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1. Introduction

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 oflutiom
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 flagellalikaistructures called cilia, or foot
like structures called pseudopodiéChubb et al, 2002. However considering
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 enedbla 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 propelshie cells with its long, wavy filament in a rotary fashi@ilverman &

Simon, 1974 Flagella are mediating two different types of bacterial motility. They are powering
the swimming ability of individual cells in liquid environmen{Berg & Anderson,1973
Macnab, 2008 as also the multi cellular motion across viscous environments or surfaces, termed
swarming (Kearns, 2010 Numerous bacteriar@ capable to move across surfaces through
alternating extension and retraction of filaments known as type IV pili, this flagdépendent

type of motility is called twitchingMattick, 2003. An additional type of bacterial motility is
gliding, which is mediated by focaldhesion complesethat bind to the surface and translocate
the cell body along the cell ax{blan & Zusman, 2001 An interesting variation of gliding was
described inMycoplasmaspecies, which developed tiny "legs" allowing slow movement in a
continuous manngMiyata, 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 orgaisefilso a several cell length long
wavy filament that enables swimming via its rotation, analogously to the bacterial flagellum
(Shahapureet al, 20143. However more detailed studies raled a unique structure, much
closer related to the bacterial type IV pilus, than to the flagellum, therefore a new name was
postul ated and the archaeal f 1 ag@dréll&mlbensas f orr
2012. still our knowledge abduhe 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 inpBsitive
and Grarmegative bacteria, which it is used mostly for swimming in aqueous environments
(Berg & Anderson, 1973and also in some cases for swarming across solid surfeegeser,
2007. Certain bacteria, likd’roteus miabilis or Escherichia colican use the same flagella
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system to mediate both types of motility, increasing their number on the cell s{(Maiéeo et

al., 200§. On the contraryVibrio parahaemolyticusor Aeromonas hydrophilgpossess a
secondary flagella system, which is expressed only in response to growth in viscous environments
enforcing swarming motilityMerino et al., 2006 Interestingly,Pseudomonaspecies use the

same flagella system for swimming and swarming but they are able to exchange individual
components of the flagella motor depending on the typmaiflity performed(Toutainet al,

2005. The flagellum caosists 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 hookisdin@ditament

with the basal body. The flagellar basal body of Greegative 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;Nt& (membranous and supm@embranous) ring and

the C ring, which is part of the motor (Fig(Ihomaset al, 2009. In Grampositive bacteriahte

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 subuniBacltus subtillis the
complete assembly process takes 60utais, 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 produan of several dozen of different proteins that are involved directly either in
the assembly or its regulatig@uttenplaret 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 thahe structural components are expressed in a hierarchical manner
according to the current assembly staiklridge & Hughes, 2002McCarter, 200B First, in
response to environmental factors, the flagellar class | master regulators, FIhC orafdhD,
activated. They in turn lead to the expression of the class Il genes, encoding structural
components of the hook and basal body. At this stage the remarkably flageHlasssesitbly
process begins. First, around 26 copies of FliF aggregate to forltiSh@ng, which is the base
and the attachment point for further subcompon@@itevance & Hughes, 2008n the next step
three proteins: FliG. FliM and FliN are forming the eshpaped &ing, which works later as the
functional rotor of the flagellum (Fig. 1(Blair, 200§. The Cring 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, 1998Subsequently 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 Il secretion machinery is formed insiderthg. The
membrane proteins FlhA, FIhB, FliO, FliP, FliQ and FIliR align with the central channel in the MS
ring and form the molecular export gate of the type Il secretion system (T3SS) (Ewgariget
al., 2014. Underneathtte gate three components, Flil, FliJ and FliH, build the export ATPase
complex. Flil is a homohexameric ATPase, FliJ is proposed to interact with one of the export gate
components FIhA and FliH locates this complex in then@ through interaction with M
(Chevance & Hughes, 200Bvans et al., 2004 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 statim@/1Sring to be
finally incorporated on the top of the growing structure. According to this scheme, six subunits of
FlgB, FIgC and FIgF respectively are secreted in order to build up the proximal part of the rod,
followed by 26 subunits of FIgG formg the distal part of the rd@hevance & Hghes, 2008
Interestingly, the P and L ring components, FIgl and FIgH respectively, are exported via the Sec

2
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pathway, independently from the flagella associated T&888en & Hughes, 20)4After 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 FIgE subunits and reaches a length of around 55
nm, what is under strict control of FliKSamateyet al, 2004 Evans et al., 2094 During the
biosynthesis of the hodiasal body complex, the sigma factor FIiA encoded by a class Il gene is
repressed by the argigma factor FIgM. However as soon as the hook formation is accomplished,
FIgM is secreted and FliA can initiate the expressiothefclass 11l genes, such as those encoding
the flagellins(Aldridge & Hughes, 200R Once the hook has reached its mature size, the control
protein FliK interacts with FIhB and turns off the hook component recognition and switches the
export gate specificity toward the flagellins. SubsedyehtgD, the hook cup protein, dissociates
from the top of the structure and is replaced by the filament cup protein FIiD, initiating the
filament assemblyYonekuraet al, 200Q. Before FliD can enter the flagellar export gate, its N
terminus is linked to the @rminal end of the preceding subunit, which has already erttezed
export channeglEvanset 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
biosynttesis of the flagellum at a constant rate, even though the assembly takes place several
microns away from the cell surfaevans et al., 2034

Filament cap—{FliD /

Filament —{ FliC or FIjB |

FlgL

Hook-filament— —
junction [Fng_:

@ Hook cap

—. Hook-
(Flik ) length —> [FlgE |
~—" control Hook

Juter membrane

[Reersadves vy

T
P ring—{Flgl} iFIi,L__L
MotB F 5 | | _IFlg8, FlgC and FlgF = Proximalrod
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Nature Reviews | Microbiology

Fig. 1. Model of the structure and assembly of the bactdagelium. Reprint from Chevance et a
2008.
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Despite the great complexity of the flagellum, the highly effective motor consists of only five
proteins: FliG FliM and FIiN that form the rotofYamaguchiet al, 1989 and the membrane
proteins MotA and MotB that form the i@onducting ster complex(Deanet al, 1984 Khanet
al., 1989. MotB has a peptidoglycaninding domain, whicHixes the stator complex stably to
the peptidoglycan layer. MotA interacts with FliG and, due to conformational changes induced by
ion passage, pushes FIiG turning the flagellar rg€ojima & 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 2000 rpm or even up to 1@WO rpm in case of Nadriven motors, enabling
swimming vel oci ty(Madariydngedal,®@9).per second

Another interesting characteristic is that bactespécies 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 pdiway could be identified: FIhF and FIhG, but their roles remain still an enigma
(Bulyhaet al, 2011 Kazmierczak & Hendrixson, 201&uttenplan et al., 20}3

1.3. Type IV Pili

The type IV pili (T4P) were found to be highly abundant among Gregative bacteria
therefore they were previously assigned exclusively to this group of organisms. However recently,
it has been shown that T4P are also present in uamitive bacteria, @ecially among
Clostridia species. For this reason, the T4P is one of the most widespread and universal cell
surface structures among the entire domain of bacf¢aega et al, 2006 Melville & Craig,

2013. Interestingly, T4P related structures are very abundant in ArdRaddschrodeset al,

201]). Up to date multiple archaeal surface structures, including pili and the archaeal motility
apparatus, the archaellum, have been reported do share horiml@ggns of architecture and
assembly with the T4P of Granegative bacteridLassaket al, 20123.

T4P are involved in an astonishing variety of cellulanctions, such as formation of
microcolonies and biofilm, DNA uptake or cell signali{@'Toole & Kolter, 1998 Chen &
Dubnau, 2001 T4P can have a crucial role in pathogenesis. For example, in the human pathogen
Neisseria gonorrhoea&4P facilitate the adhesion of the bacterial cell to the eukaryotiecltist
(Craig et al, 20094. 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, 2003. In this case the T4P eoften located at the cell poles
and extend reachi ng (Matick, @20R Jarrek & MoBridd, i2008p THe0 Om
T4P filament has usually a diameter 69 51im and is composed of multiple copies of a single
pilin protein, PilA(Giltner et al, 20129. 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 ¢GHauseret al, 2009.

