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O papel da pequena GTPase Saci_1563 na regulação do arcaelo 

 

Reconhecido formalmente há cerca de 40 anos o domínio Arqueia é, dos três domínios da vida, 

o menos estudado. Os filos Euryarchaeota e Crenarchaeota compreendem os organismos melhor 

caracterizados deste domínio e, no filo Crenarchaeota, o termoacidófilo Sulfolobus acidocaldarius 

é um dos organismos modelo que tem permitido mais desenvolvimentos nesta área da 

microbiologia. Este organismo móvel e aeróbico tem por habitat ambientes terrestres vulcânicos e 

por condições ótimas temperaturas de cerca de 75°C e pH 3. O arcaelo – um apêndice 

funcionalmente semelhante ao flagelo bacteriano, mas estrutural e geneticamente distinto – é 

responsável pela locomoção arqueana. Atualmente sabe-se que certos fatores ambientais 

estimulam a expressão do arcaelo. Em S. acidocaldarius, em particular, condições de subnutrição 

levam à expressão do arcaelo. Algumas proteínas envolvidas na rede regulatória do arcaelo já se 

encontram identificadas. Duas dessas proteínas – ArnA e ArnB – reprimem a sua expressão. As 

propriedades de ambas as proteínas podem ser alteradas por fosforilação, o que indica que a 

regulação do arcaelo ocorre a vários níveis hierárquicos.  

A proteína Saci_1563, anotada como uma GTPase, encontra-se conservada em várias espécies 

pertencentes ao filo Crenarchaeota e foi detetada após a sua co-purificação com ArnA. Dado o 

papel das GTPases na regulação de diversos processos celulares, é plausível que esta proteína de 

alguma forma module ArnA e, consequentemente, a expressão do próprio arcaelo. 

 De modo a caracterizar bioquimicamente esta proteína otimizaram-se protocolos para a sua 

purificação a partir de Escherichia coli e de S. acidocaldarius. As amostras obtidas foram utilizadas 

para avaliar a capacidade de hidrólise de GTP desta proteína. 

A influência da ausência de nutrientes no meio na expressão de saci_1563 foi estudada numa 

estirpe de S. acidocaldarius. Uma estirpe mutante que não possui o gene para Saci_1563 foi 

também utilizada de modo a determinar de que modo a ausência desta proteína influencia a 

expressão de outras proteínas associadas ao arcaelo ou à regulação da sua expressão. O efeito da 

ausência de Saci_1563 na locomoção de S. acidocaldarius foi também determinado. 

Os resultados aqui apresentados não são de modo algum definitivos. Apesar de não ter sido 

possível atribuír um papel a Saci_1563 no que toca à regulação do arcaelo, não é também possível 

excluir completamente um papel regulatório por parte desta proteína. Por este motivo, no final 

sugerem-se vias de investigação alternativas para compreender esta biomolécula. 
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The role of the small GTPase saci_1563 in archaellum regulation 

 

Formally recognized approximately 40 years ago, Archaea is still the least studied of the three 

domains of life. Euryarchaeota and Crenarchaeota are the two major phyla of Archaea, and the 

most well understood, particularly because of the existence of genetic techniques that allow for 

their study. An important crenarchaeal model organism is Sulfolobus acidocaldarius, a motile 

aerobic thermoacidophile first isolated from terrestrial volcanic environments that thrives at around 

75°C and pH 3. The archaellum – an organelle functionally similar to the bacterial flagellum, but 

structurally and genetically different – is responsible for the locomotion of motile archaeal species. 

In recent years it has been found that the expression of this organelle depends on environmental 

factors, and starvation in particular is associated with archaella induction in S. acidocaldarius. The 

signal transduction of nutrient depletion to archaella expression is not fully understood, but recently 

some key players of the archaellum regulatory network have been uncovered. Specifically, ArnA 

and ArnB were found to be negative regulators of archaella expression. Moreover, both proteins 

were found to be phosphorylated, which points at the existence of a multi-level regulatory system. 

Saci_1563 is a protein conserved in several Crenarchaeota species that was found to be co-purified 

with ArnA. This protein is a putative GTP-binding protein, a class of proteins implicated in the 

regulation of several biological phenomena and in cell signalling. It is thus plausible that 

Saci_1563, by acting as a molecular switch, is implicated in the fine tuning of archaella expression 

in response to specific signals. 

In this study we assessed the biological role of Saci_1563 and its biochemical characterization.  

Protocols for the heterologous purification of this protein in Escherichia coli and for the 

purification of over-expressed protein in S. acidocaldarius were optimised. The purified protein was 

then subject to phosphate release assays to test for its GTP-binding ability. The impact of 

saci_1563 deletion on S. acidocaldarius motility was tested, and the influence of starvation on 

saci_1563 expression was determined. Moreover, we analysed the effect of saci_1563 deletion on 

the expression of proteins belonging to the archaellum regulatory network and to the archaellum 

operon.  

The results reported in this thesis are far from conclusive. A role for Saci_1563 in archaella 

regulation cannot be excluded, but other venues of research regarding this protein are suggested. 

 

 



viii 

 

  



ix 

 

Chapter 1 - Introduction  
 

1. – Archaea ............................................................................................................................ 2 

1.1. – Archaeal diversity .................................................................................................... 3 

1.2. – Ecology ..................................................................................................................... 4 

1.3. – Archaeal physiology and genetics ........................................................................... 5 

1.4. – Sulfolobus as a model organism ............................................................................. 7 

2. – Motility ............................................................................................................................. 9 

2.1. – Setting the Archaellum and the Flagellum apart ................................................... 9 

2.2. – Structure of the archaellum .................................................................................. 11 

2.3. – Archaellum regulation ........................................................................................... 15 

2.4. – The GTPase superfamily of proteins ..................................................................... 19 

3. – Objective ........................................................................................................................ 23 

Chapter 2 - Materials and Methods 
 

1. - Chemicals ........................................................................................................................ 26 

2. – Strains and Growth ........................................................................................................ 26 

2.1. – Strains ..................................................................................................................... 26 

2.2. – Liquid media ........................................................................................................... 27 

2.3. – Solid media ............................................................................................................. 27 

2.4. – Glycerol cryostocks of Sulfolobus acidocaldarius ............................................... 28 

2.5. – Transformation of Sulfolobus acidocaldarius cells ............................................. 28 

2.5.1. – Preparation of competent cells ..................................................................... 28 

2.5.2. – Transformation by electroporation................................................................ 29 

2.6. – Transformation of Escherichia coli ....................................................................... 29 

2.6.1. – Preparation of competent cells ..................................................................... 29 

2.6.2. – Transformation by heat shock ....................................................................... 30 

2.7. – Plasmid isolation .................................................................................................... 30 

3. – Synthesis of pSVA3233 ................................................................................................. 31 



x 

 

4. – Gel electrophoresis ....................................................................................................... 31 

4.1. – Protein electrophoresis ......................................................................................... 31 

4.1.1. – Gel staining ..................................................................................................... 32 

4.2. – DNA and RNA electrophoresis ............................................................................... 32 

5. – Western blotting ............................................................................................................ 32 

5.1. – Blotting ................................................................................................................... 33 

6. – Polymerase chain reaction (PCR) ................................................................................. 34 

6.1. – Preparation of samples for colony PCR ................................................................ 34 

6.2. – PCR reaction and program .................................................................................... 34 

7. – Motility assays ............................................................................................................... 35 

7.1. – Radii measurement ................................................................................................ 36 

8. – Induction of starvation .................................................................................................. 37 

8.1. – Cell growth ............................................................................................................. 37 

8.2. – Processing of samples for immunoblotting .......................................................... 38 

8.3. – Processing of samples for RNA extraction ........................................................... 38 

9. – RNA isolation and cDNA synthesis ............................................................................... 38 

9.1. – RNA purification ..................................................................................................... 39 

9.2. – cDNA synthesis ....................................................................................................... 39 

10. – qRT-PCR ....................................................................................................................... 40 

11. – Heterologous protein purification .............................................................................. 40 

11.1. – Induction of expression and preparation of cell lysate ..................................... 41 

11.2. – Purification by gravity chromatography ............................................................. 42 

11.3. – Purification with Profinia .................................................................................... 42 

12. – Preparation of soluble denatured proteins from E. coli ........................................... 43 

13. – Expression of saci_1563 in Sulfolobus acidocaldarius ............................................ 43 

13.1. – Induction of expression and preparation of cell lysate ......................................... 43 

14. – In vitro phosphate release assays .............................................................................. 44 

 



xi 

 

Chapter 3 - Results and Discussion 
 

1. – Heterologous protein expression.................................................................................. 46 

2. – Overexpression of saci_1563 in S. acidocaldarius ..................................................... 53 

3. – Phosphate release assays ............................................................................................. 55 

4. – Swimming behaviour of a saci_1563 knockout mutant ............................................. 64 

5. – saci_1563 deletion impact on the expression of selected genes .............................. 59 

Chapter 4 - Conclusion 
 

1. – Conclusion and future perspectives ............................................................................. 68 

References ............................................................................................................................. 73 

Appendix……………………………………………………..…………………………………………….…. 83 

 

 

  



xii 

 

List of abreviations 

 

5’-UTR 5’-untranslated region 
ADP Adenoside diphosphate 
ATP Adenoside triphosphate 
BRE   B recognition element 
cDNA   Complementary DNA 
DNA   Deoxyribonucleic acid 
EDTA Ethylenediaminetetracetate 
ePK Eukaryotic-like protein kinase 
FHA Forkhead-associated 
GAF GTPase-activating protein 
GDP Guanoside diphosphate 
GEF Guanine exchange factor 
GppCp Guanosine-5’-[(β,γ)-methyleno]triphosphate 
GTP Guanosine triphophsate 
HTH Helix-turn-helix 
IMAC Immobilized metal-affinity chromatography 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
mRNA   Messenger RNA 
ORF   Open reading frame 
PCR Polymerase chain reaction 
PTM Post-translational modifications 
PVDF Polyvinylidene fluoride 
RNA  Ribonucleic acid 
RNAP  RNA polymerase 
rRNA  Ribosomal RNA 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
vWA von Willebrand 
X-Gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

 

 

List of tables 

Page 
Table 1 Archaeal and bacterial strains used in this work 26 
Table 2 Plasmids used in this work to transform Sulfolobus acidocaldarius. 29 
Table 3 Plasmids used in Escherichia coli 30 
Table 4 Antibodies used in this work and the conditions at which the membrane was incubated 
in the respective antibody solution. Antibody solutions were prepared in PBS. 

