crystallization, which strongly 

improves the process of construct optimization (Figure 66A).  

 

Figure 66. Application of HDX. HDX is suitable to determine general protein dynamics and 

flexibility. The higher the deuterium uptake the more flexible and solvent accessible is the respec-

tive region of the protein. (A) depicts the example of a protein structure to demonstrate the re-

gional differences in deuterium uptake. (B), (C) and (D) all show examples for the application of 

HDX. (B) shows how conformational rearrangements can be visualized when the two states differ 

in deuterium incorporation. (C) shows the binding of a small ligand to a protein. The binding site 

exhibits strong shielding in deuterium uptake upon ligand binding. (D) Similar to (C) protein-pro-

tein interfaces can be calculated from the decrease in deuterium incorporation of the single pro-

tein and the complex with its interaction partner. Pdb codes of the shown structures: 4RZ3 (A); 

3E2U (C); 2B1J (D). 

HDX may assist in locating the rearrangement and reveal the participating 

structural elements. This method is also a popular tool to study protein folding 
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and unfolding processes (Figure 66B). In addition, it also allows the mapping of 

protein-protein interaction interfaces by measuring the flexibility of a protein 

bound in a complex compared to the single protein. Regions that gain rigidity 

upon complex formation are very likely to participate in the interaction interface. 

With the same technique a binding site of a ligand can be easily determined 

(Figure 66CD). Even the arrangement of proteins within large structures such as 

viral capsids can be addressed (237, 238). Proteins that undergo large 

conformational changes can be challenging to address with classic structural 

biology. For HDX measurements a concentrated protein solution is diluted into 

deuterated buffer and incubated for a specific time that may range from several 

seconds to several hours to allow deuterium uptake. Upon acidification using a 

quench buffer (pH 2.2) and decreasing the temperature to 0 °C the exchange 

reaction is slowed down to a degree, which allows to digest the protein with 

pepsin, separate the peptides on an HPLC system and analyse the peptic 

peptides by ESI mass spectrometry. A very convenient way of treating the protein 

is an on-line digestion on a pepsin column implemented into the HPLC system 

(Figure 67). 

 

2.11.3 Setup and implementation of HDX in Marburg 

In collaboration with Dr. Uwe Linne, I constructed and established the method of 

amide proton exchange in Marburg including the packing of the trap column, the 

pepsin column and the HPLC setup as well as the control of all components using 

ChemStation (version). 

 

2.11.3.1 Preparation of the pepsin column 

The pepsin column for the inline digestion of labelled proteins was prepared by 

immobilizing pepsin onto POROS® AL 20 µm resin. Amino groups of lysine resi-

dues of pepsin (Roche) form a Schiff base with accessible aldehyde moieties of 

the resin. Thus, pepsin is covalently attached to the resin and can be used in 

HPLC.  
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In a first step 160 mg pepsin was dissolved in 50 mM sodium citrate (pH 4.4). 

Subsequently, 0.5 g POROS® AL, 20 µm was added and 5 times inverted, which 

leads to the formation of the Schiff base between the resin and pepsin. 

Afterwards, two dry crumbs (3 mm diameter) of sodium cyanoborohydride (Sigma 

Aldirch), which is hygroscopic, were added. Adding 100 µl of 2 M sodium 

sulphate every 3 min over a time period of 2 h, 4 ml in total results in salting out 

of the pepsin on the resin surface increasing the local concentration and the 

immobilization efficiency. The mixture was incubated over night at 4 °C and 

inverted from time to time. After addition of 160 µl of 2 M TRIS (pH 7.6) buffer the 

mixture was again incubated at 4 °C for 2-4 h and inverted now and then. Finally, 

the mixture was washed 7 times with 0.1 % formic acid and subsequent 

centrifugation at 700 rpm, for 3 min at 4 °C. The ready prepared pepsin resin is 

stored in 0.1 % formic acid and 0.05 % sodium azide at 4 °C. The protocol was 

kindly provided by Marta Boysen from the group of Prof. Dr. M. Mayer (ZMBH, 

Heidelberg). 

The column was packed according to the manufacturer’s instruction using the 

guard column kit (Postnova analytics GmbH). 

 

2.11.3.2 Preparation of the trap column 

POROS® R1, 10 µm Self Pack® Media (Applied Bioysytems) was employed as 

resin for the trap column. Dr. Uwe Linne packed the column according to the 

manufacturer’s instruction using the guard column kit (Postnova analytics GmbH). 

 

2.11.3.3 Implementation of the HPLC setup 

HDX measurements require a system including two HPLC pumps. The first one 

provides an isocratic flow, which transports the sample from the sample loop at 

the injection valve via the pepsin column where proteins are degraded to peptides 

to the trap column, which binds the peptic peptides. At this point the second valve 

switches to allow the elution of the peptides from the trap column using a gradient 

of acetonitrile and water (Figure 67). Subsequently the peptides are separated 

on the separation column and directly injected to the mass spectrometer by ESI. 
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Accordingly the setup was constructed using an injection valve with a sample 

loop and a connection to the isocratic HPLC pump. The pepsin column bridges 

the injection valve and the 6-port valve, where the trap column is located and to 

which the second HPLC pump is connected. Upon switching of the second valve 

peptides are eluted from the trap column, separated on the C18 column, which is 

located on the bridge to the mass spectrometer and subsequently analysed at the 

orbitrap Velos pro (Thermo Scientific) (Figure 67). The whole setup was con-

trolled using the ChemStation (Agilent).  

 

Figure 67. The HDX setup. (A) shows a scheme of the HPLC setup, including two pumps 

(HPLC 1 and HPLC 2), two valves (an injection valve and a 6-port valve) and three columns (a 

pepsin column, a trap column and a separation column). (B) displays a picture of the actual setup. 

White arrows indicate essential parts in the picture. Dr. Uwe Linne kindly provided the photograph. 

 

2.11.3.4 Data analysis 

A list of possible peptides from the protein of interest plays a key role for data 

analysis, as pepsin degrades proteins unspecifically rendering the prediction of 

peptides almost impossible. Prior to amide proton exchange each protein is sub-

jected to an MS/MS run, to identify as many peptides as possible. The peptide list 

was generated using the Mascot server (Matrix Science). The resulting list was 

modified in Excel (Microsoft) to fit the requirements for HDX workbench. 
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Having the peptide list with the respective retention time for each peptide, data 

analysis was performed using HDX workbench, which was developed in the la-

boratory of Patrick Griffin at the scripps research institute (Florida, USA) particu-

larly for HDX using an orbitrap as mass analyser (239). The program searched 

each mass spectrometry file (.raw files) for the respective peptides and assigned 

the centroid of the signal. The natural occurrence of certain isotopes especially 
13C leads to a specific shape of the mass peaks of larger molecules such as pep-

tides. For smaller peptides the monoisotopic peak displays the highest intensity 

followed by smaller peaks with a mass difference of one atomic unit (au). For 

larger peptides with (< 10 amino acids) the influence of 13C leads to a change in 

peak intensities.  

The intensity of the first and, for even larger peptides, the second isotope peak 

exceeds the monoisotopic peak, leading to a specific overall peak shape. Since 

the incorporation of deuterium is based on statistical events, the overall peak 

shape is transformed into a Gaussian-like shape. The centroid of a mass peak 

constitutes the centroid of the distribution over all isotopic peaks for a specific 

molecule (Figure 65). 

Based on the mass difference of the signal centroids of the native peptide and the 

deuterium labelled peptide the deuterium uptake were calculated. The calculation 

implemented the length of the peptide as well as its charge state. 

The capacity of peptides to incorporate deuterium was estimated according to the 

length (each amino acid can take up one deuterium) except the first two amino 

acids of a peptide as well as proline, which lacks the amide proton. These values 

were considered as complete labelling and hence 100 % exchange.  

Possible deuterium uptake: 

Possible uptake of deuterons = (length of the peptide) – 2 (the first 2 amino acids) 

– number of proline residues 

 

2.12 Application of HDX in other projects 

After the implementation and the successful application of HDX in the FlhG pro-

ject, I contributed to two other projects providing HDX measurements. One of the 
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projects is related to flagellar assembly and describes the path of flagellin subu-

nits from its production to the flagellar type III secretion export gate. The second 

project is about two second messenger alarmones ppGpp and pppGpp, espe-

cially their production through the small alarmone synthetase 1 (SAS1) of 

B. subtilis. Surprisingly, SAS1 is exclusively allosterically regulated by pppGpp, 

not by ppGpp. 

 

2.12.1 Interaction of the Flagellin/FliS complex with FliW 

During the assembly of the flagellar filament, around 20 000 copies of flagellin 

(hag gene) have to be produced, guided to the fT3SS, exported to the filament 

cap and assembled into the filament (17). This highly ordered mass production of 

protein not only requires an efficient production line, but also involves quality 

control procedures and feedback regulation at different steps within the produc-

tion line. Damaged or misfolded flagellin subunits have to be removed from the 

process prior to export, since they would otherwise get stuck within the filament 

tube and block further filament assembly. On the other hand, in order to avoid the 

formation of futile polymers within the cell, polymerization of flagellin has to be 

inhibited until a flagellin subunit has reached its assembly destination at the tip of 

the filament. To guarantee a smooth preparation of flagellin assembly, several 

interaction partners or chaperones not only regulate the transcription and transla-

tion of the hag message but also confirm proper folding and protect flagellin sub-

units. For example, FliS interacts with the C-terminus of flagellin, which is crucial 

for polymerisation, forming a 1:1 complex and therefore preventing intracellular 

flagellin from polymerisation (240-242). In addition, FliS enhances the interaction 

of flagellin with FlhA, which forms the export gateway, promoting flagellin secre-

tion (24, 243). In S. enterica FliS additionally interacts with the anti-sigma factor 

FlgM, also binding in a 1:1 ratio at overlapping binding sites to flagellin and influ-

ences flagellar gene expression (244). Recently, FliW and orthologues were 

identified as novel flagellar assembly factors in B. subtilis, C. jejuni and 

Treponema pallidum (245). FliW interacts with a complex of flagellin and FliS as 

well as with CsrA, an RNA binding protein that regulates the transcription of the 

hag message. CsrA blocks the Shine-Dalgarno (SD) sequence of flagellin pre-



Results 

 98 

venting hag transcription. Upon secretion of flagellin FliW is released from the 

ternary complex and now is able to bind CsrA, which is release from the SD se-

quence. This event lifts the transcription inhibition of the hag message, providing 

a feedback regulation of flagellin production depending on the export (246).  

The importance of the flagellin regulation is reflected in the universal domain ar-

chitecture of flagellin in different bacteria (19). Flagellin exhibits a highly con-

served N- and C-terminus combined with an insertion of variable length in differ-

ent species. The conserved N- and C-terminal helix (also D0-N and D0-C do-

mains) form the core of the flagellar filament interacting with neighbouring 

D0 domains. Surrounding the core, the D1 domains build another ring structure to 

stabilize the helical filament.  

As the D0 domain, the D1 domain is composed of an N-terminal part (D1-N), 

which lays adjacent downstream the D0-N domain and a C-terminal part D1-C in 

front of the D0-C domain. The region in between varies between species and 

may comprise D2 and D3 domains, which can be glycosylated (Figure 68).  

 

Figure 68. Domain architecture of Flagellin. While the D0 and D1 domain are highly conserved 

and form the helical core of the filament, D2/3 domains are variable in size and exposed on the 

surface of the filament modifying its chemical properties.  

In the flagellar filament the D0 and D1 domain are in a coiled coil conformation 

suitable to form a super helix with many more flagellin building up the flagellar 

filament. In the cytoplasm flagellin forms a complex with its cognate chaperone 

FliS. The D0-C domain warps around the four-helix bundle of FliS shielding the 

C-terminus (Figure 69).  
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Figure 69. Crystal structure of Flagellin and a Flagellin/FliS complex. (A) shows the crystal 

structure of flagellin of P. aeruginosa (pdb: 4NX9) coloured in rainbow. The crystal structure of a 

flagellin/FliS complex of B. subtilis (unpublished structure, G. Bange) is shown in (B). Flagellin is 

coloured in rainbow and FliS in grey. Domains as well as secondary structure elements are indi-

cated. 

