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1. Introduction  

1.1. Motility  

An energy consuming process allowing active movement is defined as motility. This ability 

to move is an important feature allowing organisms to adapt to incessantly changing 

environments, which is required for their survival. During million of years of evolution 

microorganisms developed a variety of different motility mediating mechanisms. Less complex 

eukaryotes, like protozoa, can produce several structures, which enable them to overcome short 

distances. They can move using wavy tails called flagella, hair-like structures called cilia, or foot-

like structures called pseudopodia  (Chubb et al., 2002). However considering the ñsimplerò 

physiology of prokaryotic organisms, the diversity of motility mechanisms observed in this 

domain appears much more impressive. Thus, bacterial motility has been puzzling scientists ever 

since the first microscopes enabled a deeper look into the microbial universe and nowadays it still 

stays one of the most intensive studied topics in the field of microbiology.  

The most common and, so far, extensively studied bacterial motility organelle is the 

flagellum, which propels the cells with its long, wavy filament in a rotary fashion (Silverman & 

Simon, 1974). Flagella are mediating two different types of bacterial motility. They are powering 

the swimming ability of individual cells in liquid environments (Berg & Anderson, 1973, 

Macnab, 2003), as also the multi cellular motion across viscous environments or surfaces, termed 

swarming (Kearns, 2010). Numerous bacteria are capable to move across surfaces through 

alternating extension and retraction of filaments known as  type IV pili, this flagella-independent 

type of motility is called twitching (Mattick, 2002). An additional type of bacterial motility is 

gliding, which is mediated by focal-adhesion complexes that bind to the surface and translocate 

the cell body along the cell axis (Nan & Zusman, 2011). An interesting variation of gliding was 

described in Mycoplasma species, which developed tiny "legs" allowing slow movement in a 

continuous manner (Miyata, 2008).  

Although the past decades of extensive research led to numerous achievements in the 

understanding of how bacteria move, the analogous topic in Archaea, the second group of 

prokaryotes, was barely explored. Recently several cell surface structures in archaea have been 

reported. Moreover one of these structures could be identified as the archaeal flagellum, due to 

similarities to the bacterial counterpart. This archaeal organelle is also a several cell length long 

wavy filament that enables swimming via its rotation, analogously to the bacterial flagellum 

(Shahapure et al., 2014a). However more detailed studies revealed a unique structure, much 

closer related to the bacterial type IV pilus, than to the flagellum, therefore a new name was 

postulated and the archaeal flagellum was formally renamed as ñArchaellumò (Jarrell & Albers, 

2012). Still our knowledge about the archaellum and its assembly mechanisms remains relatively 

scarce in comparison to these of the motility apparatus of bacteria or eukaryotes. 

 

 

1.2. Bacterial flagellum 

The flagellum is the most common bacterial motility apparatus, widespread in Gram-positive 

and Gram-negative bacteria, which it is used mostly for swimming in aqueous environments 

(Berg & Anderson, 1973) and also in some cases for swarming across solid surfaces (Kaiser, 

2007). Certain bacteria, like Proteus mirabilis or Escherichia coli can use the same flagella 
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system to mediate both types of motility, increasing their number on the cell surface (Merino et 

al., 2006). On the contrary Vibrio parahaemolyticus or Aeromonas hydrophila possess a 

secondary flagella system, which is expressed only in response to growth in viscous environments 

enforcing swarming motility (Merino et al., 2006). Interestingly, Pseudomonas species use the 

same flagella system for swimming and swarming but they are able to exchange individual 

components of the flagella motor depending on the type of motility performed (Toutain et al., 

2005). The flagellum consists of three substructures: the filament, the hook and the basal body 

(Fig.1). The filament reaches several cell lengths, is ca. 20 nm in diameter and acts as a propeller. 

The basal body anchors the flagellum in the cell surface, whereas the hook connects the filament 

with the basal body. The flagellar basal body of Gram-negative bacteria consists of a rod with 

several rings: the L (lipopolysaccharide) ring in the outer membrane; the P (peptidoglycan) ring in 

the surface of the cytoplasmic membrane; the MS (membranous and supra-membranous) ring and 

the C ring, which is part of the motor (Fig. 1)(Thomas et al., 2006). In Gram-positive bacteria the 

L and P rings are missing. 

Usually the flagellar filaments reach lengths several sizes longer than the cell dimension and 

are estimated to be composed of around flagellins 20 000 subunits. In Bacillus subtillis the 

complete assembly process takes 60 minutes, of which the filament assembly alone requires 

approximately 30 minutes. Flagellum assembly requires the incorporation of more than ten 

flagellin subunits per second which is an extremely energetically expensive process, since it 

requires the production of several dozen of different proteins that are involved directly either in 

the assembly or its regulation (Guttenplan et al., 2013). For this reason, it is not surprising that the 

biosynthesis of this highly complex molecular machine is strictly regulated already at the 

transcriptional level, so that the structural components are expressed in a hierarchical manner 

according to the current assembly status (Aldridge & Hughes, 2002, McCarter, 2006). First, in 

response to environmental factors, the flagellar class I master regulators, FlhC or FlhD, are 

activated. They in turn lead to the expression of the class II genes, encoding structural 

components of the hook and basal body. At this stage the remarkably flagellar self-assembly 

process begins. First, around 26 copies of FliF aggregate to form the MS ring, which is the base 

and the attachment point for further subcomponents (Chevance & Hughes, 2008). In the next step 

three proteins: FliG. FliM and FliN are forming the cup-shaped C-ring, which works later as the 

functional rotor of the flagellum (Fig. 1) (Blair, 2006). The C-ring is also responsible for the 

control of the direction of the filament rotation by switching between clockwise and 

counterclockwise rotation under the influence of CheY, a component of the chemotaxis system 

(Bren & Eisenbach, 1998). Subsequently two transmembrane proteins MotA and MotB, which are 

also anchored into the peptidoglican layer, build up the stationary part of the flagellum, the so 

called stator complex. In parallel the type III secretion machinery is formed inside the C-ring. The 

membrane proteins FlhA, FlhB, FliO, FliP, FliQ and FliR align with the central channel in the MS 

ring and form the molecular export gate of the type III secretion system (T3SS) (Fig. 1)(Evans et 

al., 2014). Underneath the gate three components, FliI, FliJ and FliH, build the export ATPase 

complex. FliI is a homohexameric ATPase, FliJ is proposed to interact with one of the export gate 

components FlhA and FliH locates this complex in the C-ring through interaction with FliN 

(Chevance & Hughes, 2008, Evans et al., 2014). After the T3SS is set up, the biosynthesis of the 

rod can be initiated. Those components are getting refolded by the export ATPase complex and 

then pressed through the T3SS export gate into a 2 nm wide channel starting in the MS-ring to be 

finally incorporated on the top of the growing structure. According to this scheme, six subunits of 

FlgB, FlgC and FlgF respectively are secreted in order to build up the proximal part of the rod, 

followed by 26 subunits of FlgG forming the distal part of the rod (Chevance & Hughes, 2008). 

Interestingly, the P and L ring components, FlgI and FlgH respectively, are exported via the Sec 
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pathway, independently from the flagella associated T3SS (Cohen & Hughes, 2014). After the rod 

penetrates the outer membrane, reaching the destination length of around 25 nm and the assembly 

of the P and L - rings is completed, the synthesis of the hook is activated.  