33 

Table 5 Reaction mixture for polymerase chain reaction. 34 
Table 6 PCR program 35 
Table 7 Primers used in colony PCR or in standard PCR reactions 35 
Table 8 Reaction mixture for qRT-PCR  40 
Table 9 Composition of buffers and their variations used for protein purification by gravity IMAC 
or with Profinia. 

41 



xiii 

 

 

 

List of Figures 

Page 
Fig. 1 First tree proposed with the phylogenetic relationship between the three primary domains. 
The domain Archaea is here shown to be composed by two main branches, the Euryarchaeota 
and the Crenarchaeota. Figure adapted from Carl R. Woese, Kandler, & Wheeli. 

3 

Fig. 2 Sulfolobus acidocaldarius cells are lobed, spherical cells. Bar represents 0.5 µm. Figure 
from Brock et al., 1972. 

8 

Fig. 3 Schematic representation of different microbial surface structures. Proteins that share the 
same colour in the archaellum and type IV pili scheme represent homologous proteins. Image 
from Ken F. Jarrell and Albers 2012.  

11 

Fig. 4 Organization of the fla operon in several species of the Crenarchaeota and Euryarchaeota. 
Image adapted from Albers and Jarrell 2015. 

13 

Fig. 5 Current schematic representation of the archaellum. FlaB (B) forms the filament, which 
with an average of 15 nm diameter is between the diameter of the flagellum and the type IV pili. 
FlaX (X) forms a platform in the membrane where the other proteins of the motor complex assem-
ble. FlaF (F) is the stator of this nanomotor, anchoring the archaellum to the S-layer, composed 
by two proteins - SlaA and SlaB. FlaG (G) plays an essential but currently unknown role in the 
archaellum. PibD is a homologue of type IV prepilin peptidases and plays an essential role by 
cleaving the signal peptide from prearchaellins. Image from Banerjee et al. 2015. 

14 

Fig. 6 Summary of the currently known regulators of archaella expression. ArnR/R1 are mem-
brane-bound activators, and ArnR expression itself is stimulated in starvation conditions, pointing 
at the existence of another unknown regulator. ArnA and ArnB are negative regulators of the ar-
chaellum that can be phosphorylated by ePKs and dephosphorylated by phosphatases like PP2A, 
which has been shown to influence the archaellum expression. AbfR1 is a biofilm regulator that 
activates the FlaB promoter. Image from Albers and Jarrell, 2015. 

18 

Fig. 7 Structure of Ras, a common prototype of the GTP-binding domain, bound to A the non-
hydrolysable GTP analogue GppCp and to B GDP. A1-A5 correspond to the 5 α-helices, B1-B6 
corresponds to the 6 β-strands and G1-G5 to the 5 regions described in the text. The confor-

mation of Switch I and Switch II is noticeably different between the GppCp- and the GDP-bound 
forms of the protein. Figure from Paduch, Jeleń  and Otlewski 2001.  

21 

Fig. 8 saci_1563 is conserved among several Crenarchaeota, and the genes surrounding 
saci_1563 are the same for the members belonging to the order Sulfolobales. Figure from Sartor, 
P. Master Thesis.  

22 

Fig. 9 The G-motifs of Saci_1563 are indicated in blue in the following order: G4 (NKGD); G5 
(SAT); G1 (GYPKTGKS); G2 (T); and G3 (DTPG). G1 and G3 are also called Walker A and Walker 
B motifs, respectively. The isoleucine in red next to G3 corresponds to the putative catalytic amino 
acid that, as in HAS-GTPases, is hydrophobic. 

23 

Fig. 10 In order to measure the motility diameter, the diameter of the outside halo was measured 
in two different orientations (Do1 and Do2). The two values were averaged to determine the outer 
diameter. The same was performed for the inner halo (darker). The motility radius corresponds to 
half the subtraction of the inner diameter from the outer diameter. 

36 

Fig. 11 Schematic representation of the starvation experiment. Before splitting the 200 ml culture 
one sample of 2 ml and one sample of 10 ml are harvested. This corresponds to time 0 (t=0) in 
the experiment. The other time-points at which samples were harvested and the OD was meas-
ured, in hours after the beginning of the experiment, are indicated in the rightmost part of the 
scheme.  

37 



xiv 

 

Fig. 12 Chromatographic profile of Saci_1563 purification from E. coli induced at 37°C for 4h 
or at 15°C overnight (ON), induced with 0.5 mM IPTG. W: washing fractions; E: elution fractions. 

46 

Fig. 13 Typical SDS-PAGE of Saci_1563 purified from E. coli with the set of buffers G1. The lower 
bands found in the fractions most enriched with Saci_1563 were hypothesised to be degradation 
products of this protein. 

47 

Fig. 14 Western blot performed on the elution fractions 2 and 3 of a culture of E. coli induced 
for 4h at 37°C with 0.1 mM IPTG. The low molecular weight band present in the E3 lane is 
indicative of protein degradation. 

47 

Fig. 15 A SDS-PAGE analysis of the fractions obtained from purification of Saci_1563 with buffers 
containing 10% glycerol. B Western blot of the same fractions as in A. The bands at approximately 
17 kDa appear to be degradation products of Saci_1563, both because the intensity of the low 
molecular weight bands match the intensity of Saci_1563 band and because those low molecular 
weight bands are detected by an anti-His tag antibody. L: loading; FT: flow-through; W: washing 
fractions; E: elution fractions. 

48 

Fig. 16 SDS-PAGE gel of fractions recovered from IMAC using the set of buffers G2 with A all 
buffers at pH 10 or B buffers A and B at pH 8.6 and the remaining buffers at pH 10. 

49 

Fig. 17 Recovered fractions from protein purification with Profinia. The elution fraction was con-
centrated and separated once more by SDS-PAGE. As shown in the rightmost lane, 4 other bands 
besides that corresponding to Saci_1563 are present.. 

50 

Fig. 18 A To improve the purity of the elution fraction and, simultaneously, recover the maximum 
protein possible, the flow-through and W1 fractions from the purification of the cell lysate were 
mixed and purified. The resulting elution fraction (Elution 2) was mixed with the elution fraction 
from the purification of the cell lysate (Elution 1). Loading 3 was finally subjected to buffer ex-
change and purified again. B After the concentration of Elution 3 only the band that corresponds 
to Saci_1563 is obvious. However, two very faint bands at higher molecular weights can be iden-
tified. 

51 

Fig. 19 Increased stringency of the second washing step (100 mM imidazole) results in more 
protein loss during this step, but does not result in increased purity of the elution fraction. 

52 

Fig. 20 Saci_1563 with a mutation in A Walker A or B Walker B region were purified using the 
buffers P1. Contaminants are present in the elution fraction of both proteins, as is the case with 
the wild-type protein. Red arrows point to contaminant bands.  

53 

Fig. 21 C-terminal His10-Strep-tagged Saci_1563 overexpression from plasmid pSVA3222 in S. 
acidocaldarius. Apparently there are no bands at higher molecular weights. The band present in 
the SDS-PAGE gel could not be detected by immunoblotting with α-His antibodies. 

54 

Fig. 22 A Chromatography profile of two independent purifications, indicated by different line 
colour. The black line corresponds to the same samples that were loaded in B. B Fractions ob-
tained from gravity chromatography purification of Saci_1563 from S. acidocaldarius  MW396 
transformed with pSVA3233 were analysed by SDS-PAGE. C Western blot analysis of the same 
samples used in A with α-Strep antibody. Bands are at an approximate molecular weight of 30 

kDa. FT: flow-through; W: wash fractions; E: elutions. 

55 

Fig. 23 Green malachite assay using inorganic phosphate. After 30 minutes at 55°C, the green 
malachite assay yields a linear response in the range of approximately 0 to 50 µM of inorganic 
phosphate. Points are the average of three independent assays with two technical replicates each, 
and error bars are standard deviation. 

57 

Fig. 24 Phosphate release assays for Saci_1563 in the presence of GTP (200 µM) with incuba-
tion for 30 minutes at A 55°C and B 65°C. Data shown as average ± standard deviation of at 
least two independent experiments with two technical replicates each.  

58 

Fig. 25 A ATPase and B GTPase activity seem to be optimal at 37°C. This points at the possibility 
that both detected activities are due to an E. coli contaminant rather than Saci_1563. Data shown 
as average ± standard deviation. 

58 

Fig. 26 OD value of MW396 and MW001 grown in rich medium or in starvation conditions (+ 
and -, respectively) relative to the OD value when t=0. Values given as mean ± standard deviation. 

60 



xv 

 

Fig. 27 Expression profile of saci_1563 in MW001 grown in rich medium or in starvation condi-
tions for 4 hours. Fold induction is compared to t = 0. Red lines indicate the threshold over which 
the transcription is different from t = 0. Data shown as average ± standard deviation. Starvation 
conditions seem to lead to a slight saci_1563 induction, at least when compared to MW001 grown 
in rich medium. 

60 

Fig. 28 Expression profile of flaB and flaX, whose gene products are part of the archaellum, and 
arnA, the gene coding for ArnA. ArnA is a negative regulator of the archaellum during whose 
purification Saci_1563 was detected. Red lines indicate log2 = 2. 