FliW binds to a flagellin FliS complex. However, the exact binding mode remains 

elusive. A recent study stated that the flagellin-FliW interface is located in the C-

terminal part of the D1 domain. Especially asparagine 255 seems to play a crucial 

role for FliW binding (246). To get further insights into the binding mode of flagel-

lin/FliS and FliW, HDX was applied to determine the protein-protein interface of 

the flagellin/FliS/FliW complex of B. subtilis. The flagellin/FliS complex, FliW and 

a ternary complex consisting of flagellin/FliS/FliW were labelled with deuterium, 

digested and the peptic peptides analysed by mass spectrometry. HDX 

measurements indicated dramatic changes in flagellin upon formation of the 

ternary complex with FliW. The D0-C domain of flagellin displayed a massive in-

crease (> 40 %) in deuterium uptake in the presence of FliW (Figure 70). Also 

the corresponding regions in FliS, especially helix α3 (> 10 %) and part of helix 

α4 (~5 %) became more accessible to deuterium upon addition of FliW. This indi-

cates that the tight conformation of the flagellin/FliS complex gained flexibility with 



Results 

 100 

FliW. The significant difference in the increase of deuterium uptake between fla-

gellin (~40 %) and FliS (~10 %) might either be due to an interaction of FliS and 

FliW involving the very same region in FliS or a partial unfolding of the flagellin C-

terminus. The second scenario would be in line with a recent publication report-

ing, that flagellin is exported in an partial unfolded state (247). Two regions in the 

flagellin D1-N and D1-C domain located in close proximity exhibit a decrease in 

deuterium incorporation in the presence of FliW and may give a hint for the fla-

gellin FliW interface (Figure 70). In agreement with the literature, the reported 

asparagine 255 is located within the responding region in the D1-C domain.  

 

Figure 70. HDX of Flagellin/FliS. Changes in the deuterium incorporation of the flagellin/FliS 

complex upon formation of a ternary complex with FliW are coloured on the crystal structure (un-

published structure, G. Bange) according to the colour-code on the right. The coloured panels 

display the deuterium incorporation of representative peptides of the coloured regions of the fla-

gellin/FliS complex (dark grey) and the ternary complex (light grey). 
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Data analysis of FliW also identified two regions where deuterium uptake is de-

creased in the presence of the flagellin/FliS complex. In a helical turn between β-

strand β6 and helix α1 deuterium incorporation dropped 10-15 %, while another 

helical turn in close proximity between β7 and β8 displayed an uptake decrease 

of 5-10 % (Figure 71). 

 

Figure 71. HDX of FliW. Changes in deuterium uptake of FliW upon formation of a ternary com-

plex with flagellin/FliS are coloured in the crystal structure (pdb: 2AJ7) according to the colour-

code on the right. The coloured panels display the deuterium incorporation of representative pep-

tides of the coloured regions of FliW (dark grey) and the ternary complex (light grey). 

These two regions in FliW may match the regions in the D1 domain of flagellin, 

which responded to FliW addition and may form the protein-protein interface. 

HDX measurements provided two putative interaction sites between flagellin and 

FliW. The results are in agreement with current literature. However, further muta-

tional studies will be necessary to proof the HDX results and to pinpoint the cru-

cial amino acid residues. 
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2.12.2 Elucidating the mechanism of the small alarmone 
synthetase 1 (SAS1) 

Stringent response, which is mediated by two alarmones ppGpp and pppGpp, is 

a bacterial stress response program activated upon nutritional starvation or many 

other forms of stress (reviewed in: (248-251)). RelA is a key player for stringent 

response and associated to ribosomes, where it is capable of sensing ribosomes 

that are blocked by unloaded tRNAs (252). RelA comprises an N-terminal 

alarmone hydrolase domain as well as an adjacent alarmone synthetase domain 

and in the C-terminal part regulatory domains and the ribosome interaction site 

(Figure 72). Ribosome associated RelA is able to hydrolyse alarmones, while the 

synthetase is silent. Upon amino acid starvation, RelA is released from the ribo-

some and produces the alarmones ppGpp and pppGpp as stress response sig-

nal, while the hydrolase domain is inactive (253-255). These alarmones are able 

to globally reprogram bacterial growth, cell cycle and metabolism by regulating 

many vital cellular processes to ensure bacterial survival under stress conditions 

(248). ppGpp and pppGpp have been considered as acting collectively as second 

messengers, however recent studies indicate that the two alarmones have differ-

ent effects on cellular processes, such as growth rate or transcription (256). 

In B. subtilis and S. aureus two other proteins SAS1 (also: RelP) and SAS2 (also: 

RelQ) were recently identified that share the alarmone synthetase domain with 

RelA (257-260).  

 

Figure 72. Domain architecture of RelA, SAS1 and SAS2. All three proteins, RelA, SAS1 and 

SAS2 share the conserved synthetase domain (green). RelA responsible for stringent response 

possesses an additional N-terminal hydrolase domain (red) and a C-terminal part involved in ribo-

some association (blue). 
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In contrast to RelA these two small alarmone synthetases only consist of the 

synthetase domain (Figure 72). 

Wieland Steinchen purified, crystallized and obtained a structure of SAS1 from 

B. subtilis in different nucleotide loaded states. SAS1 produces both alarmones 

ppGpp from ATP and GDP and pppGpp from ATP and GTP (personal 

communication Wieland Steinchen). SAS1 forms an oval shaped tetramer with a 

prominent cleft in the middle (Figure 73). 

 

Figure 73. Crystal structure of SAS1. Cartoon representation of the crystal structure of SAS1 of 

B. subtilis (pdb: 5DEE) shows an oval-shaped tetramer coloured in rainbow and grey from top 

view (left) and side view (right). Arrows indicate the four active sites of the subunits. 

The SAS1 monomer exhibits three characteristic helices, α1, α4 and α5, which in 

combination with the two long β-strands β3 and β4 provide the interfaces for te-

tramer formation. The active site is located in the middle, where the non-hydro-

lysable AMPCPP is bound by two highly conserved motifs (GR(V/P)KxxxS and 

DIA(G/A)LR) (Figure 74). The crystal structure of the RelA hydrolase and synthe-

tase domain (pdb: 1VJ7) display a GDP associated to the active site of the syn-

thetase domain. An overlay of the synthetase domain of RelA and SAS1 showed 

that essential regions for alarmone production are structurally almost identical. 

However, as RelA acts as monomer, it lacks the prominent interface regions of 

SAS1. 
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Figure 74. Hydrolase domain of SAS1 and RelA. (A) shows the crystal structure of a SAS1 

(pdb: 5DEE) monomer in rainbow with AMPCPP bound in the active site. (B) displays the N-

terminal part of RelA of Streptococcus equisimilis (pdb: 1VJ7) including the synthetase and the 

hydrolase domain in grey with GDP bound in the active site of the hydrolase domain. (C) shows a 

superimposition of both structures (SAS1 in rainbow, RelA in grey) reveals that they share the 

synthetase domain. 

The overlay of the synthetase domains of RelA and SAS1 not only proofs the 

structural homology, it also provides an idea of the respective positions of both 

substrates required for alarmone synthesis in the active site of these synthetases. 

Based on this structural information about the position of ATP and GDP in the 

active site, a mechanistic model of alarmone formation by SAS1 can be deduced. 

 

2.12.2.1 Sequential substrate binding 

To assess whether ATP or GDP/GTP is the first to bind into the active site, HDX 

measurements were performed with SAS1 in the presence of different nucleo-

tides. SAS1 was incubated with GDP, GTP or AMPCPP as a non-hydrolysable 

analogue of ATP for this reaction. These samples were subsequently diluted in 

deuterium containing buffer and after quenching and pepsin digestion, the deu-

terium uptake of the peptic peptides was analysed and compared to apo SAS1. 

While SAS1 incubated with GDP or GTP displayed almost identical deuterium 

uptake as apo SAS1, incubation of SAS1 with AMPCPP revealed a significant 

decrease in deuterium incorporation and hence protection in the regions that are 

responsible for ATP binding (Figure 75). This indicates that ATP is the first sub-
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strate to enter the active site of SAS1. If this is true, a further decrease of deuter-

ium uptake in catalytically important regions is expected upon incubation of SAS1 

with AMPCPP and GDP or GTP. In these cases both substrates may bind to the 

active site, however AMPCPP inhibits the reaction to the respective product. 

Therefore, SAS1-AMPCPP-GTP and SAS1-AMPCPP-GDP were subjected to 

amide proton exchange and analysed after pepsin digest. An additional decrease 

of deuterium uptake was observed for both samples in regions essential for catal-

ysis and GDP or GTP binding (Figure 75). 

 

Figure 75. HDX of SAS1. Changes in deuterium uptake of SAS1 upon binding of nucleotides are 

coloured in the crystal structure (pdb: 5DEE). The coloured panels display the deuterium 

incorporation of representative peptides of the coloured regions of SAS1 and the respective 

nucleotide combinations. 

These findings corroborate to the hypothesis of a sequential ordered substrate 

binding mechanism in which ATP is the first substrate that enters the active site. 
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Catalysis occurs upon binding of the second substrate, which may either be GDP 

or GTP (Figure 76). 

 

Figure 76. Sequential binding of the substrates ATP and GTP/GDP. The scheme depicts the 

catalytic cycle of SAS1, with ATP binding as the first step and subsequent association of 

GDP/GTP. The transition state is indicated by the double dagger. After the release of the products 

pp(p)Gpp and AMP, apo SAS1 may undergo another cycle. The catalytic cycle is exemplified by 

one SAS1 monomer (blue). Adenosine nucleotides are coloured in red, guanosine nucleotides in 

green. 

 

2.12.2.2 Catalytic mechanism 

SAS1 catalyses the formation of (p)ppGpp by transferring a pyrophosphate from 

ATP onto the 3' hydroxyl group of GDP or GTP releasing adenosine monophos-

phate (AMP) as a by-product. The reaction implicates the cleavage of a phos-

phoric anhydride bond while simultaneously forming a phosphoric ester. Accord-

ing to the sequential binding, ATP is the first molecule to invade the active site 

and gets tightly locked in an unusual tense U-shaped conformation by 4 highly 

conserved motifs (GRV/PKxxxS; DIAGLR; RDYI; EIQIRT). The adenine base is 

tightly sandwiched between two conserved arginine residues arginine 46 and ar-

ginine 77. The phosphate groups are bent towards the adenine base forcing the 

ribose sugar into an unfavourable almost planar conformation. Arginine 46 con-

ducts this unusual scene, being not only part of the tight cage of adenine but also 
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forming polar contacts to the oxygen of the ribose ring as well as to the α-phos-

phate group (Figure 77A). This unusual tense conformation resulted in an activa-

tion of ATP, which renders it vulnerable for the subsequent pyrophosphate 

transfer. The β- and γ-phosphate are held in place by coordination to a magne-

sium ion, which is attached to SAS1 through aspartate 72 and indirectly bound to 

glutamate 139 mediated through a water molecule. Water molecules occupy the 

two remaining coordination sites of Mg2+. A positive pocket consisting of lysine 

48, arginine 56 and arginine 59 neutralizes the negative charges from the γ-

phosphate. The second step consists in the entrance of GDP into the active site 

(Figure 77A). Guanine is bound to Arginine 105 through π-stacking and probably 

by residues of a flexible region forming an extensive loop (Figure 77B). 

 

Figure 77. ATP coordination and nucleophilic attack. (A) shows how AMPCPP (deep teal) is 

coordinated in an unusual kinked conformation in the active site of SAS1 (5DEE). A black arrow 

indicates the kink of AMPCPP and dashed lines indicate interactions. (B) displays a 

superimposition of the active sites of AMPCPP (deep teal) bound SAS1 and GDP (green) bound 

RelA (dark grey; pdb: 1VJ7). The attacking 3’-OH group of the ribose of GDP in the centre of the 

image and the arrow indicates the direction of nucleophilic attack towards the β-phosphate of 

AMPCPP. The proton of the 3’-OH moiety is indicated. 

Crucial for the reaction is the activation of the 3’-hydroxyl group of GDP (GTP) for 

the nucleophilic attack. The close proximity to magnesium strongly indicates that 

the hydroxyl group is deprotonated by coordination to the metal ion. Glutamate 

139 serves as proton-relays to capture the resulting proton (Figure 77B and 
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Figure 78). The activated hydroxyl group of the GDP ribose attacks the positively 

polarized phosphor of the β-phosphate group performing a second order nucleo-

philic substitution (SN2) (Figure 78). After anhydride bond cleavage the AMP con-

formation can immediately be relaxed by turning the α-phosphate towards the 

exit, indicating a possible mechanism for AMP release. 

 

Figure 78. Catalytic mechanism of alarmone synthesis. The scheme illustrates the catalytic 

mechanism of alarmone synthesis using the example of pppGpp production. The substrates ATP, 

GTP and the side product AMP are shown in green, light green and green, respectively. The 

alarmone pppGpp is displayed in blue. 

 

2.12.2.3 Binding site of additional pppGpp 

The crystal structure of the product state of SAS1 revealed that 6 pppGpp mole-

cules bind to a SAS1 tetramer. Four are located in the active site of each subunit 
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and two are observed in the in the central cleft of the oval shaped tetramer 

(Figure 79B).  

To proof that only pppGpp but not ppGpp binds to the central cleft of the SAS1 

tetramer, SAS1 was incubated with ATP and GDP as well as ATP and GTP al-

lowing the formation of the respective alarmones. After dilution into deuterium 

buffer, quenching and pepsin digestion, the deuterium uptake of the resulting 

peptides was analysed by mass spectrometry.  