The hook is formed by approximately 120 FlgE subunits and reaches a length of around 55 

nm, what is under strict control of FliK (Samatey et al., 2004, Evans et al., 2014). During the 

biosynthesis of the hook-basal body complex, the sigma factor FliA encoded by a class II gene is 

repressed by the anti-sigma factor FlgM. However as soon as the hook formation is accomplished, 

FlgM is secreted and FliA can initiate the expression of the class III genes, such as those encoding 

the flagellins (Aldridge & Hughes, 2002). Once the hook has reached its mature size, the control 

protein FliK interacts with FlhB and turns off the hook component recognition and switches the 

export gate specificity toward the flagellins. Subsequently, FlgD, the hook cup protein, dissociates 

from the top of the structure and is replaced by the filament cup protein FliD, initiating the 

filament assembly (Yonekura et al., 2000). Before FliD can enter the flagellar export gate, its N-

terminus is linked to the C-terminal end of the preceding subunit, which has already entered the 

export channel (Evans et al., 2013). This clever energy saving system accelerates significantly the 

filament assembly, omitting the need of additionally energy input to speed up the passive 

diffusion of single filament subunits. This sophisticated mechanism also assists to keep the 

biosynthesis of the flagellum at a constant rate, even though  the assembly takes place several 

microns away from the cell surface (Evans et al., 2014).  

Fig. 1. Model of the structure and assembly of the bacterial flagellum. Reprint from Chevance et al., 

2008. 
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Despite the great complexity of the flagellum, the highly effective motor consists of only five 

proteins: FliG, FliM and FliN that form the rotor (Yamaguchi et al., 1986) and the membrane 

proteins MotA and MotB that form the ion-conducting stator complex (Dean et al., 1984, Khan et 

al., 1988). MotB has a peptidoglycan-binding domain, which fixes the stator complex stably to 

the peptidoglycan layer. MotA interacts with FliG and, due to conformational changes induced by 

ion passage, pushes FliG turning the flagellar rotor (Kojima & Blair, 2001, Kim et al., 2008). The 

nature of the translocated ions impacts on the rotation speed, when driven by proton force the 

flagella rotate up to 20 000 rpm or even up to 100 000 rpm in case of Na+ driven motors, enabling 

swimming velocity of 160 Õm per second (Magariyama et al., 1994).  

Another interesting characteristic is that bacterial species display different numbers and 

distribution of flagella on the cell surface. These features appear not to be random and preliminary 

studies indicated that a strict regulatory mechanism is required. So far two major players within 

this regulatory pathway could be identified: FlhF and FlhG, but their roles remain still an enigma 

(Bulyha et al., 2011, Kazmierczak & Hendrixson, 2013, Guttenplan et al., 2013). 

 

 

1.3. Type IV Pili 

The type IV pili (T4P) were found to be highly abundant among Gram-negative bacteria 

therefore they were previously assigned exclusively to this group of organisms. However recently, 

it has been shown that T4P are also present in Gram-positive bacteria, especially among 

Clostridia species. For this reason, the T4P is one of the most widespread and universal cell 

surface structures among the entire domain of bacteria (Varga et al., 2006, Melville & Craig, 

2013). Interestingly, T4P related structures are very abundant in Archaea (Pohlschroder et al., 

2011). Up to date multiple archaeal surface structures, including pili and the archaeal motility 

apparatus, the archaellum, have been reported do share homology in terms of architecture and 

assembly with the T4P of Gram-negative bacteria (Lassak et al., 2012a).  

T4P are involved in an astonishing variety of cellular functions, such as formation of 

microcolonies and biofilm, DNA uptake or cell signaling (O'Toole & Kolter, 1998, Chen & 

Dubnau, 2004). T4P can have a crucial role in pathogenesis. For example, in the human pathogen 

Neisseria gonorrhoeae T4P facilitate the adhesion of the bacterial cell to the eukaryotic host-cell 

(Craig et al., 2004). Furthermore, due to the unique ability to undergo cycles of filament 

extension and retraction, the T4P are also able to drive a flagella independent type of bacterial 

motility called twitching (Mattick, 2002). In this case the T4P are often located at the cell poles 

and extend reaching lengths exceeding 10 Õm (Mattick, 2002, Jarrell & McBride, 2008b). The 

T4P filament has usually a diameter of 5-9 nm and is composed of multiple copies of a single 

pilin protein, PilA (Giltner et al., 2012). The elongated pilus is capable to adhere to surfaces and 

subsequently pull the cell forward by retraction, generating thereby forces of up to 150 pN, what 

makes it the strongest molecular motor characterized so far (Clausen et al., 2009).  

The pilin protein PilA shows a number of unusual features, such as methylated N-terminus, a 

conserved hydrophobic N-terminal part consisting of 25 residues and a C-terminal disulphide 

bond (Craig et al., 2004). The core assembly machinery of the T4P consists of five components 

(Fig. 2): the previous described pilins; a polytopic membrane protein, which form the anchoring 

platform for the filament (Crowther et al., 2004); an outer membrane secretin; an energy 

supplying assembly ATPase and often also a second disassembly ATPase (Jakovljevic et al., 

2008). 
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The type IV pilins are synthesized as preproteins, containing a type III signal peptide, which 

is subsequently recognized and cleaved by a prepilin peptidase PilD. The N-terminus of the 

processed pilin forms a long, highly hydrophobic Ŭ-helix, which enables them to remain in the 

membrane before they get incorporated into the filament, while the C-terminus of the pilin 

resembles a ɓ-sandwich structure. During the assembly, the densely packed Ŭ-helices become 

surrounded by the ɓ-sheet domains, which lead to the incredible stability of the filament. In 

Gram-negative bacteria, the outer membrane protein PilQ forms large ring-like cylindrical pore, 

which crosses the lipid bilayer (Collins et al., 2005, Siewering et al., 2014). The T4P assembly 

mechanism is ATP driven and the ATPases are the best characterized component of this 

machinery. PilB is involved specifically in pilus assembly, whereas, PilT is responsible for 

disassembly or retraction of the pilus. They belong to the type II/IV secretion ATPase superfamily 

and interact with the core polytopic membrane protein PilC (Tripathi & Taylor, 2007, Takhar et 

al., 2013). ATPases form hexameric rings, which change their conformation in response to ATP 

hydrolysis (Savvides, 2007). Therefore, in the assembly model PilB can be found as a closed 

ATP-bond form and an opened ADP-bond form. These changes are accompanied by energy 

release, which push the pilins approximately 10 ¡ upwards across the inner membrane into the 

growing filament, providing space for the next subunit (Craig et al., 2006, Melville & Craig, 

2013). The T4P system evolved an interesting pilin recycling mechanism. During the retraction, 

the pilus is disassembled and the primary components are temporary stored in the membrane to be 

subsequently reused for the assembly of the next pilus (Skerker & Berg, 2001). This approach is 

significantly limiting the need to synthesize huge amounts of pilins for the rapid pili assembly. 

 

 

 

 

Fig. 2. Model of type IV pili assembly mechanisms. PilA prepilins are processed by the specific prepilin 

peptidase PilD and incorporated into the base of the growing pilus structure. The energy for the pilin assembly 

is obtained by the action of the polytopic membrane domain PilC and the assembly ATPase PilB. The pilus 

filament is extruded through the outer membrane via a ring-like cylindrical pore complex formed by PilQ 

oligomers. Abbreviations: OM, outer membrane; IM - inner membrane; Reprint from Friedrich et al. 2014. 