The pilin protein PilA shows a number of unusual features, such as methylsteahiNus, a
conserved hydrophobic -iérminal part consisting of 25 residues and -gei@hinal 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, 2009; an outer membrane secretin, an energy
supplying assembly ATPase and often also a second disassembly AT&easdjevicet al,

2008.
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The type IV pilins are synthesized as preproteins, containing a type Ill signal peptide, which
is subsequently recognized and cleaved byrepilin peptidase PilD. The -derminus of the
processed pilin f or ms -hdix, Wwhichm enableshtihem tholrgmaimiyg the o p h o |
membrane before they get incorporated into the filament, while thern@nus of the pilin
resembidandwicha t buctur e. During the -adiccsbadoing , t he
sur r ound e-sheebdpmaindy whictb lead to the incredible stability of the filament. In
Gramnegative bacteria, the outer membrane protein PilQ forms largdikengylindrical pore
which crosses the lipid bilayg€Collins et al, 2005 Sieweringet al, 2014. The T4P assembly
mechanism is ATP driven and the ATPases are the best characterized component of this
machinery. PilB is involved speatlly in pilus assembly, whereas, PilT is responsible for
disassembly or retraction of the pilus. They belong to the type Il/IV secretion ATPase superfamily
and interact with the core polytopic membrane protein Pil@pathi & Taylor, 2007 Takharet
al., 2013. ATPases form hexameric rings, which change their conformation in response to ATP
hydrolysis (Savvides, 2001 Therefore, in the assembly model PilB can be found as a closed
ATP-bond form and an opened AHjf®nd form. These changes are accompaniedneygg
rel ease, which push the pilins approxi mately
growing filament, providing space for the next subuyditaig 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 (Slksrker & Berg, 2001 This approach is
significantly limiting the need to synthesize huge amounts of pilins for the rapid pili assembly.

—— . Y . . . . — — — ————

Z

PilD

Fig. 2. Model of type IV pili assembly mechanisms. PilA prepilins are processed by the specific p
peptidase PilD and incorporated into the base ofitbeving pilus structure. The energy for the pilin assem
is obtained by the action of the polytopic membrane domain PilC and the assembly ATPase PilB. TI
filament is extruded through the outer membrane via alifiegcylindrical pore omplex fomed by PilQ
oligomers Abbreviations: OM, outer membrane; INhner membrane; Reprint from Friedrich et al. 2014.
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1.4. Archaeai 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 aryclésible 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 whkethe 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 desigiPorter, 197% Further progress in the field of microscopy led to
differentiation between eukaryotes and prokaryotes. Though eukaryotes were over the next
centuryod6s organized on taxonomical kvedhtigal o ms  and
prokaryotes includes only one specific group of organism called bacteria. Only with the
achievements of the late 20entury this viewpoint could be changed. The discovery of DNA and
later development of methods enabling the sequencing and tamding 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 sdmal RNA subunits of different
microorganismsn order toanalyze their phylogenetic relationshiffgchman & Woese, 19).2
Unexpectedly, the 16S rRNA dfiethanobacteriumspecies revealed a completely different
oligonucledide signature, unrelated to either those obtained from bacteria or from eukaryotes
(Fox et al, 197%. Further sequencing analysis of two other thermoacidophilic genera, namely
Thermoplasmaand Sulfolobusshowed the same unique oligonucleotide signature observed in
methanogen@/Noeseet al, 1978 Woeseet al, 1989. At this point, the existence of a third group
of organisms differing significantly from the so far known bacteria and eukaryotesnéec
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 heaiad sediments in
Italy (Mullakhanbhai & Larsen, 197Brock et al, 1972 Fiala & Stetter, 1986 To survive these
extreme conditions Archaea evolved a unique cell membrane. Isoprenoid chains are linked to a
snglicerol moiety via ether ibding, whereas eukaryal and bacterial membranes are mostly
composed of fatty acid chains esfieked to glycerol(Kates, 1992 Albers & Meyer, 2011
Although there are some rare examples of dihked lipids reported also in bacteria, thel
stereochmistry 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 tetreer monolayer, where the endf the
hydrophobic isoprenoid tails are chemically linked with each q®prottet al, 1991 Macalady
et al, 20094. This etraether based architecture preserves the membrane rigidity at high
temperatures and prevents ion permeability, maintaining intracellular neutral pH in often
extremely acidic environmeng®amauchiet al, 1993 Macalady et al., 2004

Another interesting feature of the archaeal cell envelop is the completely lack of structures
typical for bacteria, like mureiKandler & Hippe, 1977Kandler & Konig, 1978 Only few
examples of archaeal pseudomurein have been reported so far, but these structures deviate
significantly from the bacterial counterpafisandler & Konig, 1998 Instead archaea species
developed their own unique cell envelope structure: thay&, which based on its simple
composition and widespread distribution could even be considered the evolutionargstaretilg
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wall structurg(Albers & Meyer, 2011 Archaeal Sayers are mostly composed of multigliapies

of a single type of highly glycosylated protein, which can oligomerize intedimensional
crystalline structures. These glypootein layers surround the cells, determining their shape and
protecting these organisms from adverse environmentaitggehile allowing access to all
crucial nutrientgArbing et al, 2013.

Archaea resmble 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 siZ&letzin, 200j. However certain molecular features in archaea are
functionally closer related teukaryoticequivalents rather than bacterial ones. A good example is
the archaeal transcription machinery, which relies on Bldpendent RNAoolymerase type I
like protein, eukaryotidike transcription factors and TAT-Box-like transcription initiation sites
(Huet et al, 1983 Bell & Jackson, 2001Allers & Mevarech, 2006 On the other hand the
transcription regulatory pathway and the subsequent translation process show more similarities to
those from bacteriéDennis, 1997Bell & Jackson, 1998

Beside the similarities to Bactarand Eukarya, genetic analysis revealed a set of several
hundred genes unique for Archaea, finally confirming the three domain classification proposed by
Woese(Woeseet al, 199Q Grahamet al, 200Q. 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 aold 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 exammaespifilic
archaa have been found, as bacteria speciediverse habitats like soil and oceg@habanet
al., 20069. Today the domain of Archaea counts already thousands of species and has been
divided into five distinct shbkingdoms: Euryarchaeota, Korarchaeota, Crenarchaeota,
Thaumarchaeota and Nanoarchag@&en & Woese, 199Muber et al, 2002 Elkins et al,

2008 BrochierArmanetet 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 thaedomain 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 observe®yrothetium genus
(Riegeret al, 1999.These hyperthermophiles irffia hydrothermal marine environments with
temperatures between 80 to even °Cl(Stetteret al, 1983. Pyrodictium species grow in
networks connected witextracellular tubules named cannulae. These tubular structures are 25nm
in diameter and show extreme heat resistgdhiekell et al, 2003. So far, three glycoproteins,

CanA, CanB, CanC, have been proposed to form these exceptional cell appéNukgd<=t al.,

2003. It has been observed, that the cannulae do not enter the cytoplasm of the connected cells,
but only the pseudoperiplasmic spébkckell et al., 2003 The exact function of these structures

have not been elucidated ybut they might have a role in nutrient exchange and adh@sget

al.,, 2009. Another example of a unique archaeal cell surface structure is the hamus, which was
found in the euryarchaeon SM1 isolated from cold’C) suphidic springs(Rudolphet al,

2000 The SM1 cells are small, 0.6 Om in diamet
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peritrichously to the cell envelqMoissl et al, 2005. These filaments have a diameter of around
8 nm, have a |length of between 1 and 3 Om and e)>
nm three prickles protrude from the filament, which ends with a tripartite hook facing back to the
cell (Moissl et al., B05. SM1 cells are living in mixed archaeal/bacterial communities and these
filamentous hami allow them to interact with their bacterial partfMosssl et al,, 2002.

Many of the widespread and highly conserved archaeal cell surface structures show
similarities to the bacterial typ# Ipili system(Ng et al., 2008Pohlschroder et al., 201lassak
et al., 2012p Based on the highly conserved class Ill signal sequence, the bioinformatical tool
AFl aFi ndd was dev eltiabpilie éncotling gdnalie sitt. FlAFind search e
revealed that type Il signal containing pilin/archaelike proteins are extremely wide spread in
Archaea, suggesting a strong preference for the T4P based model in the assembly of many
archaeal cell gmendageqSzaboet al, 2007a. Thus usg 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 studiegurface structures in Archaea.