 

Figure 79. Allosteric regulation of SAS1 through pppGpp. (A) shows changes in deuterium 

uptake of SAS1 upon binding of the stated nucleotides that are coloured in the crystal structure of 

SAS1 (5DED). The panels display the deuterium incorporation of representative peptides of the 

coloured regions of SAS1 as well as the respective nucleotide combinations. (B) The cartoon 

representation of two subunits (rainbow and white) of the SAS1 tetramer (5DED) with two 

pppGpps bound in the active sites and one pppGpp bound in central cleft. 
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In the presence of ATP and GDP protection only occurs in regions of SAS1 

involved in substrate binding and catalysis. However, with ATP and GTP 

additional peptides displayed a protection of deuterium incorporation (Figure 
79A). These peptides are part of the central cleft and correspond to the binding 

site of the additional pppGpps observed in the crystal structure (Figure 79AB). 

These findings led to the conclusion that SAS1 can distinguish between the 

alarmones ppGpp and pppGpp.  
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Discussion 

3.1 FlhG forms a molecular switch 

FlhG is a molecular switch with two distinct and spatially separated states. It can 

either be located in the cytoplasm as a monomer, which represents the ‘OFF’ 

state according to the canonical ATPase/GTPase switch paradigm, or FlhG forms 

ATP-dependent, spatially restricted homodimers at the plasma membrane using 

a C-terminal MTS, which is considered the ‘ON’ state (Figure 34). The transition 

from ‘OFF’ to ‘ON’ state depends on the presence of ATP and the possibility to 

associate with the plasma membrane. Kinetically, this process depends on the 

dissociation rate of ADP and the binding affinity of ATP, which triggers the 

nucleotide exchange. In many small GTPases, a GTP exchange factor (GEF) 

facilitates the nucleotide exchange (reviewed in: (261)). However, no additional 

protein involved in exchanging ADP to ATP has been identified for FlhG or other 

dimeric ATPases so far.  

The switch from the ‘ON’ to the ‘OFF’ state is achieved by ATP hydrolysis. The 

basal hydrolysis rate of GtFlhG of 0.85 min-1 seems high compared to the basal 

ATPase activity of MinD (turnover: 0.07 min-1) and rather corresponds to the 

turnover rate of the activated MinD/MinE complex in the presence of lipids 

(0.58 min-1). The difference to MinD probably arises due to the fact that GtFlhG is 

derived from a thermophile bacterium and hence the protein is more robust and 

optimized for higher temperatures. The typical basal turnover of a small GTPase 

is 0.3 min-1 on average, but it may vary between the different families ranging 

from 0.003 to 3 min-1 (262-264). In the presence of a GTPase activating protein 

(GAP) hydrolysis is enhanced 10 fold to 10 000 fold and drives the GTPase back 

to its ‘OFF’ state, exceeding the hydrolysis rates of FlhG and MinD (265, 266). 

This may implicate for FlhG that it is slowly cycling between ‘ON’ and ‘OFF’ state 

and therefore might act as a pulse generator during flagellar biogenesis.  
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3.1.1 FlhG and FlhF 

FlhG does not constitute an isolated molecular switch, but is embedded into a 

regulatory network. Considering the molecular switch scheme of FlhF described 

in the introduction (Figure 10), it became evident that FlhF and FlhG constitute a 

regulatory device with two connected switches that control number and location 

of Flagella (Figure 80). Accordingly, such a module can acquire four instead of 

two states (‘ON’/’ON’, ‘ON’/’OFF’, ‘OFF’/’ON’, ‘OFF’/’OFF’) and therefore control a 

more complex system. Although many states have been structurally character-

ized, only little is known about the dynamics of this system.  

 

Figure 80. A regulatory module with two interconnected switches. The regulatory circuits of 

FlhF (left) and FlhG (right) are shown side-by-side. Both circuits are connected by the stimulation 

of the FlhF GTPase through the N-terminus of FlhG in the activator complex (pdb: 3SYN). FlhF is 

shown in green (pdb: 2PX0) and FlhG is shown in orange (pdbs: 4RZ2, 4RZ3). Question marks 

indicate that an additional factor might be missing or that these processes are not completely 

understood. (MTS: membrane targeting sequence, PM: plasma membrane, IM: inner membrane). 

This figure was adapted from ref. (16). 
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GTP hydrolysis of FlhF is triggered by the activator helix of FlhG through a 

hetero-tetrameric activator complex involving an FlhF dimer and two FlhG 

subunits. However, whether activation requires an FlhG dimer and therefore may 

take place at the plasma membrane remains unclear. Localization of FlhF at the 

membrane and the fact that FlhG promotes the cytoplasmic localization of FlhF 

leads to a scenario, in which dimeric FlhG induces hydrolysis of an FlhF dimer at 

the membrane (128). Further factors that may influence the nucleotide exchange 

rate of FlhF or FlhG as well as an activator of the ATP hydrolysis of FlhG have 

not been identified so far. This interconnected switch allows the control of 

complex regulatory processes. Furthermore, the possibility that FlhF and FlhG 

may possess state-specific interaction partners, adds another level of complexity 

to this biological regulatory device. 

 

3.2 Molecular evolution of a MinD-like ATPase 

It is a common motif in nature that existing modules, devices or architectures are 

slightly modified in the course of evolution and used for more than one purpose. 

Prominent examples are two-component kinase systems, which are involved in 

signalling processes and found in almost all organisms (reviewed in: (267-269)). 

Another example is the β-propeller fold of various proteins with different functions 

ranging from peptidases to ribosomal chaperones (270, 271) (reviewed in: (272, 

273)). The close homology of MinD and FlhG provides an evident example of 

how regulatory modules can be adapted and diversified to adopt different tasks. 

Along these lines, the bacterial MinD-like ATPases are involved in the spatial 

regulation of macromolecular complexes such as ParA controlling chromosome 

segregation and ParC the regulation of chemotaxis arrays, Soj being involved in 

chromosome segregation, transcriptional regulation and sporulation (115-117, 

274-276). 

 

3.2.1 Of FlhG and MinD 

The high degree of homology between MinD and FlhG renders it very likely that 

FlhG emerged as gene duplication from MinD or vice versa. In the scope of evo-
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lution, proteins were modified and diversified. FlhG acquired an additional N-ter-

minal domain, harbouring the activator motif (DQAxxLR) to stimulate the FlhF 

GTPase. Furthermore, the epitope for cargo binding was modified so that MinD is 

able to recruit the cell division inhibitor MinC.  

 

Figure 81. Side-by-side view of FlhG and MinD. The side-by-side view of FlhG (pdb: 4RZ3) 

(light teal) and MinD (pdb: 3Q9L) (light orange) emphasizes the similarities of both MinD/ParA 

ATPases. Vital parts of the proteins are depicted and structural differences are indicated through 

colours in FlhG (deep teal) and MinD (orange). This figure was adapted according to ref. (103). 

The topology of the respective region on FlhG changed in a way that FlhG is not 

able to bind MinC but acquired affinity for the N-terminal ‘EIDAL’ motif of the fla-

gellar C-ring components FliM/FliY (Figure 81). The dimerization interface was 

slightly modified through an additional helix. 

 

3.2.2 The link between cell division and flagellar assembly 

Topological differences between MinD and FlhG and the corresponding ability of 

MinD to bind MinC and FlhG to interact with FliY indicate that both systems devi-
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ated to function independently from each other. However, deletion of flhG in 

B. subtilis not only leads to mislocalization and clumping of flagellar basal bodies, 

but also produces a mini-cell phenotype similar to a minD deletion, although to a 

lesser extent. Therefore, a functional connection between both seemed to have 

remained. Since FlhG is not able to bind MinC, a shared interaction partner might 

provide this connection. No further interaction partners of MinD are known in 

B. subtilis. As part of the divisome, GpsB might serve as a connection between 

both systems and may thus coordinate the presence of MinD and FlhG at the 

division site, where both proteins occur. Still, experimental proof of a physical 

interaction between MinD and GpsB is missing so far. It also remains elusive how 

such an interaction leads to a minicell phenotype in the absence of FlhG. 

 

3.3 FlhG as putative flagella C-ring assembly factor 

Not only have I uncovered the nature of the FlhG circuit, but also characterized 

novel interaction partners of FlhG, providing hints concerning the biological role of 

FlhG. In vitro interaction assays indicate a role of FlhG in flagellar C-ring assem-

bly, demonstrating that a FliM/FliN(Y) complex requires FlhG to smoothly assem-

ble with FliG as well as the temporal co-localization of FliM and FlhG. Combining 

our in vitro and in vivo data with literature reports, two possible scenarios for the 

involvement of FlhG in C-ring assembly become evident. In the first scenario 

FlhG adopts the role of a flagellar C-ring assembly factor, whereas in the second 

scenario FlhG acts as negative flagellar regulator preventing a FliM/FliN(Y) com-

plex from assembly into mature C-ring structures.  

 

3.3.1 A model of C-ring assembly 

My in vitro interaction assays with purified FlhG and purified C-ring components 

point towards a model where FlhG represents an assembly factor for the biogen-

esis of flagellar C-rings. Accordingly, FlhG interacts with FliM and FliN(Y) in the 

cytoplasm in a nucleotide independent fashion, forming a ternary targeting com-

plex, which is delivered to the nascent basal body by the ability of FlhG to interact 

with membrane lipids as well as FliG. FliG is anchored to the basal body via FliF, 
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which initiates flagallar assembly (125). I was able to demonstrate that FlhG not 

only interacts with the FliM/FliN(Y) complex but also renders the C-ring complex 

potent to interact with FliG. In the absence of FlhG, the FliM/FliN(Y) complex 

shows a reduced affinity for FliG, while severe flagella assembly defects were 

observed on phenotypic level (71). Sensing membrane lipids, FlhG undergoes a 

conformational rearrangement switching from the 'open' to the 'closed' state. This 

drives the ATP dependent dimerization of FlhG, which may orchestrate another 

C-ring complex in close proximity to the nascent flagellum (Figure 82).  

 

Figure 82. FlhG-assisted C-ring assembly. In this scenario FlhG assists in C-ring assembly by 

binding to the C-ring complex FliM/FliY in the cytoplasm, recruiting the flagellar components to the 

nascent flagellum. At the nascent basal body FlhG coordinates the assembly of FliM/FliY to FliG 

in an ATP dependent manner to result a complete C-ring. How FlhG is released from the basal 

bodies remains elusive and is thus indicated with a question mark. This figure was inspired by 

ref. (103). 

Accordingly, FlhG might gradually allocate C-ring building blocks in correct 

positional arrangement for the assembly. Stimulated hydrolysis, which is 

enhanced by the presence of lipids as well as FliG may facilitate and accelerate 

the correct assembly of the C-ring architecture in an ATP dependent fashion. 
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Enhanced ATP hydrolysis of FlhG also drives the disintegration of the FlhG dimer 

and the transition from the ‘closed’ into the ‘open’ state, resulting in detachment 

from the membrane. Monomeric FlhG is subsequently mobile in the cytoplasm 

and again free to encounter another FliM/FliY complex. 

A major issue with the model of FlhG-assisted C-ring assembly lies in the fact 

that deletion of flhG in B. subtilis has an influence on the flagellation pattern, but 

does not impair swimming or swarming motility (71). However, a severe motility 

defect would be expected upon incorrect assembly of a vital structure as the fla-

gellar C-ring. Fluorescently labelled basal bodies in an flhG deletion strain of 

B. subtilis, appear aggregated and randomly distributed throughout the entire cell 

body. The morphology of these clumped C-ring aggregates was beyond the res-

olution limit of the microscopy technique. It was concluded that these aggregates 

represent tufts of intact flagella, as the motility was not impaired (71). How 

B. subtilis is motile with these tufts or why disruption of the pattern does not affect 

motility as observed for monotrichously flagellated bacteria was not explained. 

In contrast to in vivo studies in monotrichously flagellated bacteria, where FlhG 

acts as negative regulator of number of flagella, this model promotes a positive 

role of FlhG for flagella biogenesis. Our data in S. putrefaciens confirmed studies 

in V. alginolyticus and P. aeruginosa that deletion flhG resulted in a hyper-flagel-

lated phenotype (85, 86, 128). Upon overproduction of FlhG, V. alginolyticus 

failed to assemble flagella (84). In the monotrichously flagellated organisms 

P. aeruginosa and S. putrefaciens FlhG interacts with the master regulator of fla-

gellar gene expression FleQ/FlrA, which is not present in the genome B. subtilis 

(137, 138). Accordingly, the deletion of flhG in B. subtilis seemed not to result in 

an increased number of basal bodies (71). This leads to the conclusion that the 

regulation of the number of flagella in monotrichously flagellated bacteria may 

occur on transcriptional level, where FlhG prevents production of flagellar genes 

via FleQ/FlrA. This does not interfere with a putative role of FlhG in the assembly 

of the flagellar C-ring. Furthermore, I was able to demonstrate that FlhG in 

S. putrefaciens is able to interact with the flagellar C-ring through the conserved 

‘EIDAL’ motif as seen in B. subtilis. 