PilC 



1. Introduction 
 

6 
 

1.4. Archaea ï the third domain of life  

Already from ancient times humanity has tried to name and describe its surrounding 

environment. Thus the birth of taxonomy dates back to the times of ancient Greece and its great 

philosophers, like Aristotle. He had classified living organisms based on clearly visible features; 

therefore the initial taxonomy recognized only plants and animals as two major groups of existing 

life. Microorganisms were discovered scarcely hundreds of years after the great antique 

civilizations had already fallen, in times where the technological development enabled to 

overcome the optical limitations of the human eye. Antonie van Leeuwenhoek is considered the 

father of modern microbiology because he was the first one that observed bacteria using a 

microscope of his own design (Porter, 1976). Further progress in the field of microscopy led to 

differentiation between eukaryotes and prokaryotes. Though eukaryotes were over the next 

centuryôs organized on taxonomical kingdoms and subkingdoms it was constantly believed that 

prokaryotes includes only one specific group of organism called bacteria. Only with the 

achievements of the late 20
th
 century this viewpoint could be changed. The discovery of DNA and 

later development of methods enabling the sequencing and understanding the information pool 

revolutionized the concept of taxonomy. This modern phylogenetic approach for biological 

classification resulted in identification of a new group of organisms, named later as Archaea. 

In 1960s Carl Woese examined the small ribosomal RNA subunits of different 

microorganisms in order to analyze their phylogenetic relationships (Pechman & Woese, 1972). 

Unexpectedly, the 16S rRNA of Methanobacterium species revealed a completely different 

oligonucleotide signature, unrelated to either those obtained from bacteria or from eukaryotes 

(Fox et al., 1977). Further sequencing analysis of two other thermoacidophilic genera, namely 

Thermoplasma and Sulfolobus showed the same unique oligonucleotide signature observed in 

methanogens (Woese et al., 1978, Woese et al., 1984). At this point, the existence of a third group 

of organisms differing significantly from the so far known bacteria and eukaryotes became 

obvious. 

In the following years, numerous archaeal strains were identified, which were mostly isolated 

from unusual environments, like the solfataric hot springs in Japan, Island or Yellowstone 

National Park, the NaCl supersaturated Dead Sea or geothermally heated marine sediments in 

Italy (Mullakhanbhai & Larsen, 1975, Brock et al., 1972, Fiala & Stetter, 1986). To survive these 

extreme conditions Archaea evolved a unique cell membrane. Isoprenoid chains are linked to a 

sn-glicerol moiety via ether binding, whereas eukaryal and bacterial membranes are mostly 

composed of fatty acid chains ester-linked to glycerol (Kates, 1992, Albers & Meyer, 2011). 

Although there are some rare examples of ether-linked lipids reported also in bacteria, the sn1 

stereochemistry of the glycerol backbone remains a unique feature of the archaeal membrane 

(Weijers et al., 2006, Albers & Meyer, 2011). Moreover the membranes of most 

thermophilicacidophilic archaea are formed by a tetra-ether monolayer, where the ends of the 

hydrophobic isoprenoid tails are chemically linked with each other (Sprott et al., 1991, Macalady 

et al., 2004). This tetra-ether based architecture preserves the membrane rigidity at high 

temperatures and prevents ion permeability, maintaining intracellular neutral pH in often 

extremely acidic environments (Yamauchi et al., 1993, Macalady et al., 2004). 

Another interesting feature of the archaeal cell envelop is the completely lack of structures 

typical for bacteria, like murein (Kandler & Hippe, 1977, Kandler & Konig, 1978). Only few 

examples of archaeal pseudomurein have been reported so far, but these structures deviate 

significantly from the bacterial counterparts (Kandler & Konig, 1998). Instead archaea species 

developed their own unique cell envelope structure: the S-layer, which based on its simple 

composition and widespread distribution could even be considered the evolutionary youngest cell 
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wall structure (Albers & Meyer, 2011). Archaeal S-layers are mostly composed of multiple copies 

of a single type of highly glycosylated protein, which can oligomerize into two-dimensional 

crystalline structures. These glyco-protein layers surround the cells, determining their shape and 

protecting these organisms from adverse environmental agents, while allowing access to all 

crucial nutrients (Arbing et al., 2012).   

Archaea resemble bacteria in terms of morphology, both domains are represented by 

unicellular organisms lacking the cell nucleus, whose genetic information is encoded on circular 

chromosomes of similar size (Kletzin, 2007). However certain molecular features in archaea are 

functionally closer related to eukaryotic equivalents rather than bacterial ones. A good example is 

the archaeal transcription machinery, which relies on DNA-dependent RNA-polymerase type II-

like protein, eukaryotic-like transcription factors and TATA-box-like transcription initiation sites 

(Huet et al., 1983, Bell & Jackson, 2001, Allers & Mevarech, 2005). On the other hand the 

transcription regulatory pathway and the subsequent translation process show more similarities to 

those from bacteria (Dennis, 1997, Bell & Jackson, 1998). 

Beside the similarities to Bacteria and Eukarya, genetic analysis revealed a set of several 

hundred genes unique for Archaea, finally confirming the three domain classification proposed by 

Woese (Woese et al., 1990, Graham et al., 2000). The list of archaea unique features, including 

cell wall composition, ribosome structure or motility machineries, grew over the last decades to 

such an extent, that there is presently no doubt that Archaea form a separate group of organisms, 

which is related to neither Eukarya nor Bacteria. Moreover the attribution of Archaea to colonize 

only the extreme habitats also had to be corrected, over the years multiple examples of mesophilic 

archaea have been found, as bacteria species, in diverse habitats like soil and oceans (Chaban et 

al., 2006a). Today the domain of Archaea counts already thousands of species and has been 

divided into five distinct subkingdoms: Euryarchaeota, Korarchaeota, Crenarchaeota, 

Thaumarchaeota and Nanoarchaeota (Olsen & Woese, 1997, Huber et al., 2002, Elkins et al., 

2008, Brochier-Armanet et al., 2008). 

 

 

1.5. The cell surface structures in Archaea 

In the last decades the unique cell envelope composition of Archaea and the associated cell 

appendages became an attractive topic for research. This increased interest resulted in the 

identification of a variety of diverse cell surface structures all over the domain of Archaea, among 

which also entirely unique structures could be discovered. One of this newly unique cell 

appendages discovered are the cannulae, which have been observed in the Pyrodictium genus 

(Rieger et al., 1995).These hyperthermophiles inhabit hydrothermal marine environments with 

temperatures between 80 to even 110
o
C (Stetter et al., 1983). Pyrodictium species grow in 

networks connected with extracellular tubules named cannulae. These tubular structures are 25nm 

in diameter and show extreme heat resistance (Nickell et al., 2003). So far, three glycoproteins, 

CanA, CanB, CanC, have been proposed to form these exceptional cell appendages (Nickell et al., 

2003). It has been observed, that the cannulae do not enter the cytoplasm of the connected cells, 

but only the pseudoperiplasmic space (Nickell et al., 2003). The exact function of these structures 

have not been elucidated yet, but they might have a role in nutrient exchange and adhesion (Ng et 

al., 2008). Another example of a unique archaeal cell surface structure is the hamus, which was 

found in the euryarchaeon SM1 isolated from cold (-10
o
C) sulphidic springs (Rudolph et al., 

2001). The SM1 cells are small, 0.6 Õm in diameter cocci with approximately 100 hami attached 
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peritrichously to the cell envelop (Moissl et al., 2005). These filaments have a diameter of around 

8 nm, have a length of between 1 and 3 Õm and exhibit a highly interesting architecture. Every 46 

nm three prickles protrude from the filament, which ends with a tripartite hook facing back to the 

cell (Moissl et al., 2005). SM1 cells are living in mixed archaeal/bacterial communities and these 

filamentous hami allow them to interact with their bacterial partners (Moissl et al., 2002). 