1.6. The Type IV Pili in Archaea

In the last years, T4Rke 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 achieve&itfolobusspecies ad Methanococcus maripaludis
as model organism for crenarchaeota and euryarchaeota, respe(iasdpk et al., 2012a
Sulfolobusspecies hold three distinct T4iRe systems. AllSulfobbus spp. analyzed so far
possess UMnducible pili and archaellfLassak et al., 2012aFurthermore$S. acidocaldariuhas
a second T4P related system, the so calledpNap, which carbe found solely in this particular
organism(Hencheet al, 20123. Interestingly,Sulfolobalesand the recently reportadaloferax
volcanii have only one type Il signal recognizing peptidase PibD, which is responsilileefor
cleavage of all the produced go#in or prearchaellin involved in diverse surface structures
(Szaboet al, 2006 Tripepi et al, 201Q. In contrast,M. maripaludis has two independent
peptidases each one devoted to a different system, tragghraellin processing FlaK and the pre
pilin peptidase EppANg 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 Upspilus

An interesting example of archaeal adaptation of the T4P model is th@ilupsUV
inducible type IVpilus of Sulfolobaleg. Sulfolobusspecies evolved this T4P related system as
part of a defense mechanism against UV stfpesms Wolfereret al, 2013. After exposure to UV
light Sulfolobaésproduce numerous very short pili, which mediate cellular aggregation, enabling
DNA exchange between the clustered cells, representing thereby a uniquerepéNA
mechanisn(Ajon et al, 2011 Frolset al, 2009. Because the DNAlamaging agent bleomycin
could also activate the Umsli biosynthesis leading to cellular aggregation, it is believed that not
the UV-light alone, but the appearance of DNA double strand breaks is théianitidgger of
this system(Frols et al., 2008 The Upspili mediated cellular aggregation is highdpecific and
occurs only between the sarfalfolobusspecies. This specificity is achieved due to the ability of
the pilins to recognize straspecific Slayer glycan structures (van Wolferen personal
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communication). The Uppilus is composed of five preins 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 Il signal containg pilins UpsA/B(van Wolferen et al., 20}3

1.6.2. The Aappilus

The archaeal adhesive pilus can be found exclusively iI5. acidocaldarius where it
represents the most abundant cell surface stru¢tdeache et al., 2012aThe Aappili are
mainly involved in surface adhesion and biofilm formation, wherein they are important for the
formation of toweilike structuregfHencheet al, 20121).

Similarly to the Upspilus, the Aagpilus 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-#alfur oxidoeductase AapX is
encrypted within this genomic clust@ienche et al., 2012aAll 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 stture (Henche et al., 2012aThe Aappili are 11 nm in
diameter and display three stranded helices, showinyrl@t at i on and ri se of
(Henche et al., 2012aBoth pilins are structurally involved in the filament assembly, but in a
different extent, AapB is the major pilin, while AapA has only a secondary(iHaache et al.,
20123.

1.6.3. The Archaellum

Archaella are, until now, the most intensively studied cell surface structures in Archaea.
These usually 124 nm thick whiplike structures are found in all motile archg&aomaset 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 flagdlizhosh & Albers, 201lalLassaket al, 2012h
Shahapureet 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 arehitectu
resembles another bacterial surface structure, the T4P. Indeed both, the archaellum and the T4P
present remarkably homologous in terms of structure and assghabigll & Albers, 2012

All the archaella encoding genes are usually clustered éngemomic locusfl@ locus),
except for the prarchaellin peptidases, which shows always a distinct genomic logatipat
al.,, 2009. The archaellum gene cluster could be confirmed inirameasing number of
crenarchaeota and euryarchaeota species due to the growing amount of archaeal genome
sequences availab{®esmondet al, 2007. Moreover, archaellum encoding genes have recently
also been identified in the newly proposed phylum of Thaumarch&8ptnget al, 2012.
However, thdla 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 cremehaeota display the most minimalistic known archaellum syglemell &
Albers, 2012.
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Generally the first genes of tHéa operon encode the filament subunits, the so called
archaellins flaA and/orflaB). In euryarchaeal species, liké salinarum up to five different
archellins can be encoded within the locus, whereas most crenarchaeota carry only a single
archaellin gendJarrell & Albers, 2012 In M. voltaea hook region could be visualized and
interestingly a deletion of &BB3, which is one of the archaellins resulted in assembly of a
functional, but hookless filameiiBardy et al, 2002. An interesting phenomenon was found in
H. volcanii which has two archaellin encoding gerfé&gAl andflgA2. It was shown using mass
spectrometry analysis that FIgA1l is the major, whereas FIgA2 is the minor subunit of the
archaellum ofH. volcanii (Tripepi et al, 2013. Deletion of FIgAl leads as expected to an
abolished archaellation, whereas the deletion of FIgA2 displays surprisingly a hypermotile
phenotype, what could never been reported for any other archaellin deletion mutant so far
(Tripepi et al., 2018

The archaellin genes are followed #gCDE, which products are believed to be involved in
chemotaxis and might be responsible for switching the rotation direction of the aachaatibr
(Schlesneret 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, Mdich is a uigue archaellum
component found exclusively in this subkingdq@hosh & Albers, 201)a FlaX from S.
acidocaldarius forms highly stable rindike structures, with a diameter of around 30 nm
(Banerjeeet al, 20123. It has been also demonstrated that FlaX is essential for archaella
biosynthesis irS. acidocaldariusand its cellular stability depends on the presence of archaellar
core components FlaHIJ, which might suggest that these proteins interact togethesr ito ord
form the archaellar basal boflyassak et al., 2012Banerjee et al., 2012a

The flaHIJ genes are highly conserved in all the archaella systems. FlaH is alikecA
protein, showing homology to the bacterial circadian clock KaiC. This protein contains a typical
Walker A, but an incomplet Walker B motif and both are crucial for ATihding. Therefore
FlaH is predicted to be an ATPa#e protein with suggested nucleotide dependent regulatory
role rather than an ATPase functi@@hosh & Albers, 201J0aFlal and FlaJ are homologues to
the T4P components PilB and PilC, respectively (FigP&bodyet al, 20033. Flal was
classified as a member of the "secretion superfamily ATPase" protein group involved in bacterial
type II/IV secretion, type IV pili and archaella assgmishoshet al, 20113. In silico analysis
has predicted FlaJ as a polytopic membrane protein with seven to nine transmembrane domains
and two positive charged cytoplasmic loops (Cytol and CytBhpsh & Albers, 201)aBecause
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 Flal, 8f acidocaldiariusare strongly interacting with each other
and it has been therefore postulated that they might form a triple subcomplex within the
archaellim assembly systerfBanerjee et al., 20)3Considering the size of the FlaX riige
structures, it seems reasonable to believe that they might act as a molecular scaffold. Moreover
the space left inside the ring would befficient for incorporation of the Flal hexomer, which
might subsequently connect this FlaXl complex with the polytypic membrane protein FlaJ. FlaH
has been shown to interact with both Flal and FlaX, therefore it could be placed at the interface
betweerFlaX and Flal. Thus, these FlaXHI subcomplex in association with FlaJ are postulated to
be the motor containing basal body of the archae(lBanerjee et al., 20)3However FlaX is
only present in the subkingdom of crecfaaeota, 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 modulatdal, directing the energy from assembly into torque generéBbiosh
& Albers, 2011

FlaF andflaG are also highly conserved in all knofla operons, although in crenarchaeota
they appear in an inverted order. Nevertheless, still the functions of FlaF and FlaG remain
unknown (Chabanet al, 2007 Lassak et al., 2012bHowever 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 bd the Slayer 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 poréike 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 crenarchagtubatae
and the euryarchaeoH salinarum. Despite the differences between #hesrganisms, 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 systerfCohenKrausz & Trachtenberg, 200ZohenKrausz & Trachtenberg,

2008. The inner core is f-leliceseot thd Merminuds eof they dr op h
archaellins, as it is in bacterial T4P. Since the archalelfider domain is high conserved, this

dense package can be a common feature of all archaella systems in the entire third domain of life
(CohenKrausz & Trachtenberg, 200ZohenKrausz & Trachtenberg, 2008The Gterminal

parts of the archaellins are surrounding the solid core structure in ehaigiied 3start helix
fashion(Trachtenberget al, 2005. The size of the @erminus of the archaellins differs among

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

The similarities of the archaellum to its bacterial countergay 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 th&ternal 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 (Bardyet al, 2003 Jarrell & McBride, 2008 Moreover,
archaella filaments are densely packed lacking the central channel, which is a crucial feature of
the type lll secretion system based adsgnmodel, required for the export and subsequently
incorporation of the flagellins at the distal tip of the growing flagéllaevance & Hughe2008
CohenKrausz & Trachtenberg, 200850 far no detailed archaellar basal body structure has been
reported, however electron micrographs of isolated archaella demonstrated dikdnob
architecture, excluding the ridgased organization typical for the bacterial flag&flalmokoff et
al., 1988 Southanet al, 1990h Kupperet al, 1999.