Moreover, in vivo localization of FlhG displays that it only temporarily resides at 

the flagellum, while the release of FlhG from flagellar C-ring complexes was not 
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observed in vitro. This led to the conclusion that an additional, so far unidentified 

factor must be responsible for the release of FlhG from the fully assembled C-

ring. First trials with proteins that are located in close proximity to the C-ring in the 

flagellum were unsuccessful. This might indicate that a certain substructure or 

protein of the basal body has to be completely assembled, before FlhG can be 

released from the C-ring as part of a quality control mechanism for flagellar bio-

genesis. 

 

3.3.2 FlhG blocks C-ring assembly 

Based on its role as a negative regulator of the number of flagella, FlhG might 

also prevent FliM/FliN(Y) from the assembly into the nascent C-ring, by forming a 

stable ternary complex with FlhG. In this scenario the ternary complex 

FlhG/FliM/FliN(Y) is not able to assemble with FliG in vivo (Figure 83).  

 

Figure 83. FlhG inhibits C-ring assembly. In this scenario FlhG may inhibit the assembly of 

FliM/FliY complexes to FliG through formation of a ternary complex, depicted by a red arrow. This 

scenario might immediately explain the negative regulatory role of FlhG on flagella number, 

observed in Pseudomonas species, Vibrio species and Shewanella species. In this scenario addi-

tional factors would be required to release the inhibition as well as FlhG from the membrane, indi-

cated by question marks. This figure was inspired by ref. (103). 
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FlhG may allocate FliM/FliN(Y) complexes at the flagella assembly site, but 

inhibits C-ring assembly as long as FlhG interacts with FliM/FliN(Y). This requires 

an additional factor, which releases FlhG from FliM/FliY to complete C-ring 

assembly.  

 

3.4 Flagella assembly and chemotaxis 

Bacterial motility and chemotaxis are necessarily linked processes resulting in the 

directed movement of bacteria towards favourable conditions. The interaction of 

the final chemotactic response regulator CheY-P with the flagellar C-ring protein 

FliM provides the interface between both processes adjusting cellular movement 

to environmental conditions. Upon binding of CheY-P to FliM, the flagellum can 

switch its direction of rotation from CW to CCW or vice versa. This determines the 

ratio of ‘run’ and ‘tumble’ movements. Phosphatases subsequently clear the 

CheY-P signal through dephosphorylation of CheY-P to CheY, rendering it sus-

ceptible for further external stimuli (Figure 15). 

  

3.4.1 Significance of the ‘EIDAL’ motif at the flagellar C-ring 

The interaction of CheY-P and FliM is mediated by the conserved N-terminal 

‘EIDAL’ motif of FliM. Structural analysis revealed an amphipathic interface of 

CheY with the helical ‘EIDAL’ motif (193, 194). In B. subtilis one side of the helical 

motif binds via polar interaction, while the other side attaches to CheY through a 

hydrophobic patch. Gln8, Asp12 and Asn16 from the conserved ‘EIDAL’ motif 

(LSQxEIDALLN) form the polar face, while Ile 11, Leu14 and Leu 15 

(LSQxEIDALLN) are involved in hydrophobic interactions. 

In B. subtilis, the flagellar C-ring possesses two EIDAL motifs, one at both C-ring 

proteins FliM and FliY. While CheY-P interacts with the ‘EIDAL’ motif of FliM, I 

was able to demonstrate that the ‘EIDAL’ motif of FliY binds to the ATPase FlhG 

(55, 176, 277). This implicates that the EIDAL motifs have to be able to discrimi-

nate between these proteins, even though sequence alignments of the N-termini 

of FliM and FliY are highly homologous (Figure 84). 
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Figure 84. Interaction of CheY with FliM ‘EIDAL’. (A) displays the cartoon representation of 

CheY in complex with the N-terminus of FliM of B. subtilis (pdb: 2B1J) coloured in rainbow. Sec-

ondary structure elements are depicted and the N-terminus of FliM (red) is indicated. (B) illus-

trates the hydrophobic side of the interaction interface of CheY (grey) and FliM-‘EIDAL’ (red) high-

lighted by a dashed circle. Important residues are marked as sticks. The polar side of the interface 

of CheY and FliM coloured as in (B) is shown in (C). Polar contacts are indicated with dashed 

lines and essential residues are indicated. 

In the Gram-negative bacterium S. putrefaciens, the C-ring of the polar flagellum 

comprises FliM and FliN and therefore only one ‘EIDAL’ motif at the N-terminus of 

FliM1. In the lateral system, FliM2 lacks the conserved ‘EIDAL’ motif completely. 

Our studies showed that FlhG interacts with the ‘EIDAL’ motif of the polar FliM1, 

raising the question about the CheY-P interface. Previous studies demonstrated 

that only the polar system responds to chemotaxis, indicating that again the 

‘EIDAL’ motif, which is absent in the lateral system, provides the binding site for 
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CheY-P. Assuming that both proteins share the same interaction interface at the 

flagellar C-ring, a competitive situation is expected in S. putrefaciens.  

The specificity for FlhG or CheY in B. subtilis or the promiscuity to interact with 

both FlhG and CheY, which might occur in S. putrefaciens, can either be encoded 

in subtle differences of the ‘EIDAL’ motifs themselves or may be provided by their 

respective protein environment. An alignment of the first 30 amino acids of 

BsFliM, BsFliY, GtFliM, GtFliY and SpFliM1 shows that the ‘EIDAL’ motifs indeed 

exhibit subtle differences on amino acid level (Figure 85). All ‘EIDAL’ motifs that 

are supposed to bind FlhG (i.e. ‘EIDAL’s from BsFliY, GtFliY, SpFliM1) share a 

conserved aspartate within the ‘EIDAL’ motif and a conserved glycine residue 

after the ‘EIDAL’ motif (residues marked with an arrow). ‘EIDAL’ motifs that are 

supposed to exclusively bind CheY on the other hand, share a conserved SxGEM 

motif in close proximity after the ‘EIDAL’ motif (Figure 85). 

 

Figure 85. Alignment of ‘EIDAL’ motifs. The alignment includes the 30 N-terminal residues of 

BsFliY, GtFliY, SpFliM1, BsFliM and GtFliM. The arrows mark two residues putatively vital for 

discrimination between FlhG and CheY. Organisms are abbreviated: G. thermodenitrificans (Gt); 

B. subtilis (Bs); S. putrefaciens (Sp). 

Whether these slight variations are sufficient to differentiate between FlhG and 

CheY or allow the binding of both, needs further experimental proof. The ob-

served variations and similarities may also result from phylogenetic issues, as the 

alignment only comprises 5 motifs, of which 4 are taken from Firmicutes. 

Whether FliM1 in S. putrefaciens is indeed capable of binding CheY as well as 

FlhG also needs further experimental investigations. However, if this holds true, a 

scenario is possible where FlhG has a higher affinity to the ‘EIDAL’ motif than 

CheY-P, preventing CheY-P from binding to the flagellar C-ring during flagellar 

biogenesis. And therefore inhibit chemotaxis signalling while the flagellum is 
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under construction. This scenario again involves an additional factor, which re-

leases FlhG from the C-ring upon completion of basal body or C-ring assembly. 

 

3.4.2 CheC phosphatase domain of FliY 

The third C-ring component in B. subtilis, FliY, displays an unusual domain ar-

chitecture compared to its orthologues FliN. In addition to the FliN-homology do-

main at the C-terminus, it comprises an N-terminal ‘EIDAL’ motif and a globular 

middle domain. This globular domain represents a CheC-like phosphatase with 

two active sites that is able to dephosphorylate the chemotactic response regu-

lator CheY-P (183, 184). In B. subtilis FliY together with CheC and CheD are re-

sponsible to restore CheY-P levels after external stimuli (187). 

 

Figure 86. The FliM and FliY middle domains. (A) shows the cartoon representation of the 

middle domain of FliM of H. pylori (pdb: 4FQ0) displayed in green. A dashed line marks the 

interaction interface with FliG. (B) shows the cartoon of the crystal structure of the CheC-like 

phosphatase domain of FliY of T. maritima (pdb: 4HYN) in red. Active sites are indicated in light 

red and marked by arrows. (C) An overlay of both structures reveals the close structural homology 

of both domains. 

A structural comparison of the middle domain of FliM, which is responsible to bind 

FliG and the CheC phosphatase of FliY display a high structural homology. Both 

domains share the same fold with two long helices nestled to an arch composed 

of six antiparallel β-strands, surrounded by three short helices (Figure 86). In 
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FliM the C-terminal tip of helix α2, the N-terminal tip of helix α3 and a loop region 

in between form the platform for the interaction with the middle domain of FliG 

(278). The active sites of the phosphatase of FliY are located in the N-terminal 

segment of both long helices (Figure 86B). Although, the structures also re-

vealed that the FliM-FliG interface region on FliM is structurally conserved in FliY, 

it is not able to interact with the FliG middle and C-terminal domain, as it was ob-

served for FliM (Figure 87AB) (279). On sequence level one motif of the inter-

face is conserved in FliY (DxhhGGxG), while a second one exhibits opposite 

charges (RxxxxIE in FliM, ExxxxIK in FliY) (Figure 87C).  

 

Figure 87. The FliM/FliG interaction interface. (A) displays a cartoon representation of a 

complex of the middle domain of FliM (FliMM, green) and the middle domain of FliG (FliGM, grey; 

pdb: 4FQ0). The interaction interface is coloured in light green (FliMM) and black (FliGM). (B) 

indicates a model of a putative complex of the FliY CheC phosphatase domain (FliYM, red; pdb: 

4HYN) and the FliG middle domain (grey). (C) The inlay provides a detailed image of the 

interaction interface with superimposed FliMM and FliYM structures. Vital residues are shown as 

sticks and important motifs are depicted in the one letter code in the respective colour. 

The presence of a CheC phosphatase, which inactivates phosphorylated CheY at 

the flagellar C-ring, where it fulfils its task of switching the rotation of the flagel-

lum, is an unusual feature among bacteria. However, compared to E. coli, 



Discussion 

 124 

B. subtilis possesses an inverse chemotaxis system meaning in its default state 

B. subtilis tumbles, while E. coli swims smoothly. Niche-specific conditions might 

render a fast regeneration of elevated CheY-P levels more important for 

B. subtilis than E. coli.  

 

3.5 Differential regulation of flagellation patterns 

One aim of this doctoral thesis was to investigate how the conserved regulatory 

device consisting of FlhF and FlhG can regulate monotrichous flagellation in 

S. putrefaciens, peritrichous flagellation in B. subtilis as well as other flagellation 

patterns in different bacteria. Our experimental approach revealed that FlhG ex-

hibits the same key features and acts according to the same principles in 

S. putrefaciens and B. subtilis. Therefore, the discrimination is not encoded in 

FlhG itself. Whether FlhF is capable of directing flagella to the cell pole in polarly 

flagellated bacteria and positioning flagella at a lateral site in peritrichously 

flagellated bacteria is not clear. The fact that both proteins exhibit species-

specific interaction partners in different organisms provides a second possible 

scenario that allows the discrimination between different patterns in versatile 

organisms. Corroborating literature reports, our data demonstrate that FlhG 

interacts with universally conserved proteins such as components of the flagellar 

C-ring as well as proteins, which are specific for a certain bacterial family or for 

several species. In the following, these proteins will be called species-specific 

interaction partners. A combination of universal and species-specific interaction 

partners provides an ideal basis to regulate different flagellation patterns in 

versatile organisms based on the same principles. 

 

3.5.1 Species-independent interaction partners of FlhF and FlhG 

The interaction between FlhF and FlhG and the stimulation of the FlhF GTPase 

through the N-terminal activator motif of FlhG is central to the interconnection 

between both regulatory circuits and therefore constitutes a universal feature of 

this module. This interaction is only characterized in B. subtilis so far (118). As 

highly conserved building blocks of the flagellar basal body FliF and FliG might 
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represent candidates for species-independent interaction partners for FlhF and 

FlhG, respectively. Our data demonstrates that FlhG interacts with FliG in the 

presence of ATP and lipids in G. thermodenitrificans. Due to the high conserva-

tion of FliG in different bacterial species, it can be assumed that FliG is general 

member of the FlhG interaction network. However, further experimental data are 

required to confirm this interaction in different organisms. The interaction of FlhG 

and FliG seems to play a role during C-ring assembly, although the exact mecha-

nism is unclear. FlhF is required to direct FliF to the cell pole in P. aeruginosa, 

whether this is achieved through physical interaction of FlhF and FliF or indirectly 

remains elusive (125). 