Many of the widespread and highly conserved archaeal cell surface structures show 

similarities to the bacterial type IV pili system (Ng et al., 2008, Pohlschroder et al., 2011, Lassak 

et al., 2012a). Based on the highly conserved class III signal sequence, the bioinformatical tool 

ñFlaFindò was developed to identify potential pilin encoding genes in situ. FlaFind search 

revealed that type III signal containing pilin/archaellin-like proteins are extremely wide spread in 

Archaea, suggesting a strong preference for the T4P based model in the assembly of many 

archaeal cell appendages (Szabo et al., 2007a). Thus using this approach multiple structures 

exhibiting an impressive functional variety could be identified. These T4P related cell appendages 

are involved in biofilm formation, cell aggregation as also cell motility and are currently the most 

intensive studied surface structures in Archaea.   

 

 

1.6. The Type IV Pili in Archaea 

In the last years, T4P-like structures have been the focus of many researches. However, the 

lack of genetic tools has limited those studies to only a few archaea. Until nowadays, the largest 

advances in this field have been achieved in Sulfolobus species and Methanococcus maripaludis 

as model organism for crenarchaeota and euryarchaeota, respectively (Lassak et al., 2012a). 

Sulfolobus species hold three distinct T4P-like systems. All Sulfolobus spp. analyzed so far 

possess UV-inducible pili and archaella (Lassak et al., 2012a). Furthermore, S. acidocaldarius has 

a second T4P related system, the so called Aap-pilus, which can be found solely in this particular 

organism (Henche et al., 2012a). Interestingly, Sulfolobales and the recently reported Haloferax 

volcanii have only one type III signal recognizing peptidase PibD, which is responsible for the 

cleavage of all the produced pre-pilin or pre-archaellin involved in diverse surface structures 

(Szabo et al., 2006, Tripepi et al., 2010). In contrast, M. maripaludis has two independent 

peptidases each one devoted to a different system, the pre-archaellin processing FlaK and the pre-

pilin peptidase EppA (Ng et al., 2009). The best studied so far T4P related surface structures in 

Archaea are briefly discussed in the following section. 

 

1.6.1. The Ups-pilus 

An interesting example of archaeal adaptation of the T4P model is the Ups-pilus (UV 

inducible type IV pilus of Sulfolobales). Sulfolobus species evolved this T4P related system as 

part of a defense mechanism against UV stress (van Wolferen et al., 2013). After exposure to UV 

light Sulfolobales produce numerous very short pili, which mediate cellular aggregation, enabling 

DNA exchange between the clustered cells, representing thereby a unique DNA-repair 

mechanism (Ajon et al., 2011, Frols et al., 2008). Because the DNA-damaging agent bleomycin 

could also activate the Ups-pili biosynthesis leading to cellular aggregation, it is believed that not 

the UV-light alone, but the appearance of DNA double strand breaks is the initiation trigger of 

this system (Frols et al., 2008). The Ups-pili mediated cellular aggregation is highly specific and 

occurs only between the same Sulfolobus species. This specificity is achieved due to the ability of 

the pilins to recognize strain-specific S-layer glycan structures (van Wolferen personal 
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communication). The Ups-pilus is composed of five proteins encoded in a genomic locus: the 

hypothetical protein with unknown function UpsX; the secretion ATPase UpsE and the polytopic 

membrane protein UpsF, homologues to bacterial T4Pcomponents PilB and PilC respectively; 

finally two class III signal containing pilins UpsA/B (van Wolferen et al., 2013). 

 

1.6.2. The Aap-pilus 

The archaeal adhesive pilus can be found exclusively in S. acidocaldarius, where it 

represents the most abundant cell surface structure (Henche et al., 2012a). The Aap-pili are 

mainly involved in surface adhesion and biofilm formation, wherein they are important for the 

formation of tower-like structures (Henche et al., 2012b).  

Similarly to the Ups-pilus, the Aap-pilus is built of five elementary components encoded in 

one gene cluster. Beside the T4P referring genes encoding the ATPase AapE, the polytopic 

membrane protein AapF and two pilins AapA/B, a potential iron-sulfur oxidoreductase AapX is 

encrypted within this genomic cluster (Henche et al., 2012a). All the five genes are essential for 

the biosynthesis of the pilus, which despite significant similarities with the bacterial T4P system 

shows however an entirely different structure (Henche et al., 2012a). The Aap-pili are 11 nm in 

diameter and display three stranded helices, showing 138
o
 rotation and rise of 5.7 ¡ per subunit 

(Henche et al., 2012a). Both pilins are structurally involved in the filament assembly, but in a 

different extent, AapB is the major pilin, while AapA has only a secondary role (Henche et al., 

2012a).   

 

 

1.6.3. The Archaellum 

Archaella are, until now, the most intensively studied cell surface structures in Archaea. 

These usually 12-14 nm thick whip-like structures are found in all motile archaea (Thomas et al., 

2001a, Ng et al., 2008). It has been shown that the archaellum is responsible for the swimming 

motility in multiple cren- and euryarchaeota species and this movement is generated in a rotary 

fashion, as in the case of bacterial flagella (Ghosh & Albers, 2011a, Lassak et al., 2012b, 

Shahapure et al., 2014b). Paradoxically despite the obvious functional similarities between the 

archaellum and the flagellum, these two motility organelles are structurally completely nonrelated 

and no homologous components have been found. Surprisingly, the archaellar architecture 

resembles another bacterial surface structure, the T4P. Indeed both, the archaellum and the T4P 

present remarkably homologous in terms of structure and assembly (Jarrell & Albers, 2012). 

All the archaella encoding genes are usually clustered in one genomic locus (fla locus), 

except for the pre-archaellin peptidases, which shows always a distinct genomic location (Ng et 

al., 2006). The archaellum gene cluster could be confirmed in an increasing number of 

crenarchaeota and euryarchaeota species due to the growing amount of archaeal genome 

sequences available (Desmond et al., 2007). Moreover, archaellum encoding genes have recently 

also been identified in the newly proposed phylum of Thaumarchaeota (Spang et al., 2012). 

However, the fla locus differ significantly between the archaeal subkingdoms. This genomic locus 

contains between seven to 13 different genes, where the latter corresponds more to euryarchaeal 

systems, while crenarchaeota display the most minimalistic known archaellum system (Jarrell & 

Albers, 2012).  



1. Introduction 
 

10 
 

Generally the first genes of the fla operon encode the filament subunits, the so called 

archaellins (flaA and/or flaB). In euryarchaeal species, like H. salinarum, up to five different 

archellins can be encoded within the fla locus, whereas most crenarchaeota carry only a single 

archaellin gene (Jarrell & Albers, 2012). In M. voltae a hook region could be visualized and 

interestingly a deletion of FlaB3, which is one of the archaellins resulted in assembly of a 

functional, but hookless filament (Bardy et al., 2002). An interesting phenomenon was found in 

H. volcanii, which has two archaellin encoding genes, flgA1 and flgA2. It was shown using mass 

spectrometry analysis that FlgA1 is the major, whereas FlgA2 is the minor subunit of the 

archaellum of H. volcanii  (Tripepi et al., 2013). Deletion of FlgA1 leads as expected to an 

abolished archaellation, whereas the deletion of FlgA2 displays surprisingly a hypermotile 

phenotype, what could never been reported for any other archaellin deletion mutant so far 

(Tripepi et al., 2013).  

The archaellin genes are followed by flaCDE, which products are believed to be involved in 

chemotaxis and might be responsible for switching the rotation direction of the archaellar motor 

(Schlesner et al., 2009). Interestingly, these genes are completely absent in the subkingdom of 

crenarchaeota, where also no chemotaxis were ever reported so far, what would be consistent with 

the proposed function of FlaCDE. Crenarchaea encode FlaX, which is a unique archaellum 

component found exclusively in this subkingdom (Ghosh & Albers, 2011a). FlaX from S. 

acidocaldarius forms highly stable ring-like structures, with a diameter of around 30 nm 

(Banerjee et al., 2012a). It has been also demonstrated that FlaX is essential for archaella 

biosynthesis in S. acidocaldarius and its cellular stability depends on the presence of archaellar 

core components FlaHIJ, which might suggest that these proteins interact together in order to 

form the archaellar basal body (Lassak et al., 2012b, Banerjee et al., 2012a).  