The similarities to the bacterial T4P system, like the conservieaiminus of the archaellins,
dense filament package as also its size and numerous subunit homologies implied, that archaellum
and type IV pili might be wlutionary related Trachtenberg & CoheKrausz, 2006Jarrell &

Albers, 2012 The archaellins contain a class Il signal peptide typical for the T4pilprs.
Furthermore it has been shown, that these archaeal signhal sequences can be recognized and the
carrying archaellins subsequently processed by a dedicatedgheellin peptidase FlaK/PibD

(Bardy & Jarrell, 2002Alberset al, 2003 Szabo et al., 2006Both 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 motihy#tpphobic amino acid)
(Hencheet al, 2014. Interestingly, these enzymes are homologues to the bacterigliliore
peptidase PilD. FlaK oWethanococcus voltais processing exclusively pagchaellins, whereas

the typical forSulfolobalesPibD shows a wider substrate spectrum and provides a universal
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peptidase for all the T4ke surface structures, including pili and archaéibers et al., 2003

Bardy & Jarrell, 2008 Thus, deletion of PibD irs. acidocaldariugesulted in a completely
inakedo cel |, wh e r e ds maripelldis impacts onlp tthe &dhaelka, i n
demonstrating the crucial role of the ymgbunits activation for the archaella assembly.

Flal and FlaJ are further examples of fild@ assembly model adaptation in archaea. FlaJ is
predicted to be the integral membrane proteonsidered as the archaellar assembly platform
(Ghosh &Albers, 20115 Flal of S. acidocaldariuhas been characterized as a functional metal
ion dependent ATPase with an optimum pH of 6.5 and temperaturé@fwhich corresponds to
the physiological conditions within the cell in the natural hab{tahosh et al.,, 201)a
Furthermore, the positive impaof archaeal lipids on the ATPase activity of Flal could be
demonstrated, suggesting the involvement of the membrane in regulation of the archaellum
(Ghosh et al.,, 201)a Recently, also the assembly/rotation cycle has been uncoupled and
archaellated, but not motilay vivo mutants have been obtad, proving thereby the bifunctional
role of Flal, which generates energy for both, assembly and rotéReimdl et al, 2013.
Moreover the crystal structure &. acidocaldarius-lal has been solved and ATipendent
hexamerisation demonstratédeind! et al., 2013 Further structural ahgis revealed that the
crown grooves of the hexameric Flal 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 FlaFlal core compleXBanerjee et al., 20}3

Another interesting feature of archaella is the characteristiokdd glycosylation of the
archaellins(Voisin et al, 2003. This posttranslational modification of the structural subunits
was observed in numerous species se@ims to be widespread among arcliileget al., 2008
In contrast postranslational Ninked 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 glycanstieeied always @inked attachment
(Logan, 200%.

Summarizing all the available information thesembly of the archaellum might precede like
this: 1) The filament subunits are produced asapchaellins and are inserted into the membrane.

2) Then the membrane located jarehaellins undergo HNinked glycosylation and their signal
sequences get eeed by T4Hike archaellin peptidase FlaK/PibD. 3) The polytopic membrane
protein FlaJ forms the assembly platform, recruiting FlaH and Flal into the core complex. 4) FlaF
together with FlaG forms a polide structure into the Bayer. 5) The processedchaellins are

then incorporated at the base of the growing structure, driven most likely by Flal 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 colap regulatory network i1$. acidocaldariuswhat 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 econounally reasonable to restrict them until they are really necessary.

Under laboratory cultivation conditions Aqii have been identified as the predominating
cell appendages, whereas archaella appearance was rather rare. Significant increase of the
archadlation 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 sdimgtgion on the induction of
archaella expression could been confirm@gdssak et al., @2b8. The fla operon of S.
acidocaldarius contains two independent promoters, one located upstream of the archaellin
encoding gendlaB and a second one precedifigX. Both are highly ugregulated under
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starvation conditiongLassak et al., 2012bFurther studies have identified two transcriptional
activators: ArnR and ArnR1. Both coimasimilar helixturn-helix motives and both have been
proven to bind to thaB promoter(Lassaket al, 2013. ArnRandarnR1are encoded close to
thefla operon and the deletion of these genes inhibits archaellation. Parallel to these findings a set
of repressors of archaella expression have been identified: the forkbsaaated (FHA) domain
containing ArnA and the von Willebrand (VWA) domain containirgB (Reimannret al, 20139.
Both have been shown to strongly interact with each @hdrrepress archaella expression in a
phosphorylation dependent man@eimann et al., 20)2It was demonstrated f&. tokodathat
the ArnA homologue (ST0829) binds directly to fileX promotr in vitro (Wanget al, 201Q
Duan & He, 201}, what unfortunately could not be reproduce&iracidocaldarius.

Depleting environmental goods triggers archaella biosynthesis also in species belonging to
euryarchaeota, such &k jannashiiandM. maripaludis Both mentioned species show sensitivity
to H, and leucine limitations, in consequence of which they attesphainge the habitat using
they archaella mediated swimming abil{fiyukhopadhyayet al, 200Q Hendricksonret 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 euryarchaemiggesting a completely distinct
archaellum regulatory network for this subkingd@irassak et al., 2033
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Fig. 3. Schematic comparison of the crenarchaeal archaellum to the flagellum and type IVQuiinef
negative bacteria. The flagellum is composed of several dozens of different components, which ass
the distal tip of the growing structure in a type Il secretion system based manner. The archaellum and
on the other hand, assemble bgdrtion of previously processed by PibD/FlaK or PilD archaellins or pil
respectively, at the base of the structure. In both, the archaellum and T4P two interacting compon
integral membrane protein FlaJ or PilC and the ATPase Flal or PilBctegdg provide the platform and thi
energy for the assembly of these structures. Recently FlaX and FlaH have been shown to be archael
complex component¢Banerjeeet al, 2013. Homologues proteins are marked with the same cc
Abbreviations: OM, outer membrane; PG, peptidoglycan; ikher membrane; M, membrane; Reprint fro
Shahapure et al., 2014.
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1.7. Sulfolobus acidocaldarius as model organism

Sulfolobus acidocaldariuBSM639 was first isolated in 1972 from a volcanic-bpting at
Yellowstone National Park by Thomas Bro@krock et al., 197R It was the first characterized
representative of the ord&ulfolobales belonging to the Creanarchaeota kingdémchset al,

1996. S. acidocaldariuss a hyperthermoacidbjle, which grows optimally at 7&, pH around

2 and under strictly aerobic condition€Chen et al, 2005. It is able to grow
chemolithoautotrophically oxidizing elemental sulfur, however it can also grow heterotibphica

using organic substrates like peptides and su@@hisvers & Brock, 1973Grogan, 1980 The

cell shape of Sacidocaldariusis defined as highly irregulancc c us of around 1 Om
(Mcclure & Wyckoff, 1982.

