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Introduction and aims 

Flagella are the locomotion organelles of bacteria. They consist of three main parts: a 

membrane-embedded basal body, a long helical filament, and a flexible hook connecting the 

basal body and the filament (Fig. 1.). The proteins of the flagellum are synthetized in the 

cytoplasm and transported via the flagellar type-III secretion system (export) (T3SS) to the end 

of the growing structure. The assembly of the flagellum requires the coordinated expression 

and transport of about 20 structural components.  

 

 

Figure 1. Schematic model of the bacterial flagellum (Evans et al., TRENDS in Microbiology, 2014) 

 

The membrane-embedded basal body acts as the motor by ensuring the rotation of the 

flagellum. As every motor, it consists of a rotor and a stator. The MS ring and the adjoining C-

ring make up the rotor, while the stator is formed around it from MotA-MotB complexes. The 

T3SS is assembled at the base of the MS ring. At the cytoplasmic face of the T3SS the so-called 

soluble export components (FliI, FliH, FliJ) are found. A rod is attached to the rotor, which 

consists of proximal (FliE, FlgB, FlgC, FlgF) and distal (FlgG) rod proteins. In the periplasmic 

space around the rod, the P-ring is assembled from FlgI monomers, while the L-ring is found 

(consisting of FlgH lipoproteins) in the outer membrane. At the distal end of the rod, the hook 
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is assembled from FlgE monomers. The FlgL and FlgK proteins are the hook-filament junction 

proteins; they connect the hook and the filament. The long helical filament is constructed from 

the subunit FliC (flagellin). The whole structure is sealed by the pentameric FliD cap. 

Axial proteins include early and late export substrates. In my theses I studied only the 

late export substrates (FlgK, FlgL, FliD, FliC), especially the secretion of flagellin. Late 

substrates are synthetized in the cytoplasm and then exported through the inner channel of the 

growing flagellum. At the distal end of the flagellum, the substrates polymerize and build into 

the growing structure. The export of these proteins is facilitated by the so-called substrate-

specific chaperones, which are bound to the C-terminal domains of the late substrates. The 

chaperones of the hook-filament junction proteins are FlgN for FlgK and FlgL, FliT for FliD 

and FliS for FliC. In contrast with classical chaperones, the primary role of export chaperones 

is to maintain their cognate substrate in monomeric form, but they also play a role in the 

transcriptional regulation of flagellar biosynthesis. 

The building blocks of the T3SS are known and there are plenty of data on their roles. 

Different hypotheses on the secretion process exist based on these data, but the exact 

mechanism of the export is still unknown. 

The proteins of the flagellum contain an export signal mediating the secretion of the 

given protein. This signal is not cleaved after the export, and it is definitely on the protein level, 

although there are publications about mRNA signals. Currently there is no definite consensus 

sequence, however most certainly the signal is located in the N-terminal disordered region of 

the export substrates. Our previous experiments have indicated that the 26-47 disordered 

segment of Salmonella flagellin contains the minimal recognition signal for the flagellar export 

machinery. The signal is functional even in the case of other fusion proteins containing this 

signal. 

The soluble export components in the cytoplasm and the proteins making up the export 

gate are known to have an important role in the export process, but the exact mechanism of 

signal recognition is still unknown. 

 

In the course of my work, first I studied the potential biotechnological application of the 

export signal. During recombinant protein expression in bacterial systems, the produced protein 

often fails to fold properly; it aggregates and forms inclusion bodies. Moreover, beside the 

protein of interest, plenty of other compounds are found in the cells, which complicates the 

purification process. My goal was to create an export system where the protein of interest is 

secreted into the medium during production, thus simplifying the isolation steps and making 
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the secreted protein less prone to aggregation or degradation. To achieve this, the 26-47 

flagellin signal segment or longer N-terminal fragments were attached to heterologous 

model proteins, and my aim was to reveal how the length of the signal influences the 

export efficiency. A flagellin-deficient Salmonella typhimurium strain was used, where the 

filament is missing and the distal end of the flagellum is open, thus the signal-fused constructs 

are exported to the medium through the export channel. In addition, my goal was to determine 

if the protein is functional after cleaving the signal. My aim was to reveal if this method 

has the potential to be used as an effective tool for the secretion and purification of 

recombinant proteins. I wished to determine which type of proteins this system efficient 

is for. 

 

In order to better suit this system for potential biotechnological applications, we need to 

examine the flagellar export system more thoroughly. I wished to explore which export 

components are responsible for recognizing the export substrates and then to study the 

mechanism how the substrates are delivered to the export gate. My protein of interest was the 

flagellin (FliC), as this is the most abundant flagellar protein, which makes it a good candidate 

to study the protein transport. My original aim was to identify the proteins that recognize the 

26-47 secretion signal of flagellin. The published data were contradictory, but it seemed 

plausible that the 3 soluble export components (FliI, FliH, FliJ) may play a role in the process. 