The flaHIJ genes are highly conserved in all the archaella systems. FlaH is a RecA-like 

protein, showing homology to the bacterial circadian clock KaiC. This protein contains a typical 

Walker A, but an incomplete Walker B motif and both are crucial for ATP-binding. Therefore 

FlaH is predicted to be an ATPase-like protein with suggested nucleotide dependent regulatory 

role rather than an ATPase function (Ghosh & Albers, 2011a). FlaI and FlaJ are homologues to 

the T4P components PilB and PilC, respectively (Fig. 3)(Peabody et al., 2003a). FlaI was 

classified as a member of the "secretion superfamily ATPase" protein group involved in bacterial 

type II/IV secretion, type IV pili and archaella assembly (Ghosh et al., 2011a). In silico analysis 

has predicted FlaJ as a polytopic membrane protein with seven to nine transmembrane domains 

and two positive charged cytoplasmic loops (CytoI and CytoII)(Ghosh & Albers, 2011a). Because 

of the high conservation and their similarity to the bacterial T4P system, FlaHIJ are predicted to 

form the core of the archaellum, providing thereby the assembly platform for the other 

components (Banerjee et al., 2013). Recent studies could show that the three archaellar 

components, FlaX, FlaH and FlaI, of S. acidocaldiarius are strongly interacting with each other 

and it has been therefore postulated that they might form a triple subcomplex within the 

archaellum assembly system (Banerjee et al., 2013). Considering the size of the FlaX ring-like 

structures, it seems reasonable to believe that they might act as a molecular scaffold. Moreover 

the space left inside the ring would be sufficient for incorporation of the FlaI hexomer, which 

might subsequently connect this FlaXI complex with the polytypic membrane protein FlaJ. FlaH 

has been shown to interact with both FlaI and FlaX, therefore it could be placed at the interface 

between FlaX and FlaI. Thus, these FlaXHI subcomplex in association with FlaJ are postulated to 

be the motor containing basal body of the archaellum (Banerjee et al., 2013). However FlaX is 

only present in the subkingdom of crenarchaeota, suggesting that a distinct architecture of the 

archaellar basal body in euryarchaeta, which might involve the chemotaxis related proteins 

FlaCDE, must be present. Although the function of FlaH is not known yet, it has been 
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hypothesized to modulate FlaI, directing the energy from assembly into torque generation (Ghosh 

& Albers, 2011a). 

FlaF and flaG are also highly conserved in all known fla operons, although in crenarchaeota 

they appear in an inverted order. Nevertheless, still the functions of FlaF and FlaG remain 

unknown (Chaban et al., 2007, Lassak et al., 2012b). However both are predicted membrane 

associated proteins containing each a single transmembrane domain. Furthermore recently 

obtained preliminary results suggest a mutual interaction between these proteins and that FlaF can 

recognize and bind the S-layer associated glycan tree (personal communication with Ankan 

Banerjee and Patrik Tripp). Thus the current archaella assembly model assumes that FlaF and 

FlaG might form a pore-like structure in the cell wall, enabling the filament elongation.  

The knowledge about the structure of the archaellum is limited to two phylogenetically 

distant organisms, inhabiting completely different ecological niches: the crenarchaeon S. shibatae 

and the euryarchaeon H salinarum. Despite the differences between these organisms, their 

archaella are structurally comparable, but totally distinct from the bacterial flagellum. The inner 

core of the archaellar filament is densely packed lacking an inner channel, which is contrary to the 

bacterial flagella system (Cohen-Krausz & Trachtenberg, 2002, Cohen-Krausz & Trachtenberg, 

2008). The inner core is formed by the hydrophobic Ŭ-helices on the N-terminus of the 

archaellins, as it is in bacterial T4P. Since the archaellin leader domain is high conserved, this 

dense package can be a common feature of all archaella systems in the entire third domain of life 

(Cohen-Krausz & Trachtenberg, 2002, Cohen-Krausz & Trachtenberg, 2008). The C-terminal 

parts of the archaellins are surrounding the solid core structure in a right-handed 3-start helix 

fashion (Trachtenberg et al., 2005). The size of the C-terminus of the archaellins differs among 

different archaeal species, which results in the varying diameters of archaella. 

The similarities of the archaellum to its bacterial counterpart are restricted exclusively to the 

performed functions, therefore it seems very unlikely that archaella assemble in a flagella related 

fashion. Moreover no homology between structural elements of these parallel systems could ever 

be observed. Beside the external structural pattern of the filaments both appendages differ also 

significantly in size, as flagella are usually 20 nm in diameter, whereas archaella are much thinner 

with diameters between 12 and 14 nm (Bardy et al., 2003, Jarrell & McBride, 2008b). Moreover, 

archaella filaments are densely packed lacking the central channel, which is a crucial feature of 

the type III secretion system based assembly model, required for the export and subsequently 

incorporation of the flagellins at the distal tip of the growing flagella (Chevance & Hughes, 2008, 

Cohen-Krausz & Trachtenberg, 2008). So far no detailed archaellar basal body structure has been 

reported, however electron micrographs of isolated archaella demonstrated a knob-like 

architecture, excluding the ring-based organization typical for the bacterial flagella (Kalmokoff et 

al., 1988, Southam et al., 1990b, Kupper et al., 1994).  

The similarities to the bacterial T4P system, like the conserved N-terminus of the archaellins, 

dense filament package as also its size and numerous subunit homologies implied, that archaellum 

and type IV pili might be evolutionary related (Trachtenberg & Cohen-Krausz, 2006, Jarrell & 

Albers, 2012). The archaellins contain a class III signal peptide typical for the T4P pre-pilins. 

Furthermore it has been shown, that these archaeal signal sequences can be recognized and the 

carrying archaellins subsequently processed by a dedicated pre-archaellin peptidase FlaK/PibD 

(Bardy & Jarrell, 2002, Albers et al., 2003, Szabo et al., 2006). Both FlaK and PibD belong to the 

family of integral membrane aspartic acid proteases containing a doubled of essential aspartates, 

whereas the second one is part of an conserved GxHyD motif (Hy-hydrophobic amino acid) 

(Henche et al., 2014). Interestingly, these enzymes are homologues to the bacterial pre-pilin 

peptidase PilD. FlaK of Methanococcus voltae is processing exclusively pre-archaellins, whereas 

the typical for Sulfolobales PibD shows a wider substrate spectrum and provides a universal 
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peptidase for all the T4P-like surface structures, including pili and archaella (Albers et al., 2003, 

Bardy & Jarrell, 2003). Thus, deletion of PibD in S. acidocaldarius resulted in a completely 

ñnakedò cell, whereas deletion of FlaK in M. maripaludis impacts only the archaella, 

demonstrating the crucial role of the pre-subunits activation for the archaella assembly.  

FlaI and FlaJ are further examples of T4P-like assembly model adaptation in archaea. FlaJ is 

predicted to be the integral membrane protein considered as the archaellar assembly platform 

(Ghosh & Albers, 2011a). FlaI of S. acidocaldarius has been characterized as a functional metal 

ion dependent ATPase with an optimum pH of 6.5 and temperature of 75
o
C, which corresponds to 

the physiological conditions within the cell in the natural habitat (Ghosh et al., 2011a). 