 

3.5.2 Diversity of C-ring components 

The flagellar C-ring is an essential part of the flagellar basal body harbouring the 

switch complex and is thus present in all flagellated bacteria. However, its archi-

tecture differs between bacterial species. While FliG and FliM are highly con-

served, the third component FliN(Y) differs in size and domain composition. All 

FliN(Y) proteins share a highly conserved C-terminal dimerization domain of ap-

proximately 12 kDa (FliN-homology domain). In Vibrio, Shewanella and 

Pseudomonas species, which are mainly monotrichously flagellated, FliN only 

consists of this domain. In H. pylori and C. jejuni, FliN comprises an additional 

20 kDa domain located N-terminally to the FliN domain. The actual function of 

this domain has not been elucidated so far. In B. subtilis and 

G. thermodenitrificans FilY is composed of a CheC-phosphatase domain followed 

by a predicted unstructured linker region of 40-80 amino acids and the conserved 

FliN domain at its C-terminus. In contrast to all other FliN(Y) homologues, it also 

contains an ‘EIDAL’ motif at the very N-terminus (Figure 88). Although FlhG 

interacts with the flagellar C-ring in S. putrefaciens and B. subtilis, it interacts with 

different C-ring components in these two species. These differences in the 

architecture of the C-ring and the variation of the FlhG binding sites was 

neglected so far and may play a vital role in the maintenance of different 

flagellation patterns.  
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3.5.3 Species-specific interaction partners of FlhF and FlhG 

Besides FliG, FliM and FliY, FlhG interacts with proteins, which are limited to 

certain bacterial species or families. In the mainly monotrichously flagellated 

Vibrio, Shewanella and Pseudomonas species FlhG interacts with the master 

regulator of flagellar gene transcription FleQ/FlrA, which might restrict flagella 

number to one in these bacteria. Bacteria with more than one flagellum lack a 

FleQ/FlrA homologue protein (Figure 88). Thus, flagellar gene transcription relies 

on different regulatory mechanisms.  

 

Figure 88. Interaction partners of FlhF and FlhG. The occurrence of interaction partners of 

FlhF and FlhG in different bacterial families possessing FlhF as well as FlhG is summarized with 

the C-ring composition and the flagellation pattern of the respective bacteria. This figure was 

adapted from ref. (16). 

FleQ/FlrA, the polar ‘landmark’ protein HubP is only present in the genome of 

Vibrio, Shewanella and maybe Pseudomonas species and is known to interact 

with FlhF as well as FlhG (Figure 88). It is involved in the polar recruitment of 

FlhG and might therefore play a role for the positioning of a flagellum at the cell 

pole. Since a HubP homologue is missing in the genome of the peritrichous 
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B. subtilis, but also in the lophotrichous H. pylori and the amphitrichous C. jejuni, 

the polar location of the flagella are determined differently in both ε-

proteobacteria. The fact that FlhF finds its polar location independently of HubP 

indicates that the polar ‘landmark’ protein is not necessary for the initial 

placement of the flagellum. The plethora of interaction partners of HubP 

implicates an essential role in different cellular processes such as chromosome 

partitioning, chemotaxis and flagellation patterns control. Though, the actual 

mechanism remains unclear. GpsB a member of the late divisome on the other 

hand is exclusively found in B. subtilis and closely related species (e.g. 

G. thermodenitrificans) and interacts with FlhG in an ATP-dependent manner. 

Functional implications of this interaction are still to be deduced and experimen-

tally assessed. All these examples, summarized in Figure 88, provide an idea of 

how a conserved molecular switch may control different flagellation patterns 

depending on the respective interaction network. At this point we begin to 

understand the complex regulatory mechanisms underlying the determination of 

number and location of flagella in many bacteria. 

Although E. coli exhibits peritrichous flagellation as B. subtilis, it relies on a differ-

ent system for regulating number and location of flagella. E. coli lacks FlhF and 

FlhG as well as many interaction partners of these proteins and can therefore be 

considered as an exception concerning flagellation pattern regulation. 

 

3.5.4 The interaction network of FlhF and FlhG 

To further understand the regulatory network around FlhG and FlhF, it is not suf-

ficient to identify interaction partners, it is also essential to characterize at which 

state and where these interacting proteins influence FlhG and FlhF. 

Since purified FlhG is in its monomeric state, the in vitro pull down assays point 

towards an interaction of the FliM/FliN(Y) with monomeric FlhG in B. subtilis as 

well as S. putrefaciens. In addition, the flagellar C-ring complex FliM/FliN(Y) in-

teracts with FlhG in a nucleotide independent fashion. In vivo co-localization of 

FlhG and FliM is observed at the membrane, implicating that FliM may interact 

with the dimeric membrane-associated FlhG. All this data suggest that FlhG is 

able to bind the C-ring complex FliM/FliY in its monomeric as well as in its dimeric 
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state, which is also supported by the crystal structures, showing that the interac-

tion interface, helices α6 and α7, is available in both conformations (Figure 89). 

The interaction with the third C-ring component FliG strongly depends on the 

presence of ATP and lipids, that mimic a membrane. I therefore conclude that 

FlhG interacts with FliG as a membrane-associated homodimer. This interaction 

might take place at the nascent flagellar basal body where FliG binds to the inte-

gral membrane protein FliF (Figure 89).  

 

Figure 89. The interaction network of FlhF and FlhG. The scheme illustrates the regulatory 

circuit of FlhF and FlhG, displaying interaction partners of both proteins and at which stage these 

proteins presumably interact with FlhF or FlhG (PM: plasma membrane and IM: inner membrane). 

The limited data on the interaction with GpsB points towards an interaction in 

close proximity to the membrane, as the binding is exclusively observed in the 

presence of ATP (Figure 89). As part of the divisome GpsB is located at the 

membrane corroborating this hypothesis. However, further characterization of the 

interaction is still needed. 

Since FlhG interacts with the DNA binding domain of FlrA in S. putrefaciens, it 

may prevent FlrA from binding to the promotor region of flagellar genes thus in-
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hibiting gene transcription. I infer that in monotrichously flagellated bacteria, FlhG 

allows the assembly of one flagellum, coordinates the biogenesis of the basal 

body in concert with FlhF and binds the master regulator FleQ/FlrA after com-

pletion of the basal body preventing the assembly of a second flagellum. FlhG 

may thus interact with FleQ/FlrA after release from the membrane in its mono-

meric state in the cytoplasm. In V. cholerae the integral membrane protein HubP 

serves as a polar landmark and directly interacts with FlhG and FlhF at the cell 

pole (Figure 89) (139). This scenario would indicate that it interacts with an FlhF 

and FlhG dimer, although direct evidence is missing. Further studies are also re-

quired to elucidate the mode of interaction of FlhG or FlhF and HubP. The re-

cruitment of the first component of the flagellar basal body FliF through FlhF 

might indicate an interaction between these two proteins. However, a putative 

interaction between FlhF and FliF is not biochemically characterized in literature. 

Since FliF is an integral membrane protein, an indirect recruiting mechanism 

seems more probable than direct interaction. As FlhF belongs to the family of 

SRP-GTPases, it might be involved in co-translational targeting and insertion of 

FliF into the membrane at the correct location at the cell pole. 

Although parts of the network have now been elucidated, there are still puzzle 

pieces missing to obtain a complete picture. Especially, further insights into the 

cellular role of FlhF will be crucial to understand the regulatory mechanisms un-

derlying flagellation pattern control. In this context the so far uncharacterized B-

domain of FlhF seems to be the key to elucidate the biological function of FlhF. In 

summary, in monotrichous bacteria FlhG is mainly involved in regulating the 

number of flagella, whereas FlhF seems to determine the position of flagellar as-

sembly. Presumably, further factors that contribute to the complex regulatory 

network that determines number and location of the flagella biogenesis have to 

be identified. 

 

3.5.5. Current working hypothesis 

Consolidating literature as well as our data, I infer a working hypothesis in which 

FlhF initiates flagellar biogenesis by directing the first component of the basal 

body to the future flagellar assembly site. Whether this targeting step is realised 
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through the association of FlhF with a special ‘landmark’ protein (e.g. HubP) or 

through interaction with specific lipids, enriched at the correct location is still 

enigmatic. The fact that polar localization of FlhF occurs independently of HubP 

in V. cholerae may point towards the second scenario (Figure 90A). 

During basal body biogenesis, FlhG assists in the assembly of the flagellar C-ring 

by recruiting and facilitating the correct assembly of the FliM/FliN(Y) complex to 

FliG, which is supposed to complete the flagellar basal body (Figure 90B). 

Whether the assembly itself or a polar ‘landmark’ protein directs FlhG to its cor-

rect location remains unclear. Accumulation of FlhG in close proximity to the 

membrane leads to ATP-dependent dimerization of FlhG and presumably to an 

interaction with FliG. After the assembly of the basal body FlhF and FlhG reside 

at the nascent flagellum, where the FlhG dimer may trigger the GTP hydrolysis of 

FlhF. Subsequently, the FlhF dimer falls apart and FlhF is released from the 

membrane, entering its inactive cytoplasmic ‘OFF’ state (Figure 90C). How FlhG 

is released from the membrane remains elusive. However, in vivo localization 

demonstrates that it only temporarily resides at the basal body. The presence of 

special lipids might either be sufficient to trigger release or an additional factor will 

be required to stimulate ATP hydrolysis of FlhG. The requirement of a complete 

basal body or a substructure for the release of FlhG would represent a con-

venient control mechanism of the flagellar basal body, prior to the secretion of 

late flagellar substrates. After assembly of the first basal body, FlhG may inhibit 

the transcription of flagellar genes to restrict the number of flagella to one through 

its interaction with the flagellar master regulator FleQ/FlrA in monotrichously flag-

ellated bacteria (Figure 90D). How the number of flagella is determined in other 

bacteria is still not clear. Notably in H. pylori deletion of flhG leads to aflagellated 

bacteria, indicating an opposite effect of FlhG on the number of flagella and a 

different mechanism of counting (64).  

Our current working model emphasises that the full extent of the complex 

regulatory network that underlies flagellation pattern maintenance is still 

unknown. Although I was able to provide new insight into the molecular 

mechanism of FlhG and to identify novel interaction partners and putative 

candidates, crucial puzzle pieces are still missing 
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Figure 90. Current working hypothesis. (A) shows how FlhF is involved in targeting the first 

component of the flagellum to the future assembly site. How this is achieved remains unclear. 

‘Landmark’ proteins such as HubP as well as a special lipid composition might play a role for this 

process. After initiation of basal body assembly, FlhG assists in assembling the flagellar C-ring, 

which is one of the last components of the basal body (B). (C) shows how after completion of the 

basal body assembly FlhG is able to inactivate FlhF by stimulating GTP hydrolysis. The FlhF di-

mer falls apart and dissociates from the membrane. How FlhG is released from the basal body 

remains enigmatic. A special release factor or certain lipids might be of importance for FlhG re-

lease. In its monomeric, cytoplasmic state FlhG might interact with the master regulator of flagellar 

gene transcription FlrA in monotrichously flagellated bacteria to restrict the number of flagella to 

one (D). This figure was adapted from ref. (16). 

The challenges I faced by reconstituting C-ring assembly in vitro, displayed that 

there might be more than a couple of proteins to flagellar regulation. It seems 

likely that it also requires the presence of special lipids, secondary metabolites or 

other cellular components. 
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Future perspective 

4.1 Hallmarks of flagellation pattern maintenance 

In this work I provided evidence that the regulatory circuit of FlhG is conserved 

and operates according to the same mechanistic features in many flagellated 

bacteria through a comparative study using the peritrichous Gram-positive 

B. subtilis and the monotrichous Gram-negative S. putrefaciens as model organ-

isms. FlhG seemed to be involved in the biosynthesis of the basal body presum-

ably coordinating the assembly of the C-ring. Since C-ring assembly is a late step 

of basal body biogenesis, it does neither explain how the number nor the location 

of flagella is determined. Referring to the discussion, we are just beginning to 

understand the mechanisms of flagellar organisation and important puzzle pieces 

are still missing. Especially, enlightening three major processes, detailed in the 

following, might become crucial to elucidate the mechanisms of the regulatory 

network underlying flagellation pattern control. 

 

4.1.1 Determination of the flagellar assembly site 

To get insights into how the location of a future flagellum is determined, it is nec-

essary to know how the first component of a flagellum is targeted to its correct 

position. A recent study reports that FlhF is directly involved in recruiting the first 

component of the basal body, the membrane protein FliF (125). The actual 

mechanism how FlhF directs FliF to the flagellar assembly site is still enigmatic. 