61 

Fig. 29 Representative whole cell SDS-PAGE for cultures grown A in rich medium or B under 
starvation. This analysis allowed to verify if the amount of protein loaded in each sample was 
approximately the same. If so, any difference between lanes in the immunoblotting analysis would 
be due to real phenotypic differences and not a bias due to different protein quantity.  

62 

Fig. 30 Immunoblotting with antibodies against ArnA for cells grown A in rich medium and B 
under starvation. ArnA seems to be similarly translated for both the wild-type (MW001) and the 
Δsaci_1563 strain (MW396). ArnA translation seems to be indifferent to the nutrition status of 

the cell for the duration of the entire experiment (4 hours). 

63 

Fig. 31 Immunoblotting with antibodies against FlaB for cells grown A in rich medium and B 
under starvation. FlaB cannot be detected when either MW001 or MW396 were grown in rich 
medium and its induction is similar in both strains. Purple arrow indicates the region where FlaB 
band is to be expected. 

63 

Fig. 32 Immunoblotting with antibodies against FlaX for cells grown A in rich medium and B 
under starvation. FlaX can be detected mainly at t = 0 and t = 4 in A. In B FlaX can be detected 
in all samples with similar intensity. There are no apparent differences between MW001 and 
MW396. 

64 

Fig. 33 A Representative colonies from each of the strains whose swimming ability in soft media 
was tested. B Percentage change in swimming radii for every strain relative to MW001, given as 
means ± standard deviation. Three biological replicates with six technical replicates each were 
measured. MW332 and MW351 swimming radii differ significantly from that of MW001 (p-value 
< 0.0001, n =18). 

65 

  

 

 





1 

 

Chapter 1 – Introduction 
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1. – Archaea 

 

In the beginning a series of as yet unknown chemical events resulted in the first life forms. For 

4 billion years life evolved (and still does) to adapt to the myriad of environments that can be found 

on our planet and by sheer chance, and thus became astonishingly diverse. This diversity has, of 

course, posed a great challenge to humanity ever since humans decided that classifying things 

could be helpful. Indeed, the first classification of organisms was based on how they could benefit 

or harm our species. 

Later the attention was devoted to subjects that were not related to our immediate survival and, 

therefore, other ways of classifying organisms were devised. Carl Linnaeus (1739-1778), the father 

of taxonomy, tried to systematically organize and classify in a standardized fashion all living beings. 

Under his system the classification of organisms was defined by a given set of traits: for example, 

plants were classified according to their sexual morphology. After the publication of the book On 

the Origin of Species in 1859 it became obvious that the classification of organisms should reflect 

their evolutionary history. Comparative morphology and analysis of the fossil record allowed for 

such classification for the so called higher organisms. Unicellular organisms, on the other hand, 

were not amenable to have their evolutionary history assessed by such methods, and therefore 

establishing the phylogeny of those morphologically simple organisms was dismissed as a 

worthless endeavour. That changed when molecular biology techniques became available. Carl 

Woese (1928-2012) was the first to suggest that ribosomal RNA (rRNA), due to its broad distribution 

and slow rate of mutation, is an adequate molecule to study the phylogeny of the bacteria known 

by that time. By comparing the sequences of 16S rRNA or 18S rRNA, Carl Woese and George Fox 

showed in 1977 that organisms belong to one of three main groups or urkingdoms (now kingdoms): 

eubacteria (now Bacteria), urkaryotes (renamed Eukarya) and archaebacteria (currently Archaea) 

(C. R. Woese and Fox 1977). Bacteria included bacterial species that had already been studied 

with some degree of detail like Escherichia coli. Eukarya included all the cells that have a nucleus 

separated from the cytoplasm, and Archaea encompassed a little studied group of organisms 

thought to be bacteria that, at that time, was mainly composed of cells able to synthesise methane 

(i.e., methanogens). Further sequence analyses and phenotypic studies widened the gap between 

the three proposed groups and established each of them as a primary phylogenetic division. This 

led to the proposal of a new taxon called domain in 1990 (Carl R. Woese, Kandler, and Wheelis 

1990). In that seminal paper Woese and collaborators suggested that there are three domains of 



3 

 

life, which were called Eucarya, Bacteria and Archaea (Fig. 1) (Carl R. Woese, Kandler, and 

Wheelis 1990). The suffix “bacteria” was dropped from the first suggestion (“archaebacteria”) to 

emphasise that these groups of organisms, despite their morphological resemblance, are as 

distinct from each other as they are distinct from eukaryotes.  

Currently Woese’s ideas are widely accepted. However, there are still heated debates about the 

topology of the tree of life. One hypothesis that has garnered attention recently suggests that 

eukaryotes originated from within archaea. If this hypothesis, named the Eocyte model, proves to 

be correct, the three-domain model will have to be discarded in favour of a two-domain model in 

which Eukarya and Archaea form a monophyletic group (Hug et al. 2016; Spang et al. 2015). This 

question is intrinsically related to one of the hottest topics of the 21st century Evolutionary Biology, 

namely that of the origin of the Eukaryotes. Studying and understanding Archaea will be essential 

to understand the Evolution of organisms that are placed in the deepest branches in the Tree of 

Life. 

 

Fig. 1 First tree proposed with the phylogenetic relationship between the three primary domains. The 
domain Archaea is here shown to be composed by two main branches, the Euryarchaeota and the 
Crenarchaeota. Figure adapted from Carl R. Woese, Kandler, & Wheeli. 

 

 

1.1. – Archaeal diversity 

 

Simultaneously to the proposal of the three-domain model, Woese and collaborators offered 

evidence for the existence of two major phyla of Archaea (Fig. 1) (Carl R. Woese, Kandler, and 

Wheelis 1990). Crenarchaeota is composed mainly of hyperthermophiles, while the 
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euryarchaeotes show a broader diversity, including hyperthermophiles, methanogens and 

halophiles (Madigan 2012). This division, and others still within Archaea, were possible to identify 

and confirm due to the increasing number of sequenced archaeal genomes. Although the number 

of sequenced archaeal genomes pales in comparison to the number of sequenced bacterial 

genomes, 220 complete archaeal genomes can be found in the KEGG database§ as of April of 

2016. With the advent of metagenomics it became possible to study the biological diversity within 

environments whose inhabitants cannot be cultured in the laboratory. Sequencing technologies 

and metagenomics have thus allowed to expand our knowledge regarding the diversity of Archaea, 

and new phyla and superphyla have been proposed. Of the most recently proposed phyla, 

Thaumarchaeota is probably the best understood. Thaumarchaeota was previously known as 

“mesophilic Crenarchaeota”, but now it has been ascribed a phyla of its own (Céline Brochier-

Armanet et al. 2008). This class of archaea is particularly relevant because of their widespread 

distribution (approximately 20% of all picoplankton cells in the sea) and because of their impact on 

the nitrogen cycle (Karner, DeLong, and Karl 2001; Wuchter et al. 2006). Attesting to their 

environmental significance, in some mesophilic environments ammonia-oxidizing archaea 

belonging to Thaumarchaeota outnumber their ammonia-oxidizing bacterial counterparts (Leininger 

et al. 2006). Other phyla have been proposed, but for some of them only few (and sometimes only 

one!) organisms are known and cannot be cultured in the laboratory. Besides, while candidate 

phyla like the Korarchaeota and the Lokiarchaeota are usually recognized as legitimate phyla, 

others such as the phylum Aigarchaeota are controversial (Elkins et al. 2008; Spang et al. 2015; 

Celine Brochier-Armanet, Forterre, and Gribaldo 2011; Forterre 2015).   

 

 

1.2. – Ecology 

 

Due to the disproportionate presence of archaea in extreme environments it was initially thought 

that all archaea were extremophiles. However, this is not the case. Archaea can indeed be found 

in places where other organisms have a hard time surviving, let alone thriving, such as solfataras, 

alkaline salterns and acid mine drainage (Grant et al. 1999; Baker et al. 2010; Brock et al. 1972). 

Nevertheless, milder environments including freshwater sediments, ocean water and soil are also 

                                                      
§ http://www.genome.jp/kegg/catalog/org_list.html 

http://www.genome.jp/kegg/catalog/org_list.html
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inhabited by archaea (Herrmann, Saunders, and Schramm 2008; Leininger et al. 2006; Karner, 

DeLong, and Karl 2001). Members of the domain Archaea have also been shown to be part of the 

human microbiome, but no pathogenic archaeon has been reported so far (Lurie-Weinberger and 

Gophna 2015). 

New technologies and methods such as metagenomics and single cell genomics are 

revolutionising our understanding about the diversity of life and, by extension, its evolution. No 

longer restrained by our inability to grow bacteria and archaea in the laboratory, we are now in a 

position to start uncovering the microbial dark matter. The study of DNA in environmental samples 

has already offered us intriguing results, such as the Lokiarchaea – the most eukaryote-like non-

eukaryote found so far –, as well as entire groups of organisms that, despite their abundance, have 

eluded us like the bacterial “candidate phyla radiation” (Spang et al. 2015; Hug et al. 2016). We 

can only expect that our knowledge on the Earth’s biodiversity continues to increase and that we 

are able to translate that information into answers for fundamental biological questions and into 

new technologies.  

 

 

1.3. – Archaeal physiology and genetics 

 

Under a microscope archaea look no different than any bacteria. For that reason archaea were 

only recognized as a different group of organisms when molecular methods were used and their 

ribosomes were found to differ from those of both bacteria and eukaryotes. However, before 

archaea had been recognized as such, several biochemical hints already pointed at some oddities 

shared by members of this group. 