Furthermore, the positive impact of archaeal lipids on the ATPase activity of FlaI could be 

demonstrated, suggesting the involvement of the membrane in regulation of the archaellum 

(Ghosh et al., 2011a). Recently, also the assembly/rotation cycle has been uncoupled and 

archaellated, but not motile, in vivo mutants have been obtained, proving thereby the bifunctional 

role of FlaI, which generates energy for both, assembly and rotation (Reindl et al., 2013). 

Moreover the crystal structure of S. acidocaldarius FlaI has been solved and ATP-dependent 

hexamerisation demonstrated (Reindl et al., 2013). Further structural analysis revealed that the 

crown grooves of the hexameric FlaI are negatively charged, which led to the assumption that 

these sites might interact with the highly positively charged cytoplasmic loops of FlaJ, forming a 

stable FlaJ-FlaI core complex (Banerjee et al., 2013).  

Another interesting feature of archaella is the characteristic N-linked glycosylation of the 

archaellins (Voisin et al., 2005). This post-translational modification of the structural subunits 

was observed in numerous species and seems to be widespread among archaea (Ng et al., 2008). 

In contrast post-translational N-linked glycan tree attachment has never been reported for the 

bacterial flagella or for the bacterial T4P. Although glycosylation itself could be confirmed for 

T4P and in few cases also for the flagellum, the glycan tree showed always O-linked attachment 

(Logan, 2006).   

Summarizing all the available information the assembly of the archaellum might precede like 

this: 1) The filament subunits are produced as pre-archaellins and are inserted into the membrane. 

2) Then the membrane located pre-archaellins undergo N-linked glycosylation and their signal 

sequences get cleaved by T4P-like archaellin peptidase FlaK/PibD. 3) The polytopic membrane 

protein FlaJ forms the assembly platform, recruiting FlaH and FlaI into the core complex. 4) FlaF 

together with FlaG forms a pore-like structure into the S-layer. 5) The processed archaellins are 

then incorporated at the base of the growing structure, driven most likely by FlaI mediated ATP 

hydrolysis.  

 

In the last years more attention has been devoted to the regulation of archaella assembly 

leading to the discovery of a highly complex regulatory network in S. acidocaldarius, what given 

the relatively simple archaellum in this organism, was quite unexpected. However the 

biosynthesis of motility organelles and locomotion itself are highly energy consuming processes 

so it seems economically reasonable to restrict them until they are really necessary.  

Under laboratory cultivation conditions Aap-pili have been identified as the predominating 

cell appendages, whereas archaella appearance was rather rare. Significant increase of the 

archaellation was first observed in cells entering the stationary grow phase, indicating that 

depletion of certain nutrients might promote the archaella biosynthesis (Szabo et al., 2006, Lassak 

et al., 2012). Subsequently, a direct impact of the nitrogen sources limitation on the induction of 

archaella expression could been confirmed (Lassak et al., 2012b). The fla operon of S. 

acidocaldarius contains two independent promoters, one located upstream of the archaellin 

encoding gene flaB and a second one preceding flaX. Both are highly up-regulated under 
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Fig. 3. Schematic comparison of the crenarchaeal archaellum to the flagellum and type IV pili of Gram-

negative bacteria. The flagellum is composed of several dozens of different components, which assemble at 

the distal tip of the growing structure in a type III secretion system based manner. The archaellum and the T4P 

on the other hand, assemble by insertion of previously processed by PibD/FlaK or PilD archaellins or pilins, 

respectively, at the base of the structure. In both, the archaellum and T4P two interacting components: the 

integral membrane protein FlaJ or PilC and the ATPase FlaI or PilB respectively provide the platform and the 

energy for the assembly of these structures. Recently FlaX and FlaH have been shown to be archaellar motor 

complex components (Banerjee et al., 2013). Homologues proteins are marked with the same color. 

Abbreviations: OM, outer membrane; PG, peptidoglycan; IM - inner membrane; M, membrane; Reprint from 

Shahapure et al., 2014. 

starvation conditions (Lassak et al., 2012b). Further studies have identified two transcriptional 

activators: ArnR and ArnR1. Both contain similar helix-turn-helix motives and both have been 

proven to bind to the flaB promoter (Lassak et al., 2013). ArnR and arnR1 are encoded close to 

the fla operon and the deletion of these genes inhibits archaellation. Parallel to these findings a set 

of repressors of archaella expression have been identified: the forkhead-associated (FHA) domain 

containing ArnA and the von Willebrand (vWA) domain containing ArnB (Reimann et al., 2012). 

Both have been shown to strongly interact with each other and repress archaella expression in a 

phosphorylation dependent manner (Reimann et al., 2012). It was demonstrated for S. tokodai that 

the ArnA homologue (ST0829) binds directly to the flaX promoter in vitro (Wang et al., 2010, 

Duan & He, 2011), what unfortunately could not be reproduced in S. acidocaldarius. 

Depleting environmental goods triggers archaella biosynthesis also in species belonging to 

euryarchaeota, such as M. jannashii and M. maripaludis. Both mentioned species show sensitivity 

to H2 and leucine limitations, in consequence of which they attempt to change the habitat using 

they archaella mediated swimming ability (Mukhopadhyay et al., 2000, Hendrickson et al., 2008, 

Xia et al., 2009). However, molecular regulators involved in archaella synthesis initiation or 

repression have never been reported for this subkingdom. Moreover the Arn regulatory factors 

identified in crenarchaeota are missing in euryarchaeota, suggesting a completely distinct 

archaellum regulatory network for this subkingdom (Lassak et al., 2013). 
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1.7. Sulfolobus acidocaldarius as model organism  

Sulfolobus acidocaldarius DSM639 was first isolated in 1972 from a volcanic hot-spring at 

Yellowstone National Park by Thomas Brock (Brock et al., 1972). It was the first characterized 

representative of the order Sulfolobales, belonging to the Creanarchaeota kingdom (Fuchs et al., 

1996). S. acidocaldarius is a hyperthermoacidophile, which grows optimally at 75
o
C, pH around 

2 and under strictly aerobic conditions (Chen et al., 2005). It is able to grow 

chemolithoautotrophically oxidizing elemental sulfur, however it can also grow heterotrophically 

using organic substrates like peptides and sugars (Shivvers & Brock, 1973, Grogan, 1989). The 

cell shape of S. acidocaldarius is defined as highly irregular coccus of around 1 Õm in diameter 

(Mcclure & Wyckoff, 1982). 

Nowadays, multiple species are classified as members of the genus Sulfolobus and all of 

them were found in sulfataric hot-springs all over the world. For example, S. solfataricus strains 

P1 and P2 were isolated from a solfataric field in Italy; S. shibatae and S. tokodaii in Japan; 

S.islandicus in Iceland and S. yangmingensis in China (Chaban et al., 2006a).  

S. solfataricus and S. tokodai are next to S. acidocaldarius the best phenotypically 

characterised Sulfolobus species. However, due to its high genomic stability, S. acidocaldarius 

became the preferred model organism for crenarchaeal studies (Grogan et al., 2001). S. 

solfataricus genome contains more than 300 insertion sequence elements (IS) and miniature 

inverted-repeat transposable elements (MITEs), whereas S. acidocaldarius contains only four 

partial IS-elements, which are not active (Grogan & Hansen, 2003, Brugger et al., 2004). The 

biggest impediment for genetic manipulation in Archaea in general is the inefficiency of 

commonly used selection markers like antibiotics. The creation of an uracil auxotrophic strain 

allowed to overcome these limitations and was proved to be an useful selection marker for gene 

insertion or deletion in S. acidocaldarius (Jonuscheit et al., 2003, Albers & Driessen, 2008, 

Wagner et al., 2009). Moreover the identification of inducible promoters and the discovery of the 

not-integrative plasmid pRN1 from S. islandicus led to the development of multicopy shuttle 

vectors, facilitating in-trans gene complementation and overexpression in S. acidocaldarius 

(Berkner et al., 2007, Berkner et al., 2010, Wagner et al., 2012). 