Since FlhF is the third member of the SRP-GTPase family and forms homodi-

mers, it might represent a kind of ‘pseudo’ SRP system, which recruits ribosomes 

translating the message of early flagellar components to the future flagellar as-

sembly site. The so far poorly characterized B-domain of FlhF is presumably cru-

cial for this process. However, how FlhF finds the site of flagellar biogenesis re-
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mains to be assessed in detail. Although FlhF interacts with the polar ‘landmark’ 

protein HubP in V. cholerae, it localizes at the cell pole independently of the 

presence of HubP, implicating that HubP is not the landmark for the future flagel-

lum. Whether another polar ‘landmark’ protein is responsible for polar localization 

of FlhF in V. cholerae or whether FlhF associates to membrane domains that are 

enriched with a certain lipid species is subject of future research. Elucidating the 

molecular mechanisms underlying the localization of FlhF and targeting of early 

flagellar components to the future flagellar assembly site may greatly contribute 

to understand formation of the flagellation patterns. 

 

4.1.2 How do bacteria count the correct number of flagella? 

After each cell division process, bacteria do not only precisely position new fla-

gella but also reproducibly establish a certain number of these locomotion orga-

nelles. It is still unknown how bacteria count the correct number of flagella that 

has to be assembled. In monotrichous Vibrio, Pseudomonas and Shewanella 

species FlhG may restrict the number of flagella to one, through its interaction 

with the master regulator of gene expression FleQ/FlrA. After the assembly of the 

first flagellum, FlhG simply inhibits the transcription of further early flagellar 

genes. How this is achieved in bacteria that possess more than one flagellum, 

remains unclear. Since no FleQ/FlrA homologue is encoded in the genome of 

these bacteria, determination of the correct number has to rely on a different 

mechanism. The assembly of more than one flagellum represents a more com-

plex task and might therefore require more sophisticated regulatory devices in-

cluding feedback loops. The role of FlhG in these transcriptional regulation net-

works may differ between peritrichous, lophotrichous and amphitrichous bacteria 

and has to be assessed for each flagellation pattern. 

Also, it is not clear how bacteria reinitiate flagellar biosynthesis after cell division, 

if FlhG blocks the transcription after the assembly of the first flagellum, which 

would result in at least one aflagellated cell. This strongly indicates that vital cel-

lular processes such as cell division, chromosome partitioning, chemotaxis and 

the production of the flagellum are intimately linked and may influence each 

other. 
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4.1.3 Linking vital cellular processes through MinD/ParA 
ATPases  

MinD/ParA ATPases are central to many spatial orchestration processes in the 

bacterial cell, for example chromosome segregation through ParA, cell division 

site determination through MinD, arrangement of chemotaxis arrays through ParC 

and maintenance of flagellation patterns through FlhG (111-117). To ensure sur-

vival and proliferation of a bacterial cell, all these systems have to be orches-

trated to guarantee that the chromosomes are segregated prior to cell division or 

that chemoreceptors are clustered in the neighbourhood of flagella. How these 

individual systems communicate with each other is still not known. It also remains 

enigmatic to which degree these systems influence each other. Does the location 

of flagella influence the positioning of chemotaxis arrays? Or vice versa? 

In the monotrichous V. cholerae the polar ‘landmark’ protein HubP, which inter-

acts with several MinD/ParA ATPases, may represent a central node for coordi-

nating these vital MinD/ParA ATPase dependent processes. The binding of a 

certain interaction partner may alter the binding affinities for other interaction 

partners or even inhibit the binding of certain proteins, thereby orchestrating the 

spatial distribution of MinD/ParA ATPases. Other bacteria that lack HubP may 

have developed a different strategy through linking individual systems instead of 

providing a central hub. In the peritrichous B. subtilis GpsB as interaction partner 

of FlhG and part of the divisome might couple cell division and the flagellar bio-

genesis. To unravel the complex interconnection of the individual MinD/ParA 

systems and their mechanistic details, remains a project for future experimental 

assessment. 
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Materials and methods 

5.1 Materials 

 

5.1.1 Chemicals, enzymes and combustibles 

Chemicals were purchased from Sigma Aldrich, Roth and AppliChem in highest 

purity available. Chemicals were used as received without further purification ex-

cept stated. Lipids, used for the preparation of LUVs for the usage in flotation as-

says were purchased from Avanti polar lipids.  

Combustible laboratory equipment (1.5/2.0 ml reaction tubes, 15/50 ml Falcon 

tubes, pipette tips as well as syringes) was supplied by Sarstedt and Braun. 

Other equipment (pipettes, heating block, vortexers and power supplies) was 

purchased from Neolab. Electronic pipettes were purchased from eppendorf. 

 

5.1.1.1 Enzymes and cloning equipment 

Restriction enzymes and further reagents (dNTPs, BSA solution, reaction buffers) 

for molecular cloning and genetic manipulations were supplied by New England 

Biolabs, Biozym Scientific GmbH and Fermentas. Plasmid preparation and gel 

extraction of amplified or plasmid DNA were performed using kits from Qiagen 

(QIAprep spin Miniprep kit and QIAquick Gel Extraction Kit, respectively) accord-

ing to the manual provided by the manufacturer. As size standard for agarose 

gels, Quick-Load® Purple 2-log DNA ladder (0.1 -10.0 kb) and Gene RulerTM 

(1 kb) was employed, which was provided by New England Biolabs and Thermo 

Scientific, respectively. Protein variants were generated using the QuickChange II 

site-directed mutagenesis kit ordered from Agilent Technologies. MWG-Biotech 

AG sequenced all plasmids and PCR products. 
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5.1.1.2 Protein biochemistry 

Purified proteins were concentrated using Amicon Ultra-15 centrifugal filter units 

(10 k, 30 k and 50 k size exclusion) purchased from Merck Millipore. PageRulerTM 

prestained protein ladder 10-180 kDa, PageRulerTM unstained broad range pro-

tein ladder and Pierce unstained protein MW marker from Life technologies as 

well as Protein Marker EXtended PS13 (5-245 kDa) supplied by GeneOn, were 

used as size standards for SDS-PAGEs. Ni-NTA agarose and glutathione se-

pharose 4B were purchased from Qiagen and GE Healthcare, respectively. Spin 

columns and other equipment for pull down experiments were supplied by 

MoBiTec. 

 

5.1.1.3 Crystallization 

Crystallization experiments were performed in SWISSCI MRC 2-well and MRC 3-

well crystallization plates with 96 conditions on each plate. The JCSG core suite 

providing 386 crystallization conditions served as initial screen. Individual fine 

screens and additive screens were prepared in SWISSCI MRC 2-well and MRC 

3-well plates. Crystals were looped and flash frozen with equipment 

(CrystalWand Magentic, Mounted CryoLoops and CrystalCap HTTM Vial) ordered 

from Hampton Research.  

 

5.1.1.4 Data collection at the ESRF 

Diffraction data of crystals was collected at the ESRF in Grenoble, France at the 

beamlines ID 23-1 and 23-2.  

 

5.1.2 Plasmids 

Various plasmids were used in the scope of this work for different purposes. 

Firstly, pET24d (Kanamycin resistance) and pET16b (Ampicillin resistance) 

served as vectors for protein production of (His)6-tagged proteins, which also 

allowed co-production of different proteins due to different resistance markers. N-
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terminal GST-fusion proteins were generated using pGAT3 (Ampicillin re-

sistance). Genomic integrations in to B. subtilis were performed with pSG1164 

(280).  

 

5.1.3 E. coli strains 

Large-scale protein production for crystallography and biochemical assays was 

carried out in phage resistant, chemically competent E. coli BL21 (DE3) (Life 

technologies). For plasmid amplification chemically competent E. coli DH5α (Life 

technologies) were employed. 

 

5.1.4 Buffers and growth media 

5.1.4.1 Media 

E. coli was cultured in LB broth (20 g/l) ordered as a premix from Roth. LB broth 

was sterilized before usage. 

 

5.1.4.2 List of buffers 

PBS buffer was used in pull down assays where stated.  

PBS buffer, pH 7.4 

137 mM NaCl 

2.7 mM KCl 

10 mM Na2HPO4 

1.8 mM KH2PO4 
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E. coli cells were resuspended in lysis buffer before cell lysis and subsequent Ni-

NTA purification.  

Lysis buffer 

20 mM HEPES, pH 8.0 

250 mM NaCl 

20 mM KCl 

20 mM MgCl2 

40 mM imidazole 

 

(His)6-tagged proteins were eluted from the Ni-NTA column using the Ni-NTA 

elution buffer 

Ni-NTA elution buffer 

20 mM HEPES, pH 8.0 

250 mM NaCl 

20 mM KCl 

20 mM MgCl2 

500 mM imidazole 

 

This buffer was used for SEC. 

SEC buffer 

20 mM HEPES, pH 7.5 

200 mM NaCl 

20 mM KCl 

20 mM MgCl2 
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GST-tagged proteins were eluted from glutathione sepharose or from a GST-trap 

column employing GSH elution buffer. 

GSH elution buffer 

50 mM TRIS, pH 7.9 

20 mM glutathione 

 

Quench buffer was employed to stop the 1H/2H exchange reaction during HDX 

measurements. 

Quench buffer (HDX) 

400 mM KH2PO4/H3PO4, pH 2.2 

 

LUVs for flotation assays were prepared in flotation assay buffer. 

Flotation assay buffer 

100 mM Phosphate, pH 7.5 

750 mM NaCl 

10 mM MgCl2 

1.2 M Sucrose 
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5.1.4 Laboratory equipment 

Equipment Supplier 
FPLC systems   

Äkta pruifier GE Healthcare 

Äkta prime GE Healthcare 

Centrifuges   

Sorvall LYNX 6000 Thermo Scientific 

A27-8 x 50 Fixed Angle Rotor Thermo Scientific 

Fiberlite™ F9-6 x 1000 LEX Fixed Angle 
Rotor Thermo Scientific 

Optima MAX-XP Tabletop Ultracentrifuge Beckmann Coulter 

MLS-50 swing out rotor Beckmann Coulter 

Heraeus Meagfuge 40R Thermo Scientific 

Heraeus Fresco 21 Centrifuge Thermo Scientific 

Heraeus Pico 21 Centrifuge  Thermo Scientific 

Columns   

HiLoad 26/600 Superdex S200 pg GE Healthcare 

HiLoad 26/600 Superdex S75 pg GE Healthcare 

Superdex S200 10/300 GL GE Healthcare 

HisTrap FF 1 ml and 5 ml GE Healthcare 

GSTrap FF 1 ml GE Healthcare 

EC 250/4.6 Nucleodur HTec 3 µm Machery/Nagel 

HDX equipment   

Orbitrap Velos Pro Thermo Scientific 

HPLC pump 1260 Infinity Agilent Technologies 

HPLC pump 1100 Series Agilent Technologies 

Pepsin column self-made 

Trap column self-made 

EC50/2 NUCLEOSHELL®, C18, 2.7µm Machery/Nagel 

Manual TL injection valve Agilent Technologies 

2/6 SwiValve Agilent Technologies 

Microscopes 

 Leica SP 8 Leica 

100X HCX PL APO STED Objective (NA 1.4) Leica 

Olympus SZ-ST Olympus 

SZM-2 Optika Microscopes 

Incubators   

WiseCube Wisd laboratory instruments 
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Incucell MMM Medcenter Einrichtungen GmbH 

SDS-PAGE equipment Biorad 

Agarose Gel equipment Cleaver Scientific  

T 100TM Thermo Cycler Biorad 

M-110L Microfluidizer Microfluidics 

GEL iX20 Imager Intas 

Gryphon LCP ARI-Art Robbins Instruments 

Peristaltic pump Gilson 

NanoDrop Lite Thermo Scientific 

 

 

5.2 Methods 

5.2.1 Molecular cloning 

Genes encoding for the proteins used in this study were amplified from genomic 

DNA of B. subtilis PY79, G. thermodenitrificans NG80-2 as well as 

S. putrefaciens CN-32 by polymerase chain reaction (PCR) using Q5 High-

Fidelity DNA polymerase according to the manufacturers manual. Primers were 

designed according to the following gene annotations: B. subtilis PY79: 

(U712_08620 (flhG); U712_08570 (fliM); U712_08575 (fliY); U712_08580 (cheY); 

U712_10735 (gpsB); G. thermodenitrificans NG80-2: (GTNG_1094 (flhG); 

GTNG_1083 (fliM); GTNG_1084 (fliY); GTNG_1073 (fliG); GTNG_2544 (minC); 

S. putrefaciens CN32: (Sputcn32_2560 (flhG); Sputcn32_2569 (fliM1); 

Sputcn32_2568 (fliN1); Sputcn32_3479 (fliM2); Sputcn32_3480 (fliN2); 

Sputcn32_2580 (flrA) Sputcn32_2442 (hubP)). A (His)6 tag was encoded in either 

the forward or reverse primer. A list of primers used in this work is provided in the 

appendix (Table S3). 