The lipid composition of the cell membrane of archaea is unique. While the membrane of 

eukaryotes and bacteria is composed of unbranched fatty acid molecules ester-linked to a sn-

glycerol-3-phosphate molecule, in archaea isoprenoid side chains are ether-linked to a sn-glycerol-

1-phosphate moiety. Moreover, monolayer membranes are common in archaea. While 

unconventional side chains can also be found in the membrane of some bacterial species, the 

stereochemistry of the glycerol-phosphate found in archaea is an idiosyncrasy of this domain (De 

Rosa, Gambacorta, and Gliozzi 1986; Weijers et al. 2006). The cell wall of archaea also differs 

from that of bacteria. Peptidoglycan is not present in archaeal cell walls; in fact, only a group of 
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archaea possess a polymeric cell wall composed of pseudomurein. Instead, most species rely on 

a proteinaceous layer (S layer) that serves similar functions to those of the bacterial cell wall (Albers 

and Meyer 2011).  

The metabolic diversity of Archaea matches the diversity of archaeal lifestyles. As Bacteria, 

Archaea can be aerobes or anaerobes, and they can obtain carbon from organic compounds or 

from CO2 (Madigan 2012). Interestingly, the central carbon metabolism of Archaea somehow 

resembles the pathways found in Eukaryotes and Bacteria, but numerous participating genes are 

non-homologous to their bacterial/eukaryal counterparts (Brasen et al. 2014). The gain of reducing 

equivalents can be accomplished by chemo-, litho- or phototrophy. Although there is no record of 

bona fide photosynthesis in Archaea, several halophiles belonging to Euryarchaeota have been 

shown to produce bacteriorhodopsin, a membrane protein that converts light to a proton gradient 

that can be used to synthesise ATP (Madigan 2012; Racker and Stoeckenius 1974). 

Methanogenesis, the biological process of methane production, is found only in some members of 

Euryarchaeota and is a metabolic pathway found exclusively in Archaea (Madigan 2012). Methane 

is one of the most potent greenhouse gases, attesting to the importance of Archaea for the 

composition of Earth’s atmosphere and its geochemical cycles. 

The genetic information of archaeal species is commonly stored in a circular chromosome. As 

in Bacteria, archaeal open reading frames are commonly transcribed into polycistronic mRNA, due 

to the organisation of genes in operons. While bacterial chromosomes usually have a single origin 

of replication, archaeal chromosomes on the other hand can have multiple. In every organism DNA 

has to be packaged in order to fit the small cellular volume. Some archaea species use proteins 

similar to the eukaryotic histones to package their DNA (Reeve, Sandman, and Daniels 1997; White 

and Bell 2002). Others, such as members of the Crenarchaeota, use nucleoid-associated proteins 

that share no homology with eukaryotic histones (Driessen and Dame 2013). 

Transcription in archaea is very similar to transcription in eukaryotes. Archaea use a single RNA 

polymerase (RNAP), similar to the eukaryotic RNAPII. The initiation of transcription requires a B 

recognition element (BRE) region and binding of proteins to the TATA-box (Ouhammouch 2004).  

The translation process in Archaea is more complex than in Bacteria. As in Bacteria, archaeal 

ORFs can be transcribed into polycistronic messenger RNAs (mRNA). A typically archaeal feature 

is the number of mRNA molecules without a 5’ untranslated region (5’-UTR), i.e., leaderless mRNAs 

(Benelli and Londei 2011). These mRNAS are very uncommon in both bacteria and eukaryotes, 

but prevalent in Archaea. Although Shine-Dalgarno sequences can be found in archaeal mRNAs, 



7 

 

this is a rather uncommon feature, and the mechanism of initiation of translation for leaderless 

mRNAs remains largely unexplored. Overall, as with transcription, translation in archaea resembles 

more the same process in Eukarya rather than in Bacteria (Bell and Jackson 1998).  

The shared evolutionary history as well as episodes of lateral gene transfer resulted in the 

coexistence of bacterial and eukaryotic features in archaeal cells (Garcia-Vallvé, Romeu, and Palau 

2000). These shared features should not however obscure the fact that this domain is also 

characterised by unique traits that can only be realized to their full extent with a continuous and 

dedicated study of the organisms belonging to this domain. 

 

 

1.4. – Sulfolobus as a model organism 

 

In 1972 Brock and collaborators published the isolation and characterization of an organism 

that was found to be widespread in solfatara areas (Brock et al. 1972). The description stated that 

it was possible to isolate specimens from thermal acid soils and acidic hot springs, with pH less or 

equal to 3 and temperatures ranging from 65°C to 90°C. That proved to be the first description 

of an organism from the genus Sulfolobus, namely S. acidocaldarius (Brock et al. 1972). The first 

organism was isolated from the Yellowstone National Park, in the United States, but species from 

this genus have already been found in places as distant from each other as Japan, Italy and Iceland 

(Huber and Stetter 1991; Brock et al. 1972; Suzuki et al. 2002). Sulfolobus belongs to 

Crenarchaeota and to the Sulfolobaceae family, which is characterised for comprising 

thermoacidophilic organisms. Indeed, considering all the seven characterised species of 

Sulfolobus, the range of optimum growth temperatures is between 65°C and 83°C, and the 

optimum pH values have a minimum of 2, for S. acidocaldarius, and a maximum of 4, for S. 

yangmingensis (Brock et al. 1972; Jan et al. 1999; Albers and Siebers 2014). 

More than one species of Sulfolobus is considered a model organism for the study of archaeal 

molecular and cell biology, but in this work the focus will be on S. acidocaldarius. This species was 

the first of its genus to be described. Morphologically the cells are coccoid, albeit with lobes, with 

a diameter ranging from 0.1 to 0.8 µm (Fig. 2). S. acidocaldarius cells are protected by a 

proteinaceous S-layer (Albers and Meyer 2011; Weiss 1974; Brock et al. 1972). This archaeon has 

different types of surface structure, such as an archaellum (functionally analogous to the flagellum 

of bacteria), and aap pili (Henche et al. 2012; Lassak et al. 2012; Ken F. Jarrell and Albers 2012). 
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S. acidocaldarius cells are peritrichously archaellated and the motility of this organism is mediated 

by the archaellum (Albers and Siebers 2014; Lassak et al. 2012). 

 

 

Fig. 2 Sulfolobus acidocaldarius cells are lobed, spherical cells. Bar represents 0.5 µm. Figure from 
Brock et al., 1972. 

 

S. acidocaldarius is an obligate aerobe and can grow auto- or heterotrophically (Brock et al. 

1972). Autotrophic growth is accomplished in the presence of elemental sulphur and yields slower 

doubling times than heterotrophic growth on complex organic substrates (Shivvers and Brock 

1973; Brock et al. 1972). The range of carbon sources that can be used for growth by S. 

acidocaldarius is more limited than the carbon sources available to other species of its genus. 

However, this species can grow on several amino acids, on sucrose and on dextrin (Grogan 1989). 

Sulfolobus is the only genus of the Crenarchaeota kingdom for which genetic manipulation 

techniques are available. Therefore these organisms are invaluable for research focused on 

Archaea in general and Crenarchaea in particular. An extensive genetic toolbox for S. acidocaldarius 

has been developed, and nowadays several common molecular biology techniques are available in 

this organism. Among them are the production of single, double and triple mutants, overexpression 

of proteins, gene complementation and specific gene mutation (Wagner et al. 2012; Allers and 

Mevarech 2005).  

It comes thus as no surprise that this organism has been used extensively to probe into details 

of archaeal biology, such as the cell cycle, DNA-repair systems and regulation, assembly and 
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structure of surface structures like the archaellum and gene regulation (Bernander 2007; van 

Wolferen et al. 2016; Banerjee et al. 2015; Chaudhury et al. 2015; Lassak et al. 2013; Reimann 

et al. 2012).  

 

 

2. – Motility  

 

Microbial locomotion allows cells to search for favourable conditions and to escape stress, 

making this an important ability to survive and reproduce. Not surprisingly, several microorganisms 

developed the ability to do so by different means. Bacteria can swim with the aid of the flagellum, 

a rotating surface structure that propels the cells through liquid media. The flagellum is not a strict 

requirement for motility, however, since other mechanisms of locomotion are also known, e.g., 

twitching motility. Pseudomonas aeruginosa moves over solid surfaces by twitching motility through 

cycles of extension and retraction of type IV pili (Burrows 2012).  

Swimming motility can also be found in some Archaea species. Though archaeal cells are 

propelled by a surface structure functionally (and visually) similar to the flagellum, its genetic and 

structural basis shares no resemblance with the flagellum. Some of the features that set the 

archaellum apart from the flagellum will be detailed in the next section. 

 

 

2.1. – Setting the Archaellum and the Flagellum apart 

 

As with many other characteristics of Archaea, it was soon found out that the archaellum is 

different from the flagellum found in bacteria. Besides the discovery that archaea can have multiple 

archaellins  – proteins that compose the filament –, while Bacteria commonly have a single flagellin 

(the flagella filament protein in Bacteria), one of the first and most striking characteristics of the 

swimming organelle of archaea that set it apart from the flagellum was that the archaellins are 

glycosylated (Wieland, Paul, and Sumper 1985). At the time glycosylation was not recognized as a 

post-translational modification present in Bacteria, and although O-glycosylation has been found in 

some flagellins, N-glycosylation of archaellins remains a specific archaeal modification (Iwashkiw 

et al. 2013). The presence of the N-glycosylation pathway, and, in some species, N-glycosylation 
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of archaellins, is an essential requirement for the correct assembly of the archaellum (Meyer, 

Birich, and Albers 2015; Tripepi et al. 2012; Ding et al. 2015).  

Interestingly the archaellins are produced as pre-proteins. The first 6 to 12 amino acids of 

archaellins are cleaved prior to assembly of the archaellum filament (Ng, Chaban, and Jarrell 

2006). While flagellins are assembled without prior modification, pilins from type IV pili undergo a 

similar process, and the N-terminal sequence carried by both archaellins and type IV pilins is 

conserved (Faguy et al. 1994). These two points led to the hypotheses that the archaellum has a 

different mode of assembly from the flagellum and that type IV pili and the archaellum are 

evolutionary related. Moreover, it has been shown that FlaK/PibD – proteins that cleave the signal 

peptide in pre-archaellins – are homologous to prepilin peptidases that process the signal of type 

IV pili prepilins in Bacteria (Szabo, Albers, and Driessen 2006).  