Nowadays, multiple species are classified as members of the §etfolobusand all of
them were found in sulfataric heprings all over the world. For exampf, solfataricusstrains
P1 and P2 were isolated from a solfataric field in It&y;shibataeand S. tokodaiiin Japan;
S.islandicusn Iceland ands. yangmingensia China(Chaban et al., 200ba

S. solfataricusand S. tokodaiare next toS. aidocaldarius the best phenotypically
characterise®ulfolobusspecies. However, due to its high genomic stabiftyacidocaldarius
became the preferred model organism for crenarchaeal st@@megan et al, 200). S.
solfataricus genome contains more than 300 insertion sequence elements (IS) and miniature
invertedrepeat transposable elements (MITEs), whei®ascidocaldariuscontains only four
partial 1Selements, which are not actiy&rogan & Hansen, 2008ruggeret 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 am gsédction marker for gene
insertion or deletion irS. acidocaldariugJonuscheitet al, 2003 Albers & Driessen, 20Q8
Wagneret al, 2009. Moreover the identification of inducible promoters and the discovery of the
notintegrative plasmid pRN1 frors. islandicuded to the development of multicopy shuttle
vectors, facilitating intrans gene complementation and overexpressiois.iracidocaldarius
(Berkne et al, 2007 Berkneret al, 201Q Wagneret 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 acidocaldariua perfect model orgsm 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 origams 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 Zdours rhythms. Up to date several different types of
molecular cicadian clocks have been discovered in all domains of life. However the timekeeping
mechani sms seem to differ between phyl ogenetic
found, suggesting that circadian oscillators evolved repeatedly during evqRtisbash, 20Q9
Edgaret al, 2019.
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The simplest and at the same time best studbiological oscillator was found in
representatives of Cyanobacteria. Although the life cycle of the model org8gisachococcus
elongatuscounts only six hours, more than 30% of the genes are expressed in a circadian fashion
evidencing the importancef developing a hardly infallible molecular clock tracking-t2durs
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 KaiRccelerate its auiphosphorylation 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 beasily reconstituteth vitro by mixing the components in presence of ATP,
enabling tracking of cyclic phosphorylation and dephosphorylation events for up to 10 days
(Nakajimaet al, 2009

The key player within this system is KaiC, which is composed of two highly similar
domains: the Nerminal called Cl and the-t@rminal Cll domain, which is probably a result of
internal gene duplicatiofDvornyk et al., 2003. Both KaiC domains contain WalkerA and
imperfect WalkerB motifs and show homology to tRecA/Rad51/DCMZXamily of ATP-
dependent recombinasf@sipe et al, 2000. Structural analysis revealed that KaiC functions as
a hexamer, resembling in shape a double doughnut, where a ring formed by six Cll domains is
placed on a similarly built Cl rinHayashiet al, 2003 Pattanayelet al, 2009. Despite the high
homology, the two KaiC domains differ significantly in the performed function. The Cl domain is
responsible for the ATHependent hexamerisation of Ka{Hayashiet al, 2009 showing an
extremely slow ATPase activity, hydrolyzing only 15 ATP molecules per ¢y¥@emuchiet al,

2007. The KaiCll 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 i pS/T (Rust et al, 2007. Though KaiC exhibits ATPase, atkimase andautc
phosphatase activities, the circadian rhythms can be fully reconstructed only under the control of
the two other components: KaiA and KaiB. First, hedimmeric KaiA binds specifically to the-C
terminal tail of the Cll domain, unraveling the-calledA-loop and unlocking the kinase activity

of KaiC (t=0h)JVakonakis & LiWang, 2004Pattanayeket al, 200§. This leads then to the
phosphorylation of Threonine 432 in all Cll subunits of the KaiC hexamer in an allosteric manner
(t=6h). Followed by the next phosphorylation round where the situation occursfag&erine

431 resulting in hypephosphorylated state in all six KaiCll subunits (t=1Eg)i et al, 2013.

This double phosphorylated pTpS state is privileged by KaiB, which binds as ardimaeroto

the surface of the KaiCll domain forming a ternary KaiABC complex, where KaiA is sequestered
and thereby cannot promote KaiC phosphorylation any lor{§attanayeket al, 2011
Pattanayelet al, 2013. In parallel KaiB stimulates the dephosphorylation of Kai@iciv occurs

via an unusual ATRynthesis mechanism and is accompanied by KaiC subunit exchange
(t=18h)YEgli et al, 2012 Kageyameet 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 KaiCll
subunits, followed by dephosphorylation of pS431 till the hgposphoylated state of KaiC is
restored, ends the cydMishiwakiet 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 isthe role of the KaiCl 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 systeerfect 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, includirBulfolobalegDvornyk et al., 2008 The majority
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of these KaiC homologues are smaller single domeansions, different than those in
Cyanobacteria. The function of these Kdike& 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 tenkeeping system could not be so far ever confirmed in Archaea. Recent
studies suggested however, that a set of gendssalinarumandH. volcaniimight be regulated
in a light/dark dependent mannéWhiteheadet al, 2009 Maniscalcoet al, 2014. Both
examined organism live in habitats near the earth surface, suscéptible 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 studie@/Vhitehead et al., 2008 aniscalco et al., 20)4Considering in adtion 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 archaealllkai@roteins are involved in any time
keeping functions. Assuming the existence of an aaih@rcadian 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 bacteriahrchetype, 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 R¢HAldenbyet al, 2009. It could be also shown
that the KaiC homologuet&579 ofS. tokodaican interact with two major DNA repair system
players, RadA and the singi¢rand binding protein SSB and modulate their functi@isenget
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 aRAd(@enby et al., 2009

An interesting example of an archaeal KaiC htmgoe 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 Flal and FlaJ are believed to form the archaellar core complex, where
FlaJ is anchoring it in thmembrane and Flal 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 CIl domain of KaiC, which is the functional part of this protein, carrying the
auo-phosphorylation and autbephosphorylation activity. It was long time postulated that FlaH
may be involved in modulating the activity of Flal, which is the only functional ATPase in the
archaellum. Therefore, it is tempting to think that this modulatappens 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, whereashaellum
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 biophysiedtasy the archaellum have
never been investigated. Interestingly the archaellar gene clusters in Crenarchaeota show a
simplified genomic organization compared to Euryarchaeota. flddecperons in Crenarchaeota

lack the chemotaxis involvetaCDE genesand show a limited archaellin number, what makes
them privileged in terms of archaella structural studies. SSheeidocaldariudas ararchaellum
involving merely seven different components and offers at the same time an advanced genetic tool
box it seened 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 oflahgenes for the
archaellar assembly and/or functionality in euryarchaeal model orga(ffatengeet al, 2001
Chaban et al., 2007In the chapter 3.1 analogously work testing the impact of sitaglgenes
deletions on the archaella assembly and functio®.acidocaldariusis presented. Moreover
analysis concerning ¢hgenetic arrangement of tfla operon and the physiological conditions
inducing archaella biosynthesis are also shown in this chapter.

From seven Fla proteins &. acidocaldariusonly two, Flal and FlaH, do not possess any
transmembrane domain, therefdsoth are from the beginning predicted as archaeal basal body
components. While FlaH resembles a single RecA domain with defected Walker B motif, Flal
appears to be the only functional ATPase within the archaellum system. Flal shows a two domain
architecure, including well conserved Walker A/B motifs, typical for ATPases powering the
bacterial type |l secretion system and the assembly of type IV pili. In chapter 3.2 a detailed
structural analysis of Flal was performed, showing a unique -stdasit inteaction 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 structuresdicating a possible role as stator
complex for FlaX within this systenBanerjee et al.,, 2012aSection 3.3 shows that i8.
acidocaldariusboth the archaellar cytoplasmic components FlaH and Flal can interact with FlaX
with high affinities. Moreover a stable ternary FlaRaH-Flal complex could be confirmeid
vitro, suggesting that FlaX may act as a membrane bound cytoplasmic scaffald thei
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, whidurned out to be crucial for the
archaellation ofS. acidocaldariusells. 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 proteiKaiC might imply a phosphorylation dependent regulatory role
for FlaH. Indeed a time dependent autophosphorylation aciivitigro has been demonstrated for
FlaH of S. acidocaldarius
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3. Results

The following part is composed of four independent studiedpallsing on different research
objectives to expandof our knowledge about the archaeal motility organelle, the archagliim.
manuscriptpresented here are either published-&@3) or prepared for submission (3.4). Each
chapter is preceded with a short summary and a statehightighting the individual
contributions of all involved cauthors.