Our preliminary results did not support this assumption, therefore my aim was modified, and 

thereafter, I studied the role of the soluble export components in the export of flagellin. My 

goal was to determine what role the soluble export components play in delivering FliC or 

the FliC-FliS complex to the export gate. 

 

My third topic was the biophysical characterization of the flagellin-specific chaperone, 

FliS in Salmonella typhimurium. The main role of FliS is to maintain its cognate substrate, FliC 

in monomer form in the cytoplasm. Besides, it has been demonstrated that FliS has multiple 

functions within the flagellar export system and plays a role in the transcriptional regulation of 

flagellar biosynthesis as well. It demonstrates that FliS may play several roles in the export of 

flagellin. It’s characterization could highly contribute in mapping the secretion mechanism of 

FliC. It is a small protein (14.7 kDa), consisting of about 135 amino acids. The crystal structures 

of FliS from different species show high α-helical content. The 3D structure of the Salmonella 

typhimurium FliS has not been determined yet but suggested to be predominantly α-helical as 
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well. In the course of my work I intended to study the secondary and tertiary structures 

of FliS in order to reveal how a fairly small protein can fulfill such diverse roles. 

 

Experimental design 

 Protein expression: The majority of the proteins were produced by recombinant DNA 

technology and expressed as fusion proteins in E. coli or S. typhimurium strains.  

 Protein purification: The proteins were purified predominantly by the combination of ion-

exchange-, size exclusion- and affinity chromatography using an FPLC (Fast protein liquid 

chromatography) system. 

 Examination of protein-protein interactions: The interactions were detected 

spectrophotometrically through a NADH-coupled continuous ATPase assay. Moreover, the 

direct measurements of protein-protein interactions were carried out using quartz crystal 

microbalance (QCM) and tryptophan fluorescence measurements.  

 Determining export efficiencies: The model proteins were produced in a flagellin-deficient 

S. typhimurium strain. The secretion yield of the fusion proteins was determined by 

comparing the relative levels of a given protein in the medium and in the cells obtained from 

the densitometric analysis Coomassie blue-stained SDS-polyacrylamide gels and Western 

blots. 

 Structural studies: Biophysical characterization of S. typhimurium FliS was carried out 

using circular dichroism (CD), differential scanning calorimetry (DSC), tryptophan 

fluorescence measurements and proteolytic digestion experiments.  

 

Besides the above described methods, I used a number of others, which I do not wish to detail 

further herein. 

 

Results 

Six heterologous proteins, varying in size from 9 to 40 kDa, were selected to test the 

size limit for the flagellar export apparatus to unfold and export proteins. Three different 

segments of flagellin (26 to 47, 2 to 65, and 2 to 192) were tested, fused to the N terminus of 

each selected protein (18 constructs overall). The 26-47 segment is the minimal sequence 

required for export. The first 65 residues of flagellin, which represent the entire N-terminal 

unstructured region, were chosen because terminal disorder is thought to be the common 
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characteristic of export substrates. Approximately the first 190 residues encompass the 

complete highly conserved N-terminal part of the molecule, and the first report demonstrating 

that the N-terminal part of flagellin contains the signal used about the same fragment size. These 

18 constructs were expressed in a flagellin-deficient S. typhimurium strain and the export of the 

given fusion proteins was investigated. It is important to note that protein degradation, inclusion 

body formation, and various expression levels complicate the interpretation of the data. In our 

study, we focused on the secretion of intact fusion proteins, since degradation products may be 

exported with quite different efficiencies or not at all if the flagellar segment is removed. In 

most cases, the intact fusion proteins could be detected in the medium, indicating that each 

attached signal, regardless of its length, can mediate protein export, provided that at least a 

fraction of the protein in question is soluble. The average efficiency for the soluble fraction was 

44% overall, and 46%, 52%, and 35% with the 26-47, 2-65, and 2-192 segments, respectively. 

Based on the export efficiencies of the 18 constructs, it is suggested that it was the specific 

characteristics of a given fusion protein rather than the attached signal that caused 

differences in export efficiency. 

In one case at 26-47–MBP, I demonstrated that this protein exported into the medium 

acquires the correct structure after cleaving the signal. 

Presumably this expression system has a potential for unstructured proteins that 

are easily degraded intracellularly, but may escape proteolysis if secreted efficiently into 

the medium, but this assumption requires further studies. 