The ultrastructural details of archaella also set this organelle apart from the flagellum. The 

diameter of the archaellum is placed between 10 and 13 nm, approximately 10 nm narrower than 

that of the flagellum (Thomas, Bardy, and Jarrell 2001). The filament of the flagellum is hollow, 

contrary to the archaellum (Trachtenberg and Cohen-Krausz 2006). This has important 

implications on the mode of assembly of both structures. The flagellins travel through the hollow 

filament to assemble at the tip of the flagellum, as indicated in Fig. 3, but the absence of a central 

channel in the filament of the archaellum precludes such assembly mode. It has therefore been 

proposed that archaellins are added at the base of the archaellum (K. F. Jarrell, Bayley, and 

Kostyukova 1996). The filament of type IV pili also grows in this fashion, highlighting once more 

the similarities between the archaellum and type IV pili (Craig and Li 2008). While the connection 

between the filament and the motor complex in the flagellum is mediated by a hook, this structure 

is not a universal feature in Archaea (Albers and Jarrell 2015). The motor complex itself shows a 

different topology when observed under the microscope: differently from the flagellum, which has 

distinct rings at its proximal end, the archaellum exhibits instead a knob-like structure (Kalmokoff, 

Jarrell, and Koval 1988; Beeby et al. 2016). 

The flagellum is powered by a proton-motive force or, rarely, a sodium-motive force. The 

archaellum has been experimentally shown for Halobacterium salinarum to be dependent on ATP 

instead, and so it is assumed that all archaella are powered by ATP hydrolysis rather than an 

electrochemical gradient (Streif et al. 2008). How ATP powers the rotation of the motor complex 

of this organelle remains unknown. 
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Fig. 3 Schematic representation of different microbial surface structures. Proteins that share the same 
colour in the archaellum and type IV pili scheme represent homologous proteins. Image from Ken F. Jarrell 
and Albers 2012. 

 

Most of these findings that questioned a shared evolutionary history between the archaellum 

and the flagellum were made before the advent of the genomic age. With the development of 

sequencing technologies all those findings were confirmed, because no homologue gene required 

for the assembly of the flagellum was found in Archaea, giving support to the hypothesis that the 

archaellum and the flagellum are fundamentally different. To establish definitely the different nature 

of the flagellum and the archaellum, the rebranding of “archaeal flagellum” to “archaellum” was 

proposed in 2012 (Ken F. Jarrell and Albers 2012). 

What we know about the archaellum and its regulation lags very much behind our understanding 

on the flagellum. The studies that allowed us to gain insight about the flagellum provided us with 

important knowledge about bacterial physiology, signalling pathways and genetic regulation. There 

is therefore a strong basis for the assumption that our knowledge about the Archaea – and, as a 

consequence, about life itself – will benefit greatly from studies on this yet enigmatic organelle. 

 

 

2.2. – Structure of the archaellum 

 

The archaellum is a helical filament that imparts motion to archaeal species by rotation 

(Trachtenberg and Cohen-Krausz 2006; Shahapure et al. 2014). The functional similarity between 

flagella and archaella allows us to predict that a stator and a rotor will be present in the archaellum. 
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The stator is the stationary, membrane-bound part of the flagellum, while the rotor converts 

chemical energy to movement (Minamino, Imada, and Namba 2008). Several components of the 

archaellum have been recently elucidated, but the mechanism that allows for the rotation of this 

structure remains elusive. 

The genomic organization of the genes encoding archaellins and the other structural proteins 

of the archaellum (called fla accessory genes) is consistent throughout several species. The 

archaellin and fla accessory genes are found in the fla operon, with the fla accessory genes usually 

downstream of the archaellin(s) (Albers and Jarrell 2015). This operon is controlled by two 

promoters: a constitutive promoter that controls the expression of the fla accessory genes and an 

inducible promoter that drives the expression of the archaellins. The activation of the latter has 

been found to have polar effects on the expression of fla accessory genes as well (Lassak et al. 

2012). 

There are between 7 and 13 genes in the fla operon, that vary between Crenarchaeota and 

Euryarchaeota, as shown in Fig. 4. The fla operon of the former encodes for FlaX, a protein that 

is absent from the Euryarchaeota. Species belonging to the Euryarchaeota, on the other hand, can 

contain FlaC, D and E, which are absent from Crenarchaeota. The fla operon of S. acidocaldarius 

contains seven genes, and each of them has been shown to be essential for the assembly of the 

archaellum, and therefore for swimming behaviour (Albers and Jarrell 2015; Lassak et al. 2012). 

The gene that codifies for archaellins is flaB (and flaA in some species). Some species like 

Halobacterium salinarum have genes coding for different archaellins, while others like S. 

acidocaldarius possess a single archaellin. After processing of the pre-archaellins, as mentioned in 

the previous section, these proteins assemble to form rigid right-handed helices that compose the 

filament (Szabo et al. 2007; Alam and Oesterhelt 1984; Cohen-Krausz and Trachtenberg 2002). 

The process that underlies archaellins assembly in a filament remains unknown, but assembly 

modes based on the homology between archaellins and type IV pillins have been proposed (K. F. 

Jarrell, Bayley, and Kostyukova 1996). 

FlaX is a membrane-bound protein whose soluble domain forms an oligomeric ring with a ~300 

nm diameter. This protein interacts strongly with FlaI and FlaH, and the stability of FlaX is also 

dependent on the presence of FlaJ. Taking all this into account, it has been proposed that FlaX is 

a static component of the archaellum motor, as well as a priming subunit for archaellum assembly 

(Banerjee et al. 2012; Banerjee et al. 2013).  
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FlaH and FlaI are the only predicted cytoplasmic proteins of the archaellum. Both proteins 

possess Walker A and B motifs (involved in triphosphate nucleotide binding and hydrolysis), 

although FlaH has a non-canonical Walker B motif. FlaI shares homology with bacterial ATPases, 

such as PilB and PilT, involved respectively in the assembly and disassembly of type IV pili (Craig 

and Li 2008; Burrows 2005). The ATPase activity of FlaI has already been demonstrated, as was 

that its activity increases in the presence of archaeal tetraether lipids (Ghosh et al. 2011). FlaI 

oligomerises in crown-like hexamers in the presence of ATP, whose conformation is dependent on 

the bound nucleotide (i.e., ATP or ADP) (Ghosh et al. 2011; Reindl et al. 2013). Moreover, FlaI is 

involved both in the assembly and the rotation of the archaellum, as evidenced by the observation 

that the deletion of the first 29 amino acids results in archaellated but non-motile cells (Reindl et 

al. 2013). Due to the odd nature of FlaH Walker B motif, this protein had been predicted to be an 

ATP binding protein without ATPase activity, a hypothesis that meanwhile has gained experimental 

support (Chaudhury et al. 2015). The interaction between FlaI and FlaH requires the latter protein 

Fig. 4 Organization of the fla operon in several species of the Crenarchaeota and Euryarchaeota. Image 
adapted from Albers and Jarrell 2015. 
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to be ATP-bound. Moreover, cells expressing mutant FlaH with no affinity for ATP are non-

archaellated, revealing the physiological importance of this interaction (Chaudhury et al. 2015). 

Nevertheless, the role played by this interaction in the assembly and/or rotation of the archaellum 

remains obscure, but a regulatory role of FlaH towards FlaI has been suggested (Albers and Jarrell 

2015). FlaH and FlaI are expected to be found inside the ring formed by FlaX, as are the 

cytoplasmic loops of the polytopic membrane protein FlaJ. These proteins would thus constitute 

the motor of the archaellum, as shown in the scheme in Fig. 5. The interaction between FlaI and 

FlaJ, as well as the conformational changes of FlaI triggered by ATP-binding and hydrolysis events 

have been suggested to underlie the assembly of archaellin subunits, the movement of the 

archaellum, or both (Reindl et al. 2013).  

 

 

FlaF is a membrane protein whose soluble domain is located in the extracellular space between 

the cell membrane and the S-layer, i.e., the pseudoperiplasm (Albers and Meyer 2011; Banerjee 

et al. 2015). FlaF dimerization is essential for cell motility, and this protein interacts with S-layer 

Fig. 5 Current schematic representation of the archaellum. FlaB (B) forms the filament, which with an 
average of 15 nm diameter is between the diameter of the flagellum and the type IV pili. FlaX (X) forms a 
platform in the membrane where the other proteins of the motor complex assemble. FlaF (F) is the stator 
of this nanomotor, anchoring the archaellum to the S-layer, composed by two proteins - SlaA and SlaB. FlaG 
(G) plays an essential but currently unknown role in the archaellum. PibD is a homologue of type IV prepilin 
peptidases and plays an essential role by cleaving the signal peptide from prearchaellins. Image from 
Banerjee et al. 2015. 
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proteins, possibly by hydrophobic interactions. This interaction suggests that FlaF anchors the 

archaellum to the cell envelope. Therefore, current models of the archaellum (Fig. 5) place FlaF 

as the stator component of this nanomotor, and it has been proposed that FlaF may also play a 

role in the archaellum assembly by recruiting FlaB subunits, and in the maintenance of S-layer 

integrity during filament rotation. FlaF may be aided by FlaG, but little is known about the latter 

(Banerjee et al. 2015).  

Structural knowledge of the components of the archaellum are a requirement for the complete 

understanding of this organelle. Several important developments have been made in the last few 

years, but much yet remains to be unravelled. Coupling of biophysical, biochemical and genetic 

studies will certainly allow us to understand more thoroughly this nanodevice – the smallest rotating 

nanomotor found in nature – and, by extension, possibly other molecular machines in the 

prokaryotic world.  