3.1 Molecular analysis of the crenarchadarchaellum

Summary:

Motility is an inseparablattribute 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 amhysiologicalanalygsof afew euryarchaal species. Howevenothing
wasknown about motility in the secordrge subkingdom of Archaea, the crenarchaeota. Using

S. acidocaldariusas model organism, wdéave performedthe first detailed studyabout
crenarchaeal motiljt In this work we conclusively linked the genes clustered ifléheperon of

this thermoacidophile with its archaeal flagellum, recently renamed as the arch@eleli &
Albers, 2012. Constructing ifframe celetion mutants of all sevdta genes ofS. acidocaldarius

we have demonstrated, that all of them are essential for the assembly of archaella. Since the
archaellum is not the only surface structur&obcidocaldariuswe have introduced the sarfte
deletions in a nopiliated paapF strain. Phenotypical analysis of thegaapFnfla mutants
confirmed the relevance dla genes for the archaella assembly, since all the double deletion
strains revealed to be namchaellated and nepiliated. 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 expressiaamadferring the cells to
tryptone lacking medium. Using RFCR we have showed that tfie locus is divided into two
transcriptional units, whertaB andflaX-flaJ are transcribed separately. Combininr®@&PCR

and reporter gene assay we have confirmedihdependent promoter within tifle operon, one
located upstream dfaB and a second one upstreanflaK. Both promoters are getting activated

in response to starvation conditions, although the transcription leftaBat significantly higher

than his offlaX-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, thenaapFHnfla deletion strains have been examined for theinsning behavior
using semsolid plate assay and a higgmperature phassontrast 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 resgibfe for the swimming motility of crenarchaeota.

During the phenotypical analysis we have observed that th@ihated background strain
naapF shows significantly stronger archaella expression in response to starvation than the wild
type MWOO1, resultig 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 system$o#cidocaldarius.
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Contributions:

Construction of deletion strains, qRPCR and RIPCR analysis, reporter gene assays,
investigation of physiological condition promoting archaella expression and thermo microscopy
analysis vere performed by Kerstin Lassak. Tomasz Neiner constructed double deletion strains
and complementation strains, performed cellular fractionation analysis, established and performed
motility assay ofSulfolobusstrains on sensolid Brock plates. Andreas Klingl and Abhrajoti
Ghosh have done the Electron Microscopy analysis. Reinhard Vg@mtkided Thermo
Microscopy facilities and supervised swimming motility analysis. Kerstin Lassak, Abhrajyoti
Ghosh and Sonjslerena Albers wrote the manuscript, which was revised by all the authors.
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Summary

The ability to move towards favourable conditions
provides fundamental advantages to organisms.
Interestingly, flagella as motility structures evolved
independently in the bacterial and the archaeal
kingdom. Whereas bacterial flagella have been inten-
sively studied, our knowledge regarding the archaeal
counterpart is mostly restricted to Euryarchaeota
rather than crenarchaeal flagella. We therefore inves-
tigated the flagellar assembly system of the crenar-
chaeal model organism Sulfolobus acidocaldarius
in vivo. Promoter studies and gRT-PCR analyses of
the flagella gene cluster provided evidence that the
expression of the fla genes was induced by tryptone
starvation. Moreover, we confirmed presence of a
secondary fla promoter within the flaB gene that regu-
lates the transcription of downstream genes flaX-J.
Markerless in-frame deletions for all fla genes
encoded in the fla gene cluster were constructed.
Western blot analysis of all fla deletion strains sug-
gested hierarchical protein interactions during the
archaeal flagella assembly. Moreover, functional
analysis by thermomicroscopy revealed non-motile
cells for each of the mutant strains. Electron micro-
graphs demonstrated that lack of motility coincided
with the loss of flagellar assembly. Thus we demon-
strated that all seven fla genes are essential for cren-
archaeal flagellum assembly and function.

Accepted 30 October, 2011. *For correspondence. E-mail albers@
mpi-marburg.mpg.de; Tel. (+49) 6421178426; Fax (+49) 6421178429.
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Introduction

Swimming motility is one of the common characteristics
of prokaryotes encompassing the domains of Bacteria
and Archaea. In general, this movement is powered by
a nano-macromolecular complex on the cell surface,
called ‘flagellum’ (Kearns, 2010). Precise spatial and
temporal regulation of flagellar gene expression with
respect to differing environmental conditions is crucial
for correct flagella assembly and hence for survival
(Adams et al., 1985; Ryan and Shapiro, 2003; Anderson
etal., 2010).

Present knowledge of flagellum assembly components
and their function has been derived mostly from studies of
bacterial species whereas understanding of the archaeal
flagellum is still in its infancy. Over the last two decades,
researchers have described archaeal flagella (Weiss,
1973; Jarrell and McBride, 2008) and many new insights
into the archaeal flagella assembly system have emerged
in recent years. The most striking finding revealed that the
archaeal flagella assembly system shows homology to
the bacterial type IV pili assembly system (Albers and
Pohlschroder, 2009; Ghosh and Albers, 2011), which is
required for twitching motility, cell—cell interaction and
pathogenesis in Gram-negative bacteria (Craig and Li,
2008). This fact has renewed interest in understanding
structure, assembly mechanisms and evolutionary rel-
evance of archaeal flagella systems in comparison with
bacterial macromolecular surface structures. In addition,
advancement of archaeal genetic tools has further
facilitated studying flagellum assembly components and
their requirements in flagellation. However, our current
knowledge is mostly restricted to the subkingdom of
Euryarchaeota. Studies on euryarchaea, such as Halo-
bacterium salinarum, Methanocaldococcus jannaschii,
the three Methanococci M. voltae, M. maripaludis and
M. thermolithotropicus and comparatively little on the cre-
narchaeon Sulfolobus solfataricus, have revealed several
unique features of archaeal flagella (Patenge et al., 2001;
Thomas and Jarrell, 2001; Thomas et al., 2002; Chaban
etal., 2007a; Szabé et al., 2007a).

Although archaeal flagella are functionally analogous to
those present in Bacteria, in many aspects both surface
structures are different (Ng ef al, 2006). Typically, the
archaeal flagellum is thinner than its bacterial counterpart
with 10—14 nm in Archaea (Koval and Jarrell, 1989) com-
pared with approximately 20 nm in Bacteria (Jones and



Table 1. Strains and plasmids used in this study.
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Strain or
plasmid Genotype Source/Reference
Strains
DH5¢ Escherichia coli K-12 cloning strain Gibco
DSM 639 Wild-type Sulfolobus acidocaldarius DSMZ
MWO001 DSM 639 ApyrE M. Wagner and S.V. Albers, pers. comm.
MWO013 MWO001 ASaci_1178 (AflaB) This work
MWO026 MWO001 ASaci_1178 by introducing stop codons (flaB:taa)® This work
MwWO014 MWOO01 ASaci_1177 (AflaX) This work
MWO015 MWO001 ASaci_1176 (AflaG) This work
MWO016 MWO001 ASaci_1175 (AflaF) This work
MWO017 MWOO01 ASaci_1174 (AflaH) This work
MWo18 MWO0O01 ASaci_1173 (Aflal) This work
MWo19 MWO0O01 ASaci_1172 (AflaJ) This work
MW156 MWO001 ASaci_2318 (AaapF)° Henche et al. (2011)
MW451 MWO0O01 ASaci_2318 ASaci_1178 (AaapF flaB:taa) This work
MW452 MWO0O01 ASaci_2318 ASaci_1177 (AaapF AflaX) This work
MW453 MWO0O01 ASaci_2318 ASaci_1176 (AaapF AflaG) This work
MW454 MWO0O01 ASaci_2318 ASaci_1175 (AaapF AflaF) This work
MW455 MWO0O01 ASaci_2318 ASaci_1174 (AaapF AflaH) This work
MW456 MWO0O01 ASaci_2318 ASaci_1173 (AaapF Aflal) This work
MW151 MWO0O01 ASaci_2318 ASaci_1172 (AaapF AflaJ) This work
Plasmids
pSVA406 Gene targeting plasmid, pGEM-T Easy backbone, pyrEF cassette of S. solfataricus® M. Wagner and S.V. Albers, pers. comm.
pA2pyrEF Gene targeting plasmid, pBluescript backbone, pyrEF cassette of S. solfataricus Ghosh and Albers (2011)
pSVA1613  In-frame deletion of flaB cloned into pSVA406 with Apal, Pstl This work
pSVA1622  flaB with stop codons cloned into pSVA406 with Apal, Pstl This work
pSVA1602 In-frame deletion of flaX cloned into pSVA406 with Apal, Pstl This work
pSVA1604 In-frame deletion of flaG cloned into pSVA406 with Apal, Pstl This work
pSVA1603 In-frame deletion of flaF cloned into pSVA406 with Apal, Pstl This work
pSVA1605 In-frame deletion of flaH cloned into pSVA406 with Apal, Pstl This work
pSVA1606 In-frame deletion of flal cloned into pSVA406 with Apal, Pstl This work
pSVA179 In-frame deletion of fiaJ cloned into pA2pyrEF with Pstl, BamHI This work
pSVA180 In-frame deletion of aapF cloned into pA2pyrEF with Pstl, BamHI This work
pCMallacS  pRN1-based shuttle vector with /acS reporter gene of S. solfataricus® Berkner et al. (2010)
pSVA1614  pClacS, promoterless vector for negative control in promoter activity assay This work
pSVA1600  flaB promoter replacing Mal promoter, cloned into pCMallacS with Sacll, Ncol This work
pSVA1601 flaX promoter replacing Mal promoter, cloned into pCMallacS with Sacll, Ncol This work
pSVA2101 flaB ORF cloned into pCMallacS with Ncol, Eagl This work
pSVA2102  flaX ORF cloned into pCMallacS with Ncol, Eagl This work
pSVA2103  flaG ORF cloned into pCMallacS with Ncol, Eagl This work
pSVA2104  flaF ORF cloned into pCMallacS with Ncol, Eagl This work
pSVA2105 flaH ORF cloned into pCMall/acS with Ncol, Eagl This work
pSVA351 flal ORF cloned into pCMallacS with Ncol, Eagl This work
pSVA2106  flaJ ORF cloned into pCMallacS with Ncol, Eagl This work
a. flaB:taa: flaB deletion strain constructed by replacing nine base pairs of flaB coding sequence with three stop codons.
b. aapF encodes the membrane protein of the Aap pilus assembly machinery.
c. pyrEF encode the enzymes orotate phosphoribosyltransferase and orotidine-5-mono-phosphate decarboxylase respectively.
d. /acS: encodes B-D-galactosidase of S. solfataricus.