In order to clarify the role of the soluble export components in the recognition and 

delivery of the major filament component flagellin, we undertook to thoroughly examine the 

possible interactions between FliC or the FliC-FliS complex and FliI, FliJ, FliH or their 

complexes. As FliI is an ATPase, first I tested the putative enhancement of the ATPase activity 

by using a continuous spectrophotometric assay of FliI alone, or in complex with FliJ, with 

FliH, or both FliJ and FliH by adding FliC or its complex with FliS. As this is only an indirect 

method for detecting protein-protein interactions, I investigated the interactions by QCM 

measurements as well. 

I demonstrated that in contradiction with the general view in the literature, the 

soluble components of the export apparatus, FliI, FliJ, FliH, and their complexes do not 

bind FliC or FliC-FliS in the cytosol, hence they do not deliver flagellin to the membrane-

embedded export machinery, however, we cannot exclude the possibility that they facilitate 

translocation of flagellin when they are bound to the export gate. It has been convincingly 

demonstrated that the soluble export complex plays a role in delivering the minor late export 
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substrates from the cytoplasm to the export gate. These proteins are present in low copy number 

in the cell in contrast to flagellin, which can be present in more than 20,000 copies. It seems 

plausible that chaperoned minor late substrates require a facilitated delivery by the soluble 

export components in order to compensate for their low concentration and ensure that they are 

exported before FliC, then the mass export of flagellin occurs, probably by simple diffusion, 

without the need for the soluble export components. 

The membrane-associated soluble export complex was modelled by adding liposomes 

to the export components. In this case, FliS or FliC-FliS decreased the ATPase activity of FliI–

FliJ. Based on this observation it seems plausible that FliS promotes the disassembly of the 

membrane-bound ATPase complex, however, it requires further experiments to clarify the role 

of FliS in this scenario. 

Based on my results and the published data, a model was created on the mechanism of 

the flagellar export (Fig. 2.). 

 

 

Figure 2. A putative model of the substrate delivery to the export gate and the T3SS. 

Based on published data, the chaperoned minor late substrates are delivered to the export gate by the 

FliI-FliH2 complex. My results implicate that the FliC-FliS complex gets to the export gate by simple 

diffusion. Now it seems likely that FliH is primarily required for anchoring the FliI hexamer to the 

export gate. In contradiction with earlier assumptions, it seems plausible that FliH does not form a 

dimer when anchoring the FliI6-FliJ complex to the C-ring, but as FliI, it is a hexamer as well. 
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In course of the biophysical characterization of Salmonella FliS, I managed to 

understand the structural background of the multiple roles of FliS. NMR and proteolytic studies 

show that FliS is a well folded protein with a compact core. The homology model shows and 

the CD measurements verify that it is a highly α-helical protein. In contrast, the heat 

denaturation experiments show that FliS unfolds in an unusally broad range (40-100 °C). 

Molecular dynamics simulations showed that the terminal region of FliS is much more flexible 

compared to that of stable proteins exhibiting cooperative unfolding transitions with similar 

temperature midpoints. Temperature increase resulted first in the shortening of helices, while 

their number decreased only at higher temperatures. Based on these results, it seems plausible 

that FliS is an atypical molten globule. As FliS has several binding partners within the 

cell, conformational adaptability seems to be an essential requirement in order to fulfill 

its various functional roles. A molten globule ensemble of interconverting folded 

structures may provide a convenient target for conformational selection by diverse 

partners. 

 

Theses 

 Six model proteins fused with 3 different signal segments were expressed in flagellin-

deficient S. typhimurium cells. Based on the results for the 18 constructs, my conclusion is 

that essentially all three segments could drive protein export; however, the nature of the 

attached protein had more significant effect than the length of the attached signal on secretion 

efficiency. [1, 4]. 

 Presumably this expression system has a potential for unfolded or unstructured proteins that 

are easily degraded intracellularly but may escape proteolysis if secreted efficiently into the 

medium. [1, 4] 

 I demonstrated that in contradiction with the general view in the literature, the soluble 

components of the export apparatus, FliI, FliJ, FliH, and their complexes do not bind FliC 

or FliC-FliS in the cytosol, hence they do not deliver flagellin to the membrane-embedded 

export machinery; however, we cannot exclude the possibility that they bind flagellin or 

FliC-FliS complex in membrane-associated form [2]. 

 Based on these results, it seems plausible that in contrast to chaperoned minor late substrates, 

the mass export of the high copy number flagellin occurs probably by simple diffusion, 

without the need for the soluble export components. [2] 



9 
 

 Based on the biophysical characterization of S. typhimurium FliS, it seems likely that FliS is 

an atypical molten globule that has a well-defined secondary structure, but the helices 

building up the molecule can easily move. This conformational adaptability seems to be an 

essential requirement in order ensure of binding to its partners in the right conformation. [3] 
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