 

 

2.3. – Archaellum regulation 

 

The archaellum is an expensive molecular machine. Its assembly requires the expression of 

several proteins and ATP hydrolysis, the latter being also required to fuel archaella rotation (Lassak 

et al. 2012; Streif et al. 2008). For this reason this organelle is not constitutively expressed, as has 

been determined for some archaellated species belonging both to Euryarchaeota and 

Crenarchaeota (Hendrickson et al. 2008; Mukhopadhyay, Johnson, and Wolfe 2000; Lassak et al. 

2012). Even when the archaellum is assembled some degree of regulation is to be expected: 

swimming increases the likelihood of survival if cells swim towards favourable conditions or away 

from harmful ones. It comes thus as no surprise that systems that bias the movement mediated 

by flagella or archaella have evolved. Taxes, i.e., directed movement towards an attractant or away 

from a repellent have been extensively studied in Bacteria and in some species of Archaea 

(particularly Halobacterium salinarum) (Sourjik and Wingreen 2012; Albers and Jarrell 2015). In 

Archaea, however, proteins that are homologous to bacterial proteins involved in chemotaxis are 

only found in Euryarchaeota and Thaumarchaeota (Briegel et al. 2015). In Sulfolobus spp. no 

chemotactic proteins are present and the switching between counterclockwise and clockwise 

rotation seems to be a stochastic event. The swimming behaviour of this organism is therefore 

essentially random, consisting on a succession of runs and tumbles (Shahapure et al. 2014; Lewus 
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and Ford 1999). During the tumbles cells stop swimming and their swimming direction is changed 

due to Brownian motion. Nevertheless, temperature appears to influence the random motility of S. 

acidocaldarius, because the swimming speed and the run times increase from 50°C to 80°C 

(Lewus and Ford 1999; Shahapure et al. 2014). Computer simulations predict that this behaviour 

could allow populations of S. acidocaldarius to move from deadly hot spots to lower temperatures 

in their natural environment (Lewus and Ford 1999). 

The archaellum of S. acidocaldarius is not constitutively expressed, and several studies have 

shown that nutrient depletion in the medium acts as an environmental cue that triggers archaella 

expression and assembly (Lassak et al. 2012; Reimann et al. 2012; Lassak et al. 2013). Since 

then several regulators involved in the regulation of archaella have been described, but the 

mechanism through which this stimulus elicits archaella induction remains unclear. 

Post-translational modifications (PTMs) are common in all domains of life, including Archaea 

(Eichler and Adams 2005). Protein modification by covalent attachment of chemical moieties to 

amino acids allow for the diversification of the chemical nature of amino acids and consequently 

for an increase in the complexity of the processes carried out by proteins. Protein phosphorylation 

has been reported in Eukaryotes, Archaea and Bacteria and it is a particularly common PTM due 

to the chemistry of the phosphate group (Hunter 2012; Eichler and Maupin-Furlow 2013). The first 

regulator of the archaellum was identified after studies showed that a forkhead-associated (FHA)-

domain containing protein from S. tokodaii (S0829) was phosphorylated by an eukaryotic-like 

protein kinase (ePK) with specificity towards serine and threonine (Wang et al. 2010). FHA-domain 

containing proteins recognize phosphorylated threonine (pThr) residues, and this domain has been 

found in regulators such as transcription factors (Durocher and Jackson 2002). ST0829 binds 

specifically to the flaX promoter in a phosphorylation-dependent manner: phosphorylation of 

ST0829 was shown to reduce its DNA-binding activity (Duan and He 2011). This protein has also 

been found in S. acidocaldarius in a cluster alongside a von Willebrand (vWA) domain-containing 

protein – a protein domain found in proteins that form multi-protein complexes and that can be 

found involved in several processes such as signal transduction, cell adhesion and migration 

(Whittaker and Hynes 2002; Duan and He 2011). These FHA- and vWA-domain containing proteins 

found in S. acidocaldarius were renamed ArnA and ArnB (archaellum regulatory network), 

respectively, and they were found to interact with each other. Moreover, deletion mutants of either 

arnA or arnB, or both simultaneously, resulted in a hyperarchaellated, hypermotile phenotype, with 

increased FlaB and FlaX expression. ArnA and ArnB were found to be constitutively expressed in 
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the exponential and stationary phases, and the increase in FlaB and FlaX expression was only 

achieved after induction by starvation, pointing at the need of a positive regulator to induce 

archaella expression (Reimann et al. 2012). Curiously the transcripts of flaB and flaX were not 

found to differ much in ΔarnA and ΔarnB compared with the wild-type MW001, indicating a post-

transcriptional regulatory role for these two negative regulators of the archaellum; this finding was 

not expected due to the specific protein-DNA interaction found for S. tokodaii protein ST0829 

(Reimann et al. 2012; Duan and He 2011). However, similarly to ST0829, both ArnA and ArnB 

can be phosphorylated. Two eukaryotic-like protein kinases (ePKs) – ArnC (Saci_1193) and ArnD 

(Saci_1694) – were found to be involved in the phosphorylation of ArnA and ArnB. (Albers and 

Jarrell 2015; Reimann et al. 2012). The physiological significance of this phosphorylation is yet to 

be determined. 

The positive regulator(s) were found in two genes that flank the archaellum operon in S. 

acidocaldarius. The gene products of saci_1180 and saci_1171 were renamed ArnR and ArnR1, 

respectively, according to the same acronym used for ArnA and B, and both were found to comprise 

a helix-turn-helix (HTH) N-terminal domain and two C-terminal transmembrane domains. 

Interjacent to both domains a putative sensing domain and a possible signal-transducing HAMP 

domain were found. While the HTH of both proteins showed a very high degree of similarity, the 

other domains were relatively distinct, leading to the hypothesis that both regulators act on the 

same DNA motif in response to different signals (Lassak et al. 2013). ArnR and ArnR1 have been 

proposed to be membrane-bound transcriptional activators that act on flaB promoter. ArnR1 

expression is constitutive regardless of the presence or absence of nutrients in the medium; ArnR 

expression, on the other hand, is starvation-induced and appears to be a pre-requisite for FlaB 

accumulation (Lassak et al. 2013). A positive feedback loop or activation of expression by ArnA 

were checked as to whether they could be responsible for the ArnR induction under starvation 

conditions, but neither was found to be responsible. This led to the hypothesis that another 

regulator acting at a higher hierarchical level is necessary. The mechanism of activation of ArnR 

and ArnR1 is unknown, as are the mechanisms of signal perception and transduction; however, it 

has been proposed that these proteins sense alterations on the membrane potential and/or 

composition, as these properties have been shown to depend on the energetic state of the cell in 

some bacterial species (Lassak et al. 2013; Mukamolova et al. 1995; Smigielski, Wallace, and 

Marshall 1989). The archaellum regulation by ArnR1 is possibly dependent on the phosphorylation 

state of ArnR1, since this protein has been found to be phosphorylated in S. acidocaldarius. 
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Moreover, both arnR and arnR1 were found to be up-regulated in the Δsaci_pp2a strain. Saci-PP2A 

is a phosphatase with activity towards phosphorylated (p) Ser, pThr and pTyr, and one of the two 

phosphatases annotated in S. acidocaldarius genome (Reimann et al. 2013).  

 

 

Besides the archaellum regulatory network genes that have already been identified, other 

cellular processes are intertwined with the archaellum regulation. For example, Saci_0446 (AbfR1), 

a regulator protein involved in biofilm production, has been shown to bind to and activate the flaB 

promoter (Orell et al. 2013). A relationship between the expression of different surface structures 

has to be considered as well. A deletion mutant that lacks the Aap pilus has been found to be 

hyperarchaellated and, adding to that, AbfR1 also binds to the promoter of aapA genes, possibly 

repressing them (Lassak et al. 2012; Orell et al. 2013). Moreover, overexpression of ArnA leads 

both to archaellum repression and to hyperpiliation, putting once more in evidence the connection 

between archaella and Aap pili (Reimann et al. 2012). A representation of the archaellum operon 

and the influence of the already known regulators is presented in Fig. 6. 

The currently identified participants on the archaellum regulatory network are not enough to 

explain the regulation of the archaellum in a holistic manner: other components that act at the 

same or other hierarchical levels of the already identified regulators must exist. 

Fig. 6 Summary of the currently known regulators of archaella expression. ArnR/R1 are membrane-bound 
activators, and ArnR expression itself is stimulated in starvation conditions, pointing at the existence of 
another unknown regulator. ArnA and ArnB are negative regulators of the archaellum that can be phos-
phorylated by ePKs and dephosphorylated by phosphatases like PP2A, which has been shown to influence 
the archaellum expression. AbfR1 is a biofilm regulator that activates the FlaB promoter. Image from Albers 
and Jarrell, 2015. 
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In a pull-down experiment it was also found that the putative GTP-binding protein Saci_1563 

co-purified with ArnA (Julia Reimann and Sonja-V. Albers, personal correspondence). Given that 

GTP-binding proteins are implicated in several processes of cell signalling, it was hypothesised that 

Saci_1563 could have some role in the regulation of expression of the archaellum (Kjeldgaard, 

Nyborg, and Clark 1996). In the next section an overview about GTP-binding proteins and 

Saci_1563 in particular will be provided. 

 

 

2.4. – The GTPase superfamily of proteins 

 

Nucleoside triphosphates and their di- and mono- derivatives are essential for life as we know 

it, as nucleotides are the building blocks of DNA and RNA. Despite their role in information storage 

and processing, nucleoside triphosphates, particularly adenosine and guanosine triphosphate (ATP 

and GTP, respectively) also have an important role in cell metabolism. While ATP is the major 

source of energy, allowing enzymes to catalyse reactions and molecular motors to convert chemical 

energy into movement, GTP is instead implicated usually in regulatory functions (Wittinghofer and 

Vetter 2011). 