The constantly expanding genetic tool box, the availability of fully genome sequence, high 

genetic stability, easy cultivation and the high diversity of multiple cell appendages make 

Sulfolobus acidocaldarius a perfect model organism to study the role, assembly and regulation of 

crenarchaeal surface structures.  

 

 

1.8. The circadian clock protein KaiC 

In order to keep pace with the cyclic environmental changes arising from the rotation of the 

planet around its axis, numerous organisms developed peculiar molecular timing systems. These 

biological circadian clocks allow them to control their physiological behavior in a progressive 

day-night cycle, in nearly perfect 24-hours rhythms. Up to date several different types of 

molecular circadian clocks have been discovered in all domains of life. However the timekeeping 

mechanisms seem to differ between phylogenetic kingdoms, thus no universal ñtimerò could be 

found, suggesting that circadian oscillators evolved repeatedly during evolution (Rosbash, 2009, 

Edgar et al., 2012).  
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The simplest and at the same time best studied biological oscillator was found in 

representatives of Cyanobacteria. Although the life cycle of the model organism Synechococcus 

elongatus counts only six hours, more than 30% of the genes are expressed in a circadian fashion 

evidencing the importance of developing a hardly infallible molecular clock tracking 24-hours 

rhythms (Ito et al., 2009).Interestingly the cyanobacterial circadian clock is composed of only 

three proteins: KaiA, KaiB and KaiC. In this system the time is tracked by the phosphorylation 

status of KaiC, whereas KaiA and KaiB, accelerate its auto-phosphorylation and auto-

dephosphorylation activity, respectively. All the components have already been biochemically 

and structurally well characterized. However, the biggest advantage is that the cyanobacterial 

circadian clock can be easily reconstituted in vitro by mixing the components in presence of ATP, 

enabling tracking of cyclic phosphorylation and dephosphorylation events for up to 10 days 

(Nakajima et al., 2005) 

The key player within this system is KaiC, which is composed of two highly similar 

domains: the N-terminal called CI and the C-terminal CII domain, which is probably a result of 

internal gene duplication (Dvornyk et al., 2003). Both KaiC domains contain WalkerA and 

imperfect WalkerB motifs and show homology to the RecA/Rad51/DCM1 family of ATP-

dependent recombinases (Leipe et al., 2000).  Structural analysis revealed that KaiC functions as 

a hexamer, resembling in shape a double doughnut, where a ring formed by six CII domains is 

placed on a similarly built CI ring (Hayashi et al., 2003, Pattanayek et al., 2004). Despite the high 

homology, the two KaiC domains differ significantly in the performed function. The CI domain is 

responsible for the ATP-dependent hexamerisation of KaiC (Hayashi et al., 2004) showing an 

extremely slow ATPase activity, hydrolyzing only 15 ATP molecules per cycle (Terauchi et al., 

2007). The KaiCII domain contains the major phosphorylation sites, Serine 431 and Threonine 

432, which undergo cyclic phosphorylation and dephosphorylation in a defined order: S/pT - 

pS/pT ï pS/T (Rust et al., 2007). Though KaiC exhibits ATPase, auto-kinase and auto-

phosphatase activities, the circadian rhythms can be fully reconstructed only under the control of 

the two other components: KaiA and KaiB. First, homo-dimeric KaiA binds specifically to the C-

terminal tail of the CII domain, unraveling the so-called A-loop and unlocking the kinase activity 

of KaiC (t=0h)(Vakonakis & LiWang, 2004, Pattanayek et al., 2006). This leads then to the 

phosphorylation of Threonine 432 in all CII subunits of the KaiC hexamer in an allosteric manner 

(t=6h). Followed by the next phosphorylation round where the situation occurs again for Serine 

431 resulting in hyper-phosphorylated state in all six KaiCII subunits (t=12h)(Egli et al., 2013). 

This double phosphorylated pTpS state is privileged by KaiB, which binds as an homo-dimer to 

the surface of the KaiCII domain forming a ternary KaiABC complex, where KaiA is sequestered 

and thereby cannot promote KaiC phosphorylation any longer (Pattanayek et al., 2011, 

Pattanayek et al., 2013). In parallel KaiB stimulates the dephosphorylation of KaiC, which occurs 

via an unusual ATP-synthesis mechanism and is accompanied by KaiC subunit exchange 

(t=18h)(Egli et al., 2012, Kageyama et al., 2006, Ito et al., 2007). Also the dephosphorylation of 

KaiC take place in a strict order, starting with the dephosphorylation of pT432 in all six KaiCII 

subunits, followed by dephosphorylation of pS431 till the hypo-phosphorylated state of KaiC is 

restored, ends the cycle (Nishiwaki et al., 2007).  

Despite multiple studies performed the complete mechanism of KaiC circadian rhythmicity 

is still not fully understood. It is so far unclear what exactly enables the 24 hour time keeping, 

what is the role of the KaiCI ATPase activity and whether the phosphorylation/dephosphorylation 

events appear as a result or are they a part of the oscillatory mechanism? Nevertheless the stability 

of the KaiABC oscillator is truly astonishing and makes this system a perfect object for studies.  

KaiC homologues are also widespread among Archaea and can be found in almost all species 

belonging to the third domain of life, including Sulfolobales (Dvornyk et al., 2003). The majority 
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of these KaiC homologues are smaller single domain versions, different than those in 

Cyanobacteria. The function of these KaiC-like proteins remains still unclear; however given the 

often very extreme habitats of archaea the need of circadian oscillators is questionable. Moreover 

the existents of such time keeping system could not be so far ever confirmed in Archaea. Recent 

studies suggested however, that a set of genes in H. salinarum and H. volcanii might be regulated 

in a light/dark dependent manner (Whitehead et al., 2009, Maniscalco et al., 2014). Both 

examined organism live in habitats near the earth surface, susceptible to the effect of the daily 

rhythms of the planet. Furthermore both species contain KaiC homologues; however those 

involvement in the regulation of day/night dependent gene expression could not be demonstrated 

in those studies (Whitehead et al., 2009, Maniscalco et al., 2014). Considering in addition the lack 

of any homologues of the two other bacterial circadian clock components KaiA and KaiB in 

archaea, it appears to be unlikely that these archaeal KaiC-like proteins are involved in any time-

keeping functions. Assuming the existence of an archaeal circadian oscillatory system it seems a 

unique archaeal mechanism rather than the cyanobacterial KaiABC model. Therefore it has been 

suggested that the highly abundant archaeal KaiC homologues might exhibit regulatory roles, 

distinct from the bacterial archetype, but perhaps functionally related. Furthermore, recently, it 

has been suggested that these single domain KaiC homologues may be involved in archaeal DNA 

repair based on the structural similarities to RadA (Haldenby et al., 2009). It could be also shown 

that the KaiC homologue Sto0579 of S. tokodai can interact with two major DNA repair system 

players, RadA and the single-strand binding protein SSB and modulate their functions (Sheng et 

al., 2008). As it becomes more and more obvious that the archael KaiC homologues are not 

analogues in function it was postulated to remove the misleading link and reclassify all the single 

RecA domain proteins, currently annotated as KaiC into aRadC (Haldenby et al., 2009).    