Aizawa, 1991). Moreover, the flagellins of both domains
share no sequence homology. Archaeal flagellins are syn-
thesized as type IV pilin-like preproteins, whereas bacte-
rial flagellins are secreted via a type lll secretion system
(Faguy et al., 1994). Before assembly preflagellins are
processed by the preflagellin peptidase PibD or FlaK,
which resembles the prepilin peptidase PilD of the bacte-
rial type IV pilus assembly system (Bardy and Jarrell,
2002; 2003; Szabo et al., 2007b). The mechanism of force
generation also differs for bacterial and archaeal flagella.
Rotation of the bacterial flagellar filament is driven by

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 110-124
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proton motive force, rather than ATP hydrolysis that
powers both euryarchaeal flagella and eukaryotic flagella
(Summers and Gibbons, 1971; Larsen etal, 1974;
Manson et al., 1977; Streif et al., 2008).

Flagellum assembly in all sequenced, flagellated
Archaea is driven by the fla locus, which encodes 7-13
flagella related genes (Ghosh and Albers, 2011). Genetic
analysis of euryarchaea, e.g. of H. salinarum and M. mari-
paludis, has revealed that all these flagellar proteins are
essential for flagellation (Patenge etal., 2001; Thomas
et al., 2001; 2002; Chaban et al., 2007a).
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The fla gene cluster from Sulfolobales encodes seven
genes (Ghosh and Albers, 2011). In contrast to all other
sequenced flagellated Archaea, Sulfolobus spp. exhibit
only one flagellin. The flagellin gene flaB (Saci_1178) is
located upstream of a set of flagella accessory genes
flaX, flaG, flaF, flaH, flal and flaJ (Saci_1177-1172). In
addition, the gene pibD encoding the preflagellin pepti-
dase is located at a distal position in the chromosome.

The fla genes flaH, flal and flaJ are present in the
genome of all sequenced, flagellated Archaea and are
believed to be involved in the export of the flagellins. FlaJ
is predicted to have 7-9 transmembrane domains. This
polytopic membrane protein shows homology to GspE/
PilC, the inner membrane components in type Il secretion
and type IV pilus assembly systems (Peabody etal.,
2003). FlaJ has been shown to be essential for flagellation
in both Euryarchaea and S. solfataricus (Patenge et al.,
2001; Chaban et al,, 2007a; Szabé et al., 2007a). Flal of
Sulfolobus acidocaldarius shows ATP dependent oligo-
merization in vitro, indicating its possible role in flagella
assembly similar to PilB involved in type IV pili assembly
(Ghosh et al., 2011). FlaH shows homology to secretion
ATPase family members, but has an incomplete ATP-
binding motif and no motif for ATP hydrolysis was
detected. It has been postulated that FlaH interacts with
Flal and modulates its ATPase activity (Jarrell etal,
2007).

For both Eury- and Crenarchaea it has been proposed
that Flal, FlaH and FlaJ generate a transmembrane
secretory platform, which allows both secretion of flagel-
lins across the membrane for flagella assembly and inter-
action with other components in the assembly process
(Thomas et al., 2001; Ghosh and Albers, 2011). However,
exact functions of all these components in archaeal fla-
gellum assembly remain elusive.

An open intriguing question concerns the mechanism
how archaeal flagellar movement results in motility. In
general, motility allows organisms to adapt to changing
environmental conditions.

Numerous bacterial flagella have been elucidated as
rotating filaments by dark-field light microscopy and fluo-
rescence labelling (Berg and Anderson, 1973; Turner
et al, 2000; Scharf, 2002; Schmitt, 2003), whereas the
mode of action for archaeal flagella is still poorly under-
stood. For only two euryarchaeal species — H. salinarum
and Haloquadratum walsbyi — it was demonstrated that
clockwise rotating flagella lead to forward movement
whereas counterclockwise rotation of flagella results in
backward movement (Weiss, 1973; Alam etal., 1984).
Swimming has been shown for the euryarchaeon Pyrococ-
cus furiosus (Nather et al., 2006). Motile cells on semi-solid
plates were observed for both cren- and euryarchaea like
S. solfataricus (Szab¢ et al., 2007a) and M. voltae (Jarrell
et al., 1996). Moreover, it has been shown that S. acidocal-

darius escapes from lethal hot spots with temperatures
above 90°C (Lewus and Ford, 1999). Thus temperature
sensitive motility is one unique survival mechanism of this
crenarchaeon. However, so far it has never been proven
for S. acidocaldarius that motility is flagella mediated.
Therefore, we have generated systematic in-frame dele-
tions of each of the fla genes in S. acidocaldarius. By
combining EM analysis and thermomicroscopic analysis
we have demonstrated that all fla genes are required for
flagella assembly and motility. Additionally, we could show
that peptide starvation induces expression of fla genes,
which were under control of two promoters of the fla gene
cluster.

Results and discussion

Transcriptional analysis of the fla locus of
S. acidocaldarius

Genes of the fla locus of S. acidocaldarius include seven
genes Saci_1178-1172 called flaB, flaX, flaG, flaF, flaH,
flal and flaJ. As all genes are oriented in the same direc-
tion, these genes may form an operon (Fig. 1A).

Interestingly, the genes encoding flaB and flaX are
separated by an intergenic region of 75 bp encompassing
a TATA box as well as a B recognition element (BRE),
suggesting the presence of two distinct transcriptional
units. This is further supported by deep sequencing analy-
sis predicting a secondary transcription start in the flaB
open reading frame (ORF) of S. solfataricus (Wurtzel
etal., 2010).

To test, whether there is a transcriptional unit including
flaB, we mapped the putative operon. RT-PCRs using
primers spanning the intergenic regions between the
fla genes as well the adjacent genes (Saci_1179;
Saci_1171) were performed (Fig. 1B). To confirm mRNA
presence and cDNA integrity internal regions were also
amplified. As expected, Saci_1179 and Saci_1171 do not
belong to the putative fla operon as no PCR products for
the intergenic regions were obtained (Fig. 1B, lanes c).
By contrast, PCR products could be amplified for flaX,
flaF, flaG, flaH, fial, flaJ and moreover for flaB, indicating
an operon structure including all seven fla genes of
S. acidocaldarius.