P-loop NTPases are a group of proteins that bind to and hydrolyse nucleotides. This group 

includes, among others, proteins that bind and hydrolyse GTP in a specific manner, usually in order 

to regulate cellular processes. Due to the GTPase activity of these proteins the superclass of 

proteins to each they belong is rightfully called the superfamily of GTPases. Proteins belonging to 

this class exist in all three domains of life and, in the case of humans, are necessary for processes 

like vision and olfaction, and mutated versions of GTPases (like KRAS) are implicated in 

carcinogenesis (Leipe et al. 2002; Pylayeva-Gupta, Grabocka, and Bar-Sagi 2011; Lehninger, 

Nelson, and Cox 2005). GTPases can be further divided in two classes: the TRAFAC (translation 

factors) and SIMIBI (signal recognition particle, MinD and BioD). GTPases belonging to the TRAFAC 

superfamily are involved, among others, in the regulation of translation, signal transduction and 

motility. SIMIBI proteins, on the other hand, contain signal-recognition-associated GTPases and 

other proteins with kinase or phosphate transferase activity. From now on this section will only 

concern GTPases belonging to the TRAFAC class (Verstraeten et al. 2011). 

GTPase proteins adopt cyclically one of three possible conformational states: i) the GTP bound 

state, in which the protein is said to be activated; ii) the GDP bound state, made possible by the 
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hydrolysis of GTP; and iii) a transient empty state in which the protein is able to bind again to a 

GTP molecule. The GTP and GDP bound states are frequently called the “on” and “off” states of 

the GTPase, respectively. The hydrolysis of GTP and the turnover of GDP for a GTP molecule can 

be intrinsically slow processes which are, for this reason, commonly aided respectively by GTPase-

activating proteins (GAP) and guanine exchange factors (GEF) (Bourne, Sanders, and McCormick 

1991; Vetter and Wittinghofer 2001). 

GTPases are molecular switches characterized by four to five motifs that contact the nucleotide, 

designated G1 to G5 regions (Bourne, Sanders, and McCormick 1991). Regions G1 to G5 form the 

GTP-binding domain of GTPases and are usually highly conserved among GTPases. The core 

domain of G-proteins is structurally conserved as well, containing usually 5 α-helixes and 6 β-

strands. The G1 region, also called the P-loop or Walker A, is present both in ATP and GTPases. 

This region has a conserved GX4GK(S/T) that establishes bonds with the α- and β- phosphates of 

the nucleotide. The G2 region has a conserved threonine residue that is coordinated with a Mg2+ 

ion that is essential for GTPase activity. The Mg2+ ion also binds oxygens of β- and γ-phosphates of 

GTP. The loop that contains the conserved threonine usually undergoes structural changes 

according to the bound nucleotide (i.e., GTP or GDP). This nucleotide-dependent changes are the 

reason why this region is also called Switch I. G3 region, also known as the Walker B motif, has a 

conserved glycine residue typically in the context hhhDX2G. Possibly due to the interaction with the 

amide proton of the invariant glycine to the γ-phosphate of GTP, the conformation of this region is, 

similarly to G2 region, nucleotide-dependent. For this reason G3 is also known as Switch II. The 

conformational change induced by GTP hydrolysis can be seen in Fig. 7 for Ras (Paduch, Jeleń  

and Otlewski 2001). Effectors, i.e., molecules that interact specifically with the GTP-bound form of 

the GTPase, interact with the Switch I and II regions of GTPases (Vetter and Wittinghofer 2001). In 

the human protein Ras, a protein commonly used as the prototype for small GTPases, a glutamine 

residue adjacent to G3 is associated with the catalysis of GTP hydrolysis. Other proteins have been 

shown to have rather a substitution of the equivalent glutamine residue by a hydrophobic amino 

acid. These proteins, termed HAS-GTPases, retain their activity despite the amino acid replacement 

(Bourne, Sanders, and McCormick 1991; Mishra et al. 2005). G4 region contains amino acids that 

interact with the guanine ring and that are responsible for the specificity of the GTPase towards 

GTP. This region usually contains the sequence [NT]KxD. Finally, the G5 region is the least 

conserved region of them all, although the sequences SA[KL] and SAL seem to be conserved in 
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eukaryotes and bacteria, respectively. G5 region amino acids bind atoms belonging to the guanine 

ring (Bourne, Sanders, and McCormick 1991). 

From the several families belonging to the TRAFAC, one family is characterised by a permutation 

in the order of the GTPase motifs: while usually the motifs are found in the order G1-G2-G3-G4-G5, 

in this circularly permuted GTPases (cpGTPases) the order is G4-G5-G1-G2-G3. This YawG/YlqF 

family has representatives in the three domains of life, being typified by YlqF and YlqE from Bacillus 

subtilis, YjeQ from E. coli, MJ1464 from Methanococcus jannaschii and YawG from 

Schizosaccharomyces pombe (Leipe et al. 2002). 

 

 

YjeQ from E. coli is an essential GTPase protein whose activity is stimulated by 30S ribosomal 

subunit. The interaction with the ribosome appears to be mediated by the OB-fold but, despite this 

information, the role played by this protein in the biogenesis/regulation of the ribosome remains 

unknown, although it has been hypothesised that YjeQ might be a finishing factor of maturation of 

the 30S subunit (Denis M. Daigle et al. 2002; Denis M. Daigle et al. 2002; Goto et al. 2011). 

Thermotoga maritima, a hyperthermophilic bacteria, also contains a protein homologous to YjeQ. 

Structural evidence points at possible GTPase and RNA-binding activities, which is in accordance 

with biochemical evidence found for E. coli YjeQ (Shin et al. 2004). B. subtilis YqeH is similarly an 

Fig. 7 Structure of Ras, a common prototype of the GTP-binding domain, bound to A the non-hydrolysable 
GTP analogue GppCp and to B GDP. A1-A5 correspond to the 5 α-helices, B1-B6 corresponds to the 6 β-

strands and G1-G5 to the 5 regions described in the text. The conformation of Switch I and Switch II is 
noticeably different between the GppCp- and the GDP-bound forms of the protein. Figure from Paduch, Jeleń  
and Otlewski 2001. 
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essential gene also involved in a nucleotide-dependent interaction with the ribosomal 30S subunit 

(Anand et al. 2009; W. C. Uicker et al. 2007). YlqF, an essential GTPase from B. subtilis, has also 

been found to be involved in ribosome biogenesis. However, unlike YqeH, YlqF is necessary for 

50S maturation (William C. Uicker, Schaefer, and Britton 2006; Matsuo et al. 2007). There are no 

biochemical evidences about the role of MJ1464. This GTPase is conserved in all Crenarchaeota, 

but absent from some Euryarchaeal species and from all Thaumarchaeota. There have not been 

reports about the function of this GTPase, but it has been suggested that, as with its bacterial 

counterparts, it might be important for ribosome biogenesis (Fabian Blombach, Brouns, and 

van der Oost 2011). 

A protein BLAST analysis using MJ1464 sequence as query in the proteome of S. acidocaldarius 

reveals only one relevant hit (64% query coverage and E-value=2x10-48). The sequence that is similar 

to MJ1464 corresponds to Saci_1563, a protein detected by mass spectrometry following co-

elution with the negative regulator of the archaellum ArnA. Saci_1563 is conserved in several 

members of Crenarchaeota and, in the order Sulfolobales, the genomic context of saci_1563 is 

conserved (Fig. 8). 

 

 

Fig. 8 saci_1563 is conserved among several Crenarchaeota, and the genes surrounding saci_1563 are 
the same for the members belonging to the order Sulfolobales. Figure from Sartor, P. Master Thesis. 
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As with all members of the YawG/YlqF family, the GTPase motifs of Saci_1563 are circularly 

permuted. Moreover, the amino acid adjacent to G3 region is an isoleucine, with no glutamine 

nearby. It is therefore reasonable to assume that Saci_1563 is a HAS-GTPase (Mishra et al. 2005). 

The identification of the conserved GTPase regions of Saci_1563 is present in Fig. 9. 

 

 

Fig. 9 The G-motifs of Saci_1563 are indicated in blue in the following order: G4 (NKGD); G5 (SAT); G1 
(GYPKTGKS); G2 (T); and G3 (DTPG). G1 and G3 are also called Walker A and Walker B motifs, respectively. 
The isoleucine in red next to G3 corresponds to the putative catalytic amino acid that, as in HAS-GTPases, 
is hydrophobic. 

 

 

3. – Objective 

 

The regulation of the archaellum encompasses a complex network of regulators. Only a few 

protein regulators are currently known, and key questions about how they sense signals and how 

those signals are transduced remain unanswered.  

The superclass of GTPases comprises proteins that are essentially involved in regulation of 

processes including motility, translation and ribosome biogenesis (Leipe et al. 2002; Bourne, 

Sanders, and McCormick 1990; Maracci and Rodnina 2016). A putative GTPase conserved among 

Sulfolobales was found to co-elute with the negative regulator of the archaellum ArnA. This GTPase 

belongs to the family of cpGTPases and its function in Archaea is unknown. 

This work has the aim of expanding the body of knowledge regarding Saci_1563 and to address 

the hypothesis that this protein is involved in the regulation of archaella expression. In order to do 

so, we first propose to confirm that this protein is a GTPase. Therefore, protocols for heterologous 

and homologous expression and purification of Saci_1563 will be developed. Phosphate release 

assays will follow in order to study if this protein has detectable GTPase activity.  

The expression profile of saci_1563 will be studied under conditions known to induce the 

expression of archaella. A knockout strain of saci_1563 will be studied in order to determine if the 

absence of Saci_1563 influences the expression of genes involved in archaella biosynthesis or 
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regulation. Besides, we are also going to determine how swimming motility of S. acidocaldarius is 

impaired, if at all, by saci_1563 knockout. 

In summary, a combined biochemical and molecular biology approach is intended to help 

elucidating the possible role of a protein in the regulatory network of the archaellum, and eventually 

to contribute to our understanding of the molecular details of archaellum regulation in S. 

acidocaldarius. 
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Chapter 2 – Materials and Methods
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1. - Chemicals 

 

Chemical products, including nuclease-free water, were acquired from Roth (Karlsruhe, 

Germany) or Sigma-Aldrich (Munich, Germany). When required, substances with higher degree of 

purity were used. 