An interesting example of an archaeal KaiC homologue is FlaH, which as a structural 

component of the archaellum has obviously nothing to do with either circadian rhythms, or DNA 

repair. FlaH together with FlaI and FlaJ are believed to form the archaellar core complex, where 

FlaJ is anchoring it in the membrane and FlaI delivers energy for assembly. However nothing is 

known about the role of FlaH and whether its function is somehow KaiC related. FlaH shows 

similarity to the CII domain of KaiC, which is the functional part of this protein, carrying the 

auto-phosphorylation and auto-dephosphorylation activity. It was long time postulated that FlaH 

may be involved in modulating the activity of FlaI, which is the only functional ATPase in the 

archaellum. Therefore, it is tempting to think that this modulation happens on the basis of a KaiC 

related working model. Answering this questions and elucidating the role of FlaH is one of the 

main goals of the presented here work.  
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2. Scope of the thesis 

Motility is a common feature of all three domains of life. However in the last decades the main 

focus has been set on the eukaryotic cilium and the bacterial flagellum, whereas the archaellum 

remained almost completely unexplored. Single studies limited to phylogenetic, genetic and 

physiologycal analyses have been performed almost exclusively on representatives of 

Euryarchaeota, while the assembly, architecture and biophysical aspects of the archaellum have 

never been investigated. Interestingly the archaellar gene clusters in Crenarchaeota show a 

simplified genomic organization compared to Euryarchaeota. The "fla" operons in Crenarchaeota 

lack the chemotaxis involved flaCDE genes and show a limited archaellin number, what makes 

them privileged in terms of archaella structural studies. Since S. acidocaldarius has an archaellum 

involving merely seven different components and offers at the same time an advanced genetic tool 

box it seemed to be a perfect model organism for studying the crenarchaeal archaellum, what is 

the main objective of the presented here work.  

A number of genetic studies already confirmed the essentiality of the fla genes for the 

archaellar assembly and/or functionality in euryarchaeal model organisms (Patenge et al., 2001, 

Chaban et al., 2007). In the chapter 3.1 analogously work testing the impact of single fla genes 

deletions on the archaella assembly and function in S.acidocaldarius is presented. Moreover 

analysis concerning the genetic arrangement of the fla operon and the physiological conditions 

inducing archaella biosynthesis are also shown in this chapter. 

From seven Fla proteins of S. acidocaldarius only two, FlaI and FlaH, do not possess any 

transmembrane domain, therefore both are from the beginning predicted as archaeal basal body 

components. While FlaH resembles a single RecA domain with defected Walker B motif, FlaI 

appears to be the only functional ATPase within the archaellum system. FlaI shows a two domain 

architecture, including well conserved Walker A/B motifs, typical for ATPases powering the 

bacterial type II secretion system and the assembly of type IV pili. In chapter 3.2 a detailed 

structural analysis of FlaI was performed, showing a unique cross-subunit interaction based 

hexamerisation pattern and its the bifunctional mode of action, as it is involved in archaellar 

assembly and rotation. Recent studies revealed that another component of the crenarchaeal 

archaellum FlaX, forms oligomeric ring like structures, indicating a possible role as stator 

complex for FlaX within this system (Banerjee et al., 2012a). Section 3.3 shows that in S. 

acidocaldarius both the archaellar cytoplasmic components FlaH and FlaI can interact with FlaX 

with high affinities. Moreover a stable ternary FlaXc-FlaH-FlaI complex could be confirmed in 

vitro, suggesting that FlaX may act as a membrane bound cytoplasmic scaffold during the 

crenarchaeal archaellum assembly process. Chapter 3.4 is devoted to the structural analysis of 

FlaH, demonstrating strong affinities of this protein towards nucleotides, showing additionally the 

involvement of both Walker motifs in ATP binding, which turned out to be crucial for the 

archaellation of S. acidocaldarius cells. Furthermore in chapter 3.4 attempts are made to clarify 

the involvement of FlaH in the archaella assembly and function. The intriguing homology to 

bacterial circadian clock protein KaiC might imply a phosphorylation dependent regulatory role 

for FlaH. Indeed a time dependent autophosphorylation activity in vitro has been demonstrated for 

FlaH of S. acidocaldarius. 
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3. Results 

The following part is composed of four independent studies, all focusing on different research 

objectives to expand of our knowledge about the archaeal motility organelle, the archaellum. All 

manuscripts presented here are either published (3.1-3.3) or prepared for submission (3.4). Each 

chapter is preceded with a short summary and a statement highlighting the individual 

contributions of all involved co-authors.   

 

3.1 Molecular analysis of the crenarchaeal archaellum 

Summary: 

Motility is an inseparable attribute of life, which has been already intensively studied in Bacteria 

and Eukarya, but was quite neglected in Archaea, where the current knowledge is limited to 

phylogenetic, genetic and physiological analyses of a few euryarchaeal species. However, nothing 

was known about motility in the second large subkingdom of Archaea, the crenarchaeota. Using 

S. acidocaldarius as model organism, we have performed the first detailed study about 

crenarchaeal motility. In this work we conclusively linked the genes clustered in the fla operon of 

this thermoacidophile with its archaeal flagellum, recently renamed as the archaellum (Jarrell & 

Albers, 2012). Constructing in-frame deletion mutants of all seven fla genes of S. acidocaldarius 

we have demonstrated, that all of them are essential for the assembly of archaella. Since the 

archaellum is not the only surface structure of S. acidocaldarius, we have introduced the same fla 

deletions in a non-piliated ɲaapF strain. Phenotypical analysis of these ɲaapF/ɲfla mutants 

confirmed the relevance of fla genes for the archaella assembly, since all the double deletion 

strains revealed to be non-archaellated and non-piliated. Moreover we have defined physiological 

conditions inducing the archaellum biosynthesis by monitoring the FlaB expression levels with 

immunoblot analysis under different conditions. As result of this investigation, we have 

determined that the limitation of nitrogen sources has a direct impact on the activation of 

archaella production, as we have observed increased FlaB expression after transferring the cells to 

tryptone lacking medium. Using RT-PCR we have showed that the fla locus is divided into two 

transcriptional units, where flaB and flaX-flaJ are transcribed separately. Combining q-RT-PCR 

and reporter gene assay we have confirmed two independent promoter within the fla operon, one 

located upstream of flaB and a second one upstream of flaX. Both promoters are getting activated 

in response to starvation conditions, although the transcription level of flaB is significantly higher 

than this of flaX-flaJ. FlaB is the archaellin, which is needed in a much higher number in relation 

to the other archaellar components in order to build up the several cell length filament. 

Moreover, the ɲaapF/ɲfla deletion strains have been examined for their swimming behavior 

using semi-solid plate assay and a high-temperature phase-contrast microscope. All the double 

deletion strains, which were shown to be not archaellated, revealed to be also immotile, delivering 

the final prove that the archaellum is responsible for the swimming motility of crenarchaeota.  

During the phenotypical analysis we have observed that the non-piliated background strain 

ɲaapF shows significantly stronger archaella expression in response to starvation than the wild 

type MW001, resulting also in higher swimming velocities. This phenomenon cannot be 

explained so far, may however indicate a crosstalk between the regulatory systems of the different 

cell surface appendage systems of S. acidocaldarius. 
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Contributions:  

Construction of deletion strains, qRT-PCR and RT-PCR analysis, reporter gene assays, 

investigation of physiological condition promoting archaella expression and thermo microscopy 

analysis were performed by Kerstin Lassak. Tomasz Neiner constructed double deletion strains 

and complementation strains, performed cellular fractionation analysis, established and performed 

motility assay of Sulfolobus strains on semi-solid Brock plates. Andreas Klingl and Abhrajoti 

Ghosh have done the Electron Microscopy analysis. Reinhard Wirth provided Thermo 

Microscopy facilities and supervised swimming motility analysis. Kerstin Lassak, Abhrajyoti 

Ghosh and Sonja-Verena Albers wrote the manuscript, which was revised by all the authors. 
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