Protein variants were generated using the QuickChange II site-directed 

mutagenesis kit (Agilent Technologies). The flhG-yfp fusion was made by cloning 

the last 500 coding bp of flhG (ylxH gene) into the plasmid pSG1164 (280). A list 

of plasmids used in the scope of this work is provided in the appendix (Table S4). 
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5.2.1.1 Plasmid preparation 

Plasmid preparation was performed using the QIAprep spin Miniprep kit (Qiagen) 

according to the manufacturer’s manual (www.qiagen.com). Briefly, E. coli DH5α 

were grown over night in the presence of the respective resistance marker and 

the cells were harvested by centrifugation (3500 x g/4000 rpm, 10 min, 4 °C). The 

cells were subsequently lysed under alkaline conditions. Precipitated cell debris 

was removed by centrifugation (17 900 x g/13 000 rpm, 10 min, 4 °C) after neu-

tralization of the mixture. The supernatant was applied to the respective spin col-

umns, washed with buffer PE and eluted in 50 µl water by centrifugation (17 900 

x g/13 000 rpm, 2 min, 4 °C). All plasmids were stored at -20 °C. 

 

5.2.1.2 Gel extraction 

Amplified DNA was extracted from agarose gels using the QIAquick Gel Extrac-

tion kit (Qiagen) according to the manufacturer’s manual (www.qiagen.com). 

Breifly, the desired piece of gel was cut from the agarose gel and dissolved in 

buffer QG. The solution was applied to the respective spin columns, washed with 

buffer PE and eluted in 30 µl water by centrifugation (17 900 x g/13 000 rpm, 2 

min, 4 °C). DNA fragments and linearized vectors were stored at -20 °C. 

 

5.2.2 Strains and growth conditions 

All strains constructed in this study are summarized in the appendix (Table S5). 

In B. subtilis, an flhG-yfp fusion is expressed from the original genetic locus with a 

xylose inducible promotor controlling the downstream genes. For co-localization 

studies, a strain expressing fliM-cfp from the ectopic amyE locus (the plasmid 

was a kind gift of Daniel B. Kearns) was transformed with chromosomal DNA of 

the flhG-yfp strain. Functionality of fliM-cfp fusion has been demonstrated previ-

ously (71). The functionality of FlhG was verified intrinsically by co-expression 

with fliM-cfp, because defective FlhG immediately would have led to aberrant 

FliM foci, which were not observed (71). E. coli strains DH5α and BL21 (DE3) as 

well as B. subtilis PY79 were routinely grown in LB medium at 37 °C and 30 °C. 
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When required, media were supplemented with 100 µg ml-1 ampicillin, 50 µg ml-1 

kanamycin, and/or 10 % (w/v) sucrose.  

 

5.2.3 Protein production and purification 

For gene expression, E. coli BL21 (DE3) were grown in LB broth in the presence 

of the respective resistance marker (kanamycin (50 µg/ml) or ampicillin (100 

µg/ml)). Large-scale protein production was routinely performed under auto-in-

duction conditions, by adding D(+)-lactose-monohydrate (1.75 % (w/v)) to the 

medium and by incubating the culture at 30 °C for ~16 h under constant shaking 

(150 rpm). For induction with IPTG, cells were grown to an optical density (OD600) 

of approximately 0.8 prior to addition of 1 mM IPTG, except stated for the individ-

ual experiment. The cells were incubated 2-3 h after induction at 37 °C under 

constant shaking (150 rpm). The cells were harvested by centrifugation 

(3500 x g/4000 rpm, 20 min, 4 °C), suspended in lysis buffer and subsequently 

lysed using the M-110L Microfluidizer.  

After centrifugation (63 000 x g/23 000 rpm, 20 min, 4 °C) the clarified lysate was 

applied onto a 1 ml HisTrap FF column equilibrated with 10 column volumes (CV) 

of lysis buffer. After washing with 50 ml lysis buffer, proteins were eluted using 15 

ml Ni-NTA elution buffer. Protein-containing elution fractions were concentrated 

using Amicon Ultra-15 centrifugal filter units and subsequently applied to SEC, 

equilibrated with SEC buffer. Fractions were analysed using SDS-PAGE. Protein-

containing fractions were pooled and concentrated up to a concentration fitting 

the experimental requirements. The concentration was determined by 

spectrophotometer. FliM and FliY were co-expressed and co-purified via a hexa-

histidine tag at the C-terminus of FliM. A trimeric complex containing FliM, FliY 

and FlhG was co-purified using two histidine tags at the C-terminus of FliM and 

the N-terminus of FlhG. 

 

5.2.3.1 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out with self-prepared 12.5 % and 15 % polyacrylamide gels. The gels 
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were casted using the Mini-PROTEAN 3 Multi-Casting Chamber (Biorad) and 

stored at 4°C. Electrophoresis was performed in a Mini-PROTEAN® Tetra Cell 

with 240-260 V for 30-40 min. Further equipment for SDS-PAGE was supplied by 

Biorad and Neolab (power supply). After electrophoresis, the gels were stained 

with Coomassie Brilliant Blue R-250. A mixture of H2O (60 % (v/v)), ethanol (30 % 

(v/v)) and acetic acid (10 % (v/v)) served as destaining solution. 

 

5.2.4 Protein crystallization  

All crystallization experiments were carried out by the sitting-drop method at room 

temperature using the JCSG core suite. The reservoir volume was 50 µl and the 

drop volume was 1 µl, with a 1:1 mixture of protein and crystallization solution. 

Crystals of apo-GtFlhG were obtained from an 11.0 mg/ml solution after ~ 3 

weeks in 0.1 M HEPES pH 7.5, 10 % (w/v) PEG 8000, 0.1 M urea. Crystals of 

GtFlhG D60A were obtained from a 12.0 mg/ml solution after ~ 3 weeks in a 

buffer containing 0.1 M HEPES pH 7.0, 20 % (w/v) PEG 6000. Prior to 

crystallization, GtFlhG D60A was incubated with 4.4 mM ATP for 1 h on ice. 

 

5.2.5 Data collection, structure determination and analysis 

Prior to data collection, crystals were flash-frozen in liquid nitrogen after a short 

incubation in a cryo-protecting solution that consisted of mother-liquor 

supplemented with 20 % (v/v) glycerol. Data collection was performed at the 

ESRF in Grenoble, France under cryogenic conditions beamlines: ID23-2 

(GtFlhG) and ID 23-1 (dimeric state of GtFlhG D60A). Data were recorded with a 

DECTRIS PILATUS 6M detector and processed using iMosflm (205) as well as 

the CCP4-implemented program SCALA (206). The structures were solved by 

MR with CCP4-integrated PHASER (207), built in COOT (208) and refined using 

PHENIX refine (209). Figures containing crystal structures or superimpositions of 

crystal structures were designed with PyMol (www.pymol.org). 
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5.2.6 Implementation of hydrogen deuterium exchange mass 
spectrometry (HDX) 

The column equipment (guard columns, frits, precolumn filters) was purchased 

from Postnova analytics GmbH. POROS® R1, 10 µm Self Pack® Media (Applied 

Biosystems) served as resin for the trap column. Pepsin was immobilized on 

POROS® AL, 20 µm Self Pack® Media (Applied Biosystems) using the amino 

group of lysine residues, which form a Schiff base with free aldehyde moieties of 

the resin. Roche and Sigma Aldrich supplied pepsin and sodium 

cyanoborohydride, respectively. 

 

5.2.6.1 preparation of the pepsin column 

In a first step, 160 mg pepsin (Roche) was dissolved in 50mM sodium citrate 

(pH 4.4). Subsequently, 0.5 g POROS® AL, 20 µm was added and 5 times 

inverted, which leads to the formation of the Schiff base between resin and 

pepsin. Afterwards, two dry crumbs (3 mm diameter) of sodium cyanoborohydride 

(Sigma Aldrich), were added. Adding 100 µl of 2 M sodium sulphate every 3 min 

over a time period of 2 h (4 ml in total) results in salting out of pepsin on the resin 

surface increasing the local concentration and the immobilization efficiency. The 

mixture was incubated over night at 4 °C and inverted from time to time. The next 

after addition of 160 µl of 2 M TRIS (pH 7.6) buffer the mixture was again incu-

bated at 4 °C for 2-4 h and inverted now and then. Finally the mixture was 

washed 7 times with 0.1 % formic acid and subsequent centrifugation at 50 x g/ 

700 rpm, for 3 min at 4 °C. The ready prepared pepsin resin is stored in 0.1 % 

formic acid and 0.05 % sodium azide at 4 °C. The column was prepared accord-

ing to the manufacturer’s instructions using the guard column kit (Postnova 

analytics GmbH). 

 

5.2.7 HDX measurements 

Hydrogen deuterium exchange experiments were performed as described earlier 

(211, 281, 282). 200 pmol purified and concentrated GtFlhG, GtFliY as well as 
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the complexes GtFlhG/FliY, GtFliM/FliY and GtFliM/FliY/FlhG (50 µM) were di-

luted 10-fold into D2O-containing SEC buffer and incubated at 37 °C to allow 
1H/2H exchange (50 µl in total). The reaction was subsequently quenched after a 

certain incubation time (30 or 60 s) by decreasing the temperature to 0 °C and 

adding 1 equivalent (50 µl) of chilled Quench buffer. The samples were 

immediately injected onto HPLC. Peptic peptides from the on-line digest were 

directly analysed by mass spectrometry and the deuterium content was 

calculated using HDX workbench (239). Relative deuterium incorporation was 

calculated based on the centroids of the molecular ion isotope distribution 

extracted from the software. For adjustment, the 0 % control was treated with 

H2O buffer. Complete exchange was defined as 95 % of to the possible 

incorporation and applied to all samples, due to dilution and re-exchange during 

the HPLC run. 

HDX measurements of flagellin/FliS, FliW and flagellin/FliS/FliW were performed 

by Florian Altegoer according to the described protocol under my supervision. 

Wieland Steinchen performed HDX measurements of BsSAS1 in different nucle-

otide loaded states according to the described protocol under my supervision. 

 

5.2.8 Glutathione-S-transferase (GST) binding assays 

GST Pull down assays were performed in either PBS buffer at 4 °C or in SEC 

buffer at room temperature. 0.7 or 1 nmol of purified GST-protein was immobi-

lized on 15 µl Glutathione Sepharose 4B in small filter columns by incubation on 

a wheel for 15 min. 2 equivalents (1.4 or 2 nmol) of putative binding partners and 

2.5 mM of appropriate nucleotides were added and incubated for 10 min at the 

respective temperature on the wheel, except if stated differently in the experi-

ment. After centrifugation (3500 x g/4000 rpm, 1 min, 4 °C), the column was 

washed 3 times with PBS buffer. Proteins were eluted with 40 µl of GSH elution 

buffer and analysed by Coomassie-stained SDS-PAGE. 
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5.2.9 Ni-NTA affinity binding assays 

FlhG variants were investigated for their ability to bind FliM/FliY by Ni-NTA affinity 

Pull down assays from expression cultures. 100 ml expression culture of hexa-

histidine tagged FlhG variants and untagged FliM/FliY coexpression were mixed, 

harvested and lysed as stated (see: 5.2.3 Protein production and purification). 

300 µl of Ni-NTA agarose (Qiagen) was added to the clarified lysate and incu-

bated for 15 min on ice. After centrifugation (3500 x g/4000 rpm, 15 min, 4 °C) 

the lysate was discarded and the loaded Ni-NTA agarose was washed 3 times 

with 500 µl lysis buffer and subsequently centrifuged (3500 x g/4000 rpm, 5 min, 

4 °C). Proteins were eluted with 300 µl Ni-NTA elution buffer and analysed by 

Coomassie-stained SDS-PAGE. 

 

5.2.10 Fluorescence microscopy 

B. subtilis cells were cultivated in LB broth at 37° C to exponential growth phase 

(OD600 0.5) and immobilized on coverslips by S750 medium containing agarose 

pads (1 % w/v). To prepare agarose-pads for fluorescence microscopy, PBS was 

solidified by adding 1 % (w/v) agarose. B. subtilis strains were plated onto LB-

agar plates containing 0.5 % xylose and the respective antibiotics. Fluorescence 

microscopy was performed on a fully automated Leica SP 8 laser scanning mi-

croscope equipped with a 100X HCX PL APO STED Objective (NA 1.4), an argon 

ion laser source and Leica HyD detectors. The images were analysed using the 

Huygens (Scientific Volume Imaging) and LAS AF (Leica) software.  

 

5.2.11 Hydrolysis assays 

ATP hydrolysis was investigated using an HPLC-based assay. FlhG and its D60A 

variant were diluted to 20 µM (1 nmol) and supplemented with 2 mM ATP 

(100 nmol) and 25 µl of E. coli lipid vesicles. Hydrolysis assays were performed in 

SEC buffer at 37 °C with an incubation time of 1 h. Subsequent flash freezing in 

liquid nitrogen stopped the hydrolysis reaction. HPLC measurements were per-

formed with an Agilent 1100 Series HPLC system and a C18 column (Macherey-

Nagel). The samples were injected onto HPLC and run for 30 min with a buffer 
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containing 50 mM KH2PO4, 50 mM K2HPO4, 10 mM tetrapentylammonium 

bromide (TPAB) and 15 % (v/v) acetonitrile at 0.8 ml/min flow rate. ADP and ATP 

were detected by UV light at 260.8 nm and quantified (by peak area) using 

ChemStation (version: B.04.03; Agilent technologies). 