However, this approach cannot rule out the presence of
a weak terminator region downstream of the flaB ORF.
Therefore, in a parallel approach we performed qualitative
RT-PCR on cDNA synthesized with flaJ, flaG, flaH and
flaX specific primers, respectively. If there are two sepa-
rate transcriptional units, we would expect PCR products
only for flaX, flaG, flaF, flaH, flal and flaJ, but not for flaB.
Indeed, whereas PCR products could be amplified for all
six fla genes flaX-flaJ (Fig. 1C), no PCR product could be
obtained for flaB. In contrast, we could amplify a product

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 110-124
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Fig. 1. Transcriptional analysis of the fla gene cluster of S. acidocaldarius.
A. Gene organization of the fla gene locus. Genes are shown as arrows. Black, bent arrows represent confirmed promoter elements. Black
bars below the gene locus reflect specific RT-PCR products shown in 1B. Dashed lines illustrate the regions in which no RT-PCR products

were obtained.

B. RT-PCR analysis of the fla gene locus. Expected PCR products 1-8 correspond to the numbering in Fig. 1A. Genomic DNA as positive
control and RNA treated with DNase as negative control were loaded in lanes (a) and (b) respectively. Integrity of cDNA was tested with
primers amplifying regions within the fla-ORFs shown in lane (d). RT-PCR products loaded in lane (c) indicate the transcription of the fla

genes as an operon.

C. Transcript mapping of the fla gene locus. For first strand cDNA synthesis fla gene specific primers indicated above the gel were used.
Presence of fla transcripts was checked with primers amplifying regions within the fla-ORFs flaB (B), flaX (X), flaG (G), flaF (F), flaH (H), flal
() and flaJ (J) respectively. As negative controls, PCRs using RNA after DNase treatment as template were performed (lanes 1-7).

for flaB after cDNA synthesis using another, 5’ located
flaX primer, which was previously used to amplify the
intergenic flaB-flaX region. This is in line with the data
obtained for the operon mapping. We conclude that an
independent transcriptional unit for flaB exists, which is
not strictly terminated at the 3’ end of the flaB ORF.
Transcriptional readthroughs in such an operon presum-
ably facilitate a precise regulation of the ratio of the dif-
ferent flagellar components (Thomas and Jarrell, 2001).
Thereby the gene encoding the structural subunit is
located at the 5" end of the fla gene cluster and is highly
transcribed, whereas 3" end located genes encode less
transcribed flagellar core components, which are needed
in small amounts. Especially for methanogenic Archaea
multiple polycistronic mRNA transcripts were observed

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 110-124

within the fla locus. All of them are originated from a
promoter located upstream of flaB1 — the first gene of the
fla locus (Thomas and Jarrell, 2001; Thomas et al., 2002).

Construction of deletion mutants of all genes of
the S. acidocaldarius fla gene cluster

To investigate the importance of the Fla proteins for fla-
gella assembly and function, markerless in-frame deletion
mutants of all seven fla genes were constructed (Table 1)
in S. acidocaldarius MW001 (M. Wagner and S.V. Albers,
per. comm.). The mutant genotypes were confirmed by
PCR and sequence analysis using primers encompassing
the flanking regions of the target gene (Fig. S1A). More-
over, as the genetic organization of the fla genes might
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Fig. 2. gRT-PCR analysis of the effects of fla in-frame deletions on neighbouring gene expression. Total RNA isolated from Afla deletion
mutants was harvested and corresponding cDNAs were subjected to qRT-PCR analysis using primers specific for indicated fla genes (shown
underneath the plot). Relative transcript expression levels of each target were normalized to an internal control gene secY. The values reflect
the fold change in expression compared with MWO0O01, which is designated as baseline. Each bar marked with a box represents the deleted
gene of the corresponding mutant. The means and standard deviations of biological replicates are shown. Abolishment of FlaB production for

flaB:taa was confirmed by Western blot analysis of membrane fractions from strains MW001 and flaB:taa.

result in polar effects on downstream genes, gRT-PCR
analysis of the mutant strains was performed and com-
pared with the wild type (Fig. 2). Whereas no polar effects
were found in AflaX, AflaG, AflaH, Aflal and AflaJ, deletion
of flaF partially influenced transcription of downstream
genes. Only AflaB resulted in a dramatic decrease in
downstream gene expression. Therefore another strategy
was used to generate a new flaB deletion strain, termed
flaB:taa. In this strain, three stop codons were introduced
after 30, 36 and 45 bp of the start codon of the gene
leaving the remainder of the flaB sequence intact. This
strain flaB:taa demonstrated no polar effects and restored
wild-type transcription levels for all seven fla genes includ-
ing flaB (Fig. 2). Western blot analysis of the membrane
fraction of flaB:taa ensured, that translation of FlaB was
indeed abolished. Thus, successful generation of the
seven fla deletion strains allowed further investigation of
flagella assembly and function.

Physiological characterization of flagella biosynthesis

To test, whether the annotated flagellin protein FlaB of
S. acidocaldarius actually polymerizes and thereby forms
the crenarchaeal flagellum, surface structures from
sheared cells of MW0O1 were isolated. In this study, the
deletion strain flaB:taa was used as a negative control.
Due to the fact that it is difficult to distinguish between
flagella (10—14 nm in diameter) and pili (8—10 nm in diam-
eter), a deletion strain ASaci_2318, called AaapF, was
also included. AapF encodes the membrane protein of the
Aap pilus assembly machinery and is essential for pilus
biogenesis (Henche et al., 2011).

After density gradient centrifugation (Fig. 3A) pure fla-
gella could be visualized in the AaapF strain by EM analy-
sis (Fig. 3C—F), whereas for MW0O01 predominantly pili
were detected (Fig. S2). Moreover, so far uncharacterized
filaments with a diameter of 5 nm, called threads, were
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observed in AaapF (Fig. 3D). SDS-PAGE of the purified
fraction 3 of flagella extractions revealed a protein band at
the size of flagellin monomer (predicted molecular weight
of 29 kD) for both MWO001 and AaapF, but was absent
in case of flaB:taa (Fig. 3B). Mass spectrometry and
Western blotting identified the band and the correspond-
ing signal as flagellin FlaB (Fig. 3B, third panel). Thus,
monitoring FlaB after purification of flagella via density
gradient is a good indicator for filament assembly.

Surprisingly, we observed an approximately 20-fold
increase in FlaB signal intensity for the AaapF deletion
strain in comparison with MWO0O1. This led us to hypoth-
esize, that AaapF is not only non-piliated, but also hyper-
flagellated. In fact, further TEM analysis of AaapF revealed
both an increased number of flagella per cell and a higher
amount of flagellated cells overall (Fig. S2).

© 2011 Blackwell Publishing Ltd, Molecular Microbiology, 83, 110-124
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Fig. 3. Characterization of purified flagella of
MWO0O01 and flaB:taa and AaapF deletion
strains.

A. Cells of AaapF were grown at 75°C in
Brock basal medium supplemented with 0.1%
(w/v) tryptone before CsCl (0.5 mg ml™)
gradient centrifugation. An enriched flagella
fraction 3 was used for further analysis.

B. Coomassie Brilliant Blue R-250 staining
(first row) and a carbohydrate stain (second
row) revealed a glycosylated protein for
MWO001 and AaapF. It was identified as FlaB
of S. acidocaldarius by immunoblotting using
FlaB specific antibodies (third row).

C-F. TEM analysis of negatively stained
flagella of AaapF proved the identity of the
flagellum preparation showing the expected
wavy pattern. (D) shows, besides flagella,
another type of filament with a diameter of

~5 nm, called thread. Size bars represent

1 um (C, E) or 100 nm (D, F).

glyco-
stain

o-FlaB

Very recently, an altered migration behaviour of FlaB on
SDS-PAGE was observed in a deletion mutant unable to
produce UDP-sulfoquinovose (Meyer et al., 2011). Latter
sugar is part of the N-glycan decorating the S-layer protein
and the cytochrome bssgises Of S. acidocaldarius (Zahringer
et al., 2000; Peyfoon et al., 2010). This led to the assump-
tion that the mature FlaB carries the same glycan compo-
sition. Indeed, by performing a glycostain we received a
signal at the corresponding size of the flagellin monomer
(Fig. 3B, second panel). In the case of euryarchaeal flagel-
lins, N-linked glycosylation is also reportedly widespread
(Thomas et al., 2001; Néather et al., 2006).

EM analysis of exponentially growing S. acidocaldarius
MWO001 cells revealed few flagellated cells. Due to the
possibility that flagella biosynthesis is growth phase
dependent as it has been observed for other microorgan-
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