 

5.2.12 Flotation assays 

5.2.12.1 Preparation of large unilamellar vesicles (LUVs) 

2-oleoyl-1-palmitoyl-sn-glycero-3-phosphoethanolamine (PE) and (1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (PG) were supplied by 

Avanti Polar Lipids. Lipids were mixed in a ratio of 70 % PE and 30 % PG and the 

chloroform was evaporated under reduced pressure for 30 min. LUVs were pre-

pared in flotation assay buffer by extrusion technique (283). After 10 freeze-thaw 

cycles, lipids were passed 21 times through a 100 nm pore polycarbonate filter 

(Nucleopore) in a two syringe extruder (Avanti Polar Lipids), resulting large 

unilamellar vesicles (LUVs).  

 

5.2.12.2 Gradient ultra-centrifugation 

SEC purified proteins were mixed with 50 µl of LUV solution and incubated for 

20 min. Flotation gradient centrifugation was performed as described previously 

(284). OptiPrepTM Density Gradient Medium containing 60 % iodixanol was pur-

chased from Sigma Aldrich. Samples were mixed with 360 µl assay buffer con-

taining 50 % iodixanol, overlaid with 1.16 ml of assay buffer with 30 % iodixanol 

and finally overlaid by 450 µl assay buffer. After ultra-centrifugation for 3 h at 

217 000 x g/ 45 000 rpm in a swing-out rotor (MLS 50, Beckmann Coulter), the 

gradient was collected in three fractions (600 µl top, 800 µl middle, 600 µl bottom) 

and analysed by SDS-PAGE after TCA precipitation. Briefly, the separated 

fractions were treated with 100 µl trichloroacetic acid (TCA) and incubated 

overnight at -20 °C. After centrifugation for 20 min with 16 200 x g/13 000 rpm at 

4 °C, the pellets were washed with chilled acetone (500 µl) twice. Prior to SDS-

PAGE analysis, the remaining acetone was evaporated (2 min at 95 °C). 
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Appendix 

7.1 Supporting Tables 

Table S1. Crystallographic table 

 GtFlhG-monomer GtFlhG-dimer 

Data collection   

Space group P 212121 P 21 

Cell dimensions   

a, b, c (Å) 63.87 51.25 

 89.36 72.56 

 111.88 65.62 

α, β, γ (°) 90.00 90.00 

 90.00 93.73 

 90.00 90.00 

Energy (keV) 12.6616  

Resolution (Å) 51.96 – 2.80 41.8 – 1.90 

 (2.95 – 2.80) (2.00 – 1.90) 

Rmerge 0.136 (0.47)* 0.058 (0.247)* 

I / σI 11.7 (5.2) 12.0 (5.8) 

Completeness (%) 100 (100) 99.2 (99.4) 

Redundancy 5.1 (5.2) 3.9 (3.9) 

   

Refinement   

Resolution (Å) 47.4 – 2.80 29.84 – 1.90 

No. reflections 15916 36165 

Rwork/Rfree (%) 17.7/22.8 22.1/26.0 

   

No. atoms   

    Protein 3952 3743 

    Ligand 0 38 

    Water 57 246 
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R.m.s deviations   

    Bond lengths (Å) 0.008 0.008 

    Bond angles (°) 1.228 1.229 

Ramachandran (%)   

Preferred 96.64 96.90 

Allowed 3.12 2.69 

Outliers 0.20 0.41 

 

Table S2. Proteins found in the pull down experiments of GST-SpHubP102-580 

Protein Additionl information Coverage 

   50S ribosomal protein L1 

 

54 % 

50S ribosomal protein L2 

 

34 % 

50S ribosomal protein L3 

 

25.5 % 

30S ribosomal protein S2 

 

16.5 % 

   ArcA response regulator 19.3 % 

putative signalling transduction protein WP_011788148 18.6 % 

Methyltransferase Sputcn32_1759 10 % 

   phage shock protein A, PspA 

 

24 % 
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Table S3. List of oligonucleotides. The oligonucleotides listed below were used 

for molecular cloning in this work. 

Oligonucleotide Product RE Sequence (5' to 3') 

YlxH Geo D61A F FlhG D60A - ttgctggctcgatatggccatcggcatgggcaac 

YlxH Geo D61A R FlhG D60A - gttgcccatgccgatggccatatcgagccagcaa 

GtYlxH-K36Q-F FlhG K36Q - ggggtgggccagtcgaacgtttcgc 

GtYlxH-K36Q-R FlhG K36Q - gcgaaacgttcgactggcccacccc 

GtYlxH-Y173D-F FlhG Y173D - catgaccgacgcggatgccatgatgaaatatatg 

GtYlxH-Y173D-R FlhG Y173D - catatatttcatcatggcatccgcgtcggtcatg 

GtYlxH-K177E-F FlhG K177E - cgtatgccatgatggaatatatgcacgctg 

GtYlxH-K177E-R FlhG K177E - cagcgtgcatatattccatcatggcatacg 

GtYlxH-R199E-F FlhG R199E - cgccggcaaggaggaggaagggtatgaag 

GtYlxH-R199E-R FlhG R199E - cttcatacccttcctcctccttgccggcg 

GtYlxH-Y202D-F FlhG Y202D - ggagcgggaaggggatgaagtttttgagcgg 

GtYlxH-Y202D-R FlhG Y202D - ccgctcaaaaacttcatccccttcccgctcc 

GtYlxH-R207E-F FlhG R207E - ggtatgaagtttttgaggagctgaagcacgtcaccg 

GtYlxH-R207E-R FlhG R207E - cggtgacgtgcttcagctcctcaaaaacttcatacc 

GtYlxH-H210L-F FlhG H210L - gagcggctgaagctcgtcaccggtcg 

GtYlxH-H210L-R FlhG H210L - cgaccggtgacgagcttcagccgctc 

GtYlxH-R214E-F FlhG R214E - gaagcacgtcaccggtgagtttttaaacaaagatattg 

GtYlxH-R214E-R FlhG R214E - caatatctttgtttaaaaactcaccggtgacgtgcttc 

GtYlxH-F215S-F FlhG F215S - cacgtcaccggtcggtctttaaacaaagatattgcg 

GtYlxH-F215S-R FlhG F215S - cgcaatatctttgtttaaagaccgaccggtgacgtg 

Gt_YlxH_R234G_F FlhG R234G - gatcggacggtcgctggcgcggttgtcagccaaacgc 

Gt_YlxH_R234G_R FlhG R234G - gcgtttggctgacaaccgcgccagcgaccgtccgatc 
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GeoFliY-Nco-F FliY NcoI ttaaccatgggcaatgatggaatgttgtcgc 

GtFliM-C2-NcoIF FliM NcoI ttaaccatgggtgcccaattgccgattgtcgc 

GtFliM-dN-NcoI FliM ΔN25 NcoI ttaaccatgggcgcggaagaactaaaaaaggaagagg 

GtFliM-BamHI-R FliM BamHI ttaaggatccttattcatcataactttcttcgccc 

SpFliM1-Pci-F  FliM1 PciI ttaaacatgtctgatttattaagccaagacg 

SpFliM2-Xho6H-R FliM2 XhoI ttaactcgagttaatggtgatggtgatggtggccaatgtcgttctcc 

SpFliN1-Pci-F  FliN1 PciI ttaaacatgtctacagaagatacgggcg 

SpFliN2-Nco-F  FliN2 NcoI ttaaccatgggcaggagaacgacattgg 

BsFlhG_full_ApaI FlhG ApaI ttaagggcccatggtgcagatgaacagatatg 

BsFlhG_500_ApaUP FlhG ApaI ttaagggccccagctcgatcagagaaaatgg 

BsFlhG_DOWN_NS FlhG EcoRI ttaagaattccccgccagccctcctcattaaaaaagaag 

GeoYlxH-MTS-F FlhG-MTS NcoI ttaaccatggcgccgcagcgggagg 

GeoYlxH-MTS-R FlhG-MTS BamHI ttaaggatccttacctttctaggaaaagttggcg 

Restriction enzyme is abbreviated with RE. 

 

Table S4. List of plasmids. The plasmids listed below were used in the scope of 

this work. 

Vector Product Org. RE Tag 

pET24d FlhG Gt NcoI/BamHI N-His 

pET24d FlhG D60A Gt NcoI/BamHI N-His 

pET24d FlhG K36Q Gt NcoI/BamHI N-His 

pET24d FlhG Y173D Gt NcoI/BamHI N-His 

pET24d FlhG K177E Gt NcoI/BamHI N-His 

pET24d FlhG R199E Gt NcoI/BamHI N-His 

pET24d FlhG Y202D Gt NcoI/BamHI N-His 
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pET24d FlhG R207E Gt NcoI/BamHI N-His 

pET24d FlhG H210L Gt NcoI/BamHI N-His 

pET24d FlhG R214E Gt NcoI/BamHI N-His 

pET24d FlhG F215S Gt NcoI/BamHI N-His 

pET24d FlhG R234G Gt NcoI/BamHI N-His 

pGAT3 FlhG Gt NcoI/XhoI N-GST; N-His 

pET24d FliM Gt NcoI/BamHI C-His 

pET24d FliM ΔN25 Gt NcoI/BamHI C-His 

pET16b FliM ΔN25 Gt NcoI/BamHI C-His 

pET24d FliY Gt NcoI/BamHI C-His 

pET16b FliY Gt NcoI/BamHI no His 

pET16b FliY ΔN25 Gt NcoI/BamHI no His 

pET24d MinC Gt NcoI/BamHI N-His 

pSG 1164 FlhG Bs ApaI/EcoRI YFP-fusion 

pGAT3 GpsB Bs NcoI/BamHI N-GST; N-His 

pGAT3 GpsB 1-24 Bs NcoI/BamHI N-GST; N-His 

pGAT3 GpsB 1-70 Bs NcoI/BamHI N-GST; N-His 

pGAT3 GpsB 21-98 Bs NcoI/BamHI N-GST; N-His 

pET24d CheY Bs NcoI/BamHI N-His 

pET24d FlhG Sp NcoI/XhoI N-His 

pGAT3 FlhG Sp NcoI/XhoI N-GST; N-His 

pET24d FliM1 Sp PciI/BamHI C-His 

pET24d FliM2 Sp NcoI/XhoI C-His 

pET24d FliN1 Sp PciI/BamHI no His 

pET24d FliN2 Sp NcoI/BamHI no His 
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pET24d FlrA Sp NcoI/BamHI N-His 

pET24d FlrA-DNA-bind. Sp NcoI/BamHI N-His 

pET24d FlrA-FleQ-domain Sp NcoI/BamHI N-His 

pGEX GST-HubP 369-1097 Sp - N-GST; C-His 

Restriction enzyme is abbreviated with RE. 

 

Table S5. List of B. subtilis strains used in this work. 

PY79 PY79; wild-type (285) 

Jss01 PY79 flhG-yfp (CmR) this study 

Jss02 PY79 flhG-yfp (CmR) amyE::fliM-cfp (SpecR) this study 

 

  



Appendix 

 171 

7.2 1H/2H Exchange data 

7.2.1 1H/2H exchange data for FlhG and FliY 

Deuterium uptake of FlhG alone and in FlhG/FliY after 30 s exchange. 
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Deuterium uptake of FlhG alone and in FlhG/FliY after 60 s exchange. 
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Deuterium uptake of FliY alone and in FlhG/FliY after 30 s exchange. 

 

 



Appendix 

 176 
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Deuterium uptake of FliY alone and in FlhG/FliY after 60 s exchange. 
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7.2.2 1H/2H exchange data of flagellin/FliS and FliW

Deuterium uptake of FliS in flagellin/Flis and flagellin/FliS/FliW after 60 s 
exchange. 
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Deuterium uptake of flagellin in flagellin/Flis and flagellin/FliS/FliW after 
60 s exchange. 
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Deuterium uptake of FliW in flagellin/Flis and flagellin/FliS/FliW after 60 s 
exchange. 
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7.2.3 1H/2H exchange data of SAS1

Deuterium uptake of SAS1 apo after 30 s exchange. 
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Deuterium uptake of SAS1 in the presence of GDP after 30 s exchange. 
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Deuterium uptake of SAS1 in the presence of GTP after 30 s exchange. 
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Deuterium uptake of SAS1 in the presence of AMPCPP after 30 s exchange. 
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Deuterium uptake of SAS1 in the presence of AMPCPP and GDP after 30 s 
exchange. 
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Deuterium uptake of SAS1 in the presence of AMPCPP GTP after 30 s 
exchange. 
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Deuterium uptake of SAS1 in the presence of ATP and GDP after 30 s 
exchange. 
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Deuterium uptake of SAS1 in the presence of ATP and GTP after 30 s 
exchange. 

 

 

 