 

 

2. – Strains and Growth 

 

 

2.1. – Strains 

 

In the experiments performed in this thesis S. acidocaldarius and E. coli strains were used. All 

the strains and their characteristics are described in Table 1. 

 

Table 1 Archaeal and bacterial strains used in this work  

Strain Description Reference/Source 

   
Archaea   

MW001 S. acidocaldarius DSM639 ΔpyrE, uracil 

auxotroph 

(Wagner et al. 2012) 

MW396 Δsaci_1563, in frame deletion mutant in MW001. Hoffmann et al., 
unpublished 

MW332 ΔarnRΔarnR1, a non-motile strain obtained by an 

in frame mutation in MW001. 

(Lassak et al. 2013) 

MW351 ΔarnA, a hypermotile strain obtained by an in 

frame mutation in MW001. 

(Reimann et al. 
2012) 

   
Bacteria 

E. coli TOP10 Δ(ara-leu) 7697 araD139 fhuA ΔlacX74 galK16 
galE15 e14- Φ80dlacZΔM15 recA1 relA1 endA1 
nupG rpsL (StrR) rph spoT1 Δ(mrr-hsdRMS-
mcrBC), a cloning strain for the propagation of 
plasmids. 

New England Biolabs 

E. coli ER1821 F- glnV44 e14-(McrA-) rfbD1? relA1? endA1 spoT1? 
thi-1Δ(mcrC-mrr)114::IS10 carrying the plasmid 
pM.EsaBC41.  

New England Biolabs 
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E. coli Rosetta™ 
DE3 pLysS 

F- ompT hsdSB(rB
-mB

-) gal dcm (DE3) pLysSRARE 
(CamR). E. coli strain supplemented with rare 
tRNAs to avoid codon bias.  

Novagen 

 

 

2.2. – Liquid media 

 

Unless otherwise stated, S. acidocaldarius was grown aerobically in Brocks basal salts medium 

(Brock et al. 1972) at 75°C and 122 rpm (New Brunswick Innova 44 shaker from Eppendorf). The 

medium was adjusted to pH 3.5 with sulphuric acid and supplemented with 0.1% NZAmine AS 

(Sigma) and dextrin, sucrose or xylose. Uracil auxotroph strains were grown in medium additionally 

supplemented with 10 µg ml-1 uracil. The optical density was measured at 600 nm with water used 

as blank. 

E. coli was grown in Luria-Bertani (LB) medium, supplemented with a given combination of the 

antibiotics chloramphenicol (30 µg ml-1), kanamycin (25 µg ml-1) and ampicillin (50 µg ml-1), 

according to the plasmid selection marker. Except otherwise stated, cells were incubated at 37°C 

in a Multitron Standard shaker from Infors (Bottmingen, Switzerland) at 170 rpm. 

 

 

2.3. – Solid media 

 

The selection marker for all the transformations performed in S. acidocaldarius was uracil 

auxotrophy. First selection plates were prepared by adding a final concentration of 0.6% gelrite 

(w/v) to rich medium (Brocks basal salts medium (Brock et al. 1972) supplemented with 0.1% NZ 

Amine AS and 0.2% dextrin, adjusted to pH 3.5) . MgCl2 and CaCl2 were also added to a final 

concentration of 10 mM and 3 mM, respectively. Plates were incubated for five days at 75°C. 

For the motility assays of S. acidocaldarius semi-solid gelrite plates were prepared (Lassak et 

al. 2012). Motility plates were prepared by adding gelrite to Brock basal salt medium to a final 

concentration of 0.15%. This mixture was supplemented with 3.75 mM CaCl2, 12.5 mM MgCl2, 

0.005% NZ-amine, 0.2% dextrin and pH 3 – 3.5 adjusted with H2SO4. The energy source NZ-amine 

is supplied in reduced amounts to induce starvation. 
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Selection plates for blue-white colony screening for E. coli were prepared in LB-Agar 

supplemented with 75 µg ml-1 ampicillin, 30 µg ml-1 X-Gal and 100 µM IPTG. Plates were incubated 

overnight at 37°C. 

 

 

2.4. – Glycerol cryostocks of Sulfolobus acidocaldarius 

 

Approximately 20 µl of cells from a cryostock are inoculated in a small volume of rich medium 

and grown for two days or until OD = 2. This culture is inoculated in fresh rich medium and allowed 

to reach an OD between 0.5 and 0.8, after which several 2 ml aliquots are centrifuged for 2 minutes 

at 10,000 g in a benchtop centrifuge 5424 from Eppendorf (Hamburg, Germany). The supernatant 

is discarded and the pellet resuspended in 200 µl of a solution containing 50% Basal Brock (without 

having the pH adjusted) and 50% glycerol. The cryostocks are stored at -80°C. 

 

 

2.5. – Transformation of Sulfolobus acidocaldarius cells 

 

 

2.5.1. – Preparation of competent cells 

 

A pre-culture is started by inoculating cells from the cryostock into rich medium and allowing 

them to grow until the OD reaches approximately 0.7. A fraction of this culture is inoculated in rich 

medium, which should be harvested when the OD is between 0.2 and 0.3. The harvested culture 

was chilled on ice and afterwards centrifuged for 20 minutes at 2000 g. The pellet was washed 

with an ice-cold solution of sucrose 20 mM twice or three times, depending on the volume, and 

resuspended in 1 ml of sucrose 20 mM. After centrifugation at 2000 g for 5 minutes the pellet was 

resuspended in sucrose 20 mM to a theoretical OD of 10. Aliquots of 50 µl were stored at -80°C. 
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2.5.2. – Transformation by electroporation 

 

Up to 1 µg of methylated DNA was mixed with 50 µl of competent cells. Cells were transferred 

to a pre-cooled 1 cm cuvette, which was subjected to a pulse of 2000 V, 600 Ω and 25 µF 1mm 

in a Gene Pulser Xcell™ from Bio-Rad (Munich, Germany). Immediately after 950 µl of regeneration 

solution (Appendix) were added and the cells in the recovery solution were transferred to a 1.5 

ml tube. The tube was incubated for 30 minutes at 75°C with slow shaking. Fifty or 100 µl were 

spread in first selection plates. The plasmids used to transform Sulfolobus acidocaldarius can be 

consulted in Table 2. Electroporation of plasmids in S. acidocaldarius is only achieved with 

methylated plasmids (Wagner et al. 2009). Therefore, before transformation in S. acidocaldarius 

the plasmids were transformed in E. coli ER1821 (section 2.6) and purified from a culture that 

had grown overnight in LB medium in the presence of kanamycin (25 µg ml-1) and ampicillin (50 

µg ml-1) at 37°C.  

 

Table 2 Plasmids used in this work to transform Sulfolobus acidocaldarius. 

Plasmid Genotype Reference 

   
pSVA3222 C-terminal His6-tagged Saci_1563 under the 

control of a maltose-inducible promoter 
Sartor, P. Master Thesis 

pSVA3233 C-terminal Strep/His10-tagged Saci_1563 under 
the control of a xylose-inducible promoter 

This thesis 

 

 

2.6. – Transformation of Escherichia coli 

 

 

2.6.1. – Preparation of competent cells 

 

A culture of 50 ml is grown overnight in TYM medium (Appendix) with the adequate antibiotics. 

20 ml of the culture are then transferred to 500 ml TYM medium supplemented with antibiotics. 

Cells are grown until OD = 0.5 – 0.6. The culture is cooled on ice and centrifuged at 3500 g for 

15 minutes at 4°C. After this step cells are resuspended in 100 ml cold Tfb1 (Appendix) on ice. 

Centrifugation at 3500 g for 15 minutes at 4°C is repeated, and the pellet is resuspended to a 
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theoretical OD = 10 in cold Tfb2 (Appendix). 50 µl aliquots are prepared and frozen in liquid 

nitrogen. These samples are stored at -80°C for later use. 

 

 

2.6.2. – Transformation by heat shock 

 

E. coli was transformed following a heat shock protocol. Approximately 100 - 200 ng of DNA 

was added to 50 µl of an E. coli competent cryostock. The cells to which the foreign DNA was 

added were kept in ice for 5 to 10 minutes. After the incubation they were subjected to a heat 

shock at 42°C for 90 seconds. For the regeneration process 1 ml of LB was added to the cells and 

the cells were incubated for 30 minutes at 37°C. After this period the cells were centrifuged at 

maximum speed in a benchtop centrifuge for 2 minutes and the supernatant discarded. The cells 

were resuspended in LB medium supplemented with the adequate antibiotic(s) and incubated at 

37°C. The plasmids used in this work to transform E. coli are listed in Table 3. 

 

Table 3 Plasmids used in Escherichia coli 

Plasmid Genotype Reference 

   
pSVA3216 C-terminal His6-tagged Saci_1563 for expression 

in E. coli 
Sartor, P. Master Thesis 

pSVAxZ-SH10 Plasmid with a multiple cloning site that will result 
in a gene under the control of a xylose-inducible 
promoter and with a C-terminal StrepII/His10-tag 

Wagner A, unpublished 
data 

pSVA3219 C-terminal His6-tagged Saci_1563 K111A (Walker 
A motif) for expression in E. coli. 

Sartor, P. Master Thesis 

pSVA3221 C-terminal His6-tagged Saci_1563 D152A 
(Walker B motif) for expression in E. coli. 

Sartor, P. Master Thesis 

 

 

2.7. – Plasmid isolation 

 

Plasmid isolation from E. coli was performed from an overnight grown culture with NucleoSpin® 

Plasmid EasyPure (Macherey-Nagel), following the instructions of the manufacturer.  
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3. – Synthesis of pSVA3233 

 

The plasmid pSVA3233 consisted on the subcloning of saci_1563 gene from pSVA3222 on the 

backbone of pSVAxZ-SH10. Both plasmids were digested in a reaction buffer containing 10 µl of 

plasmid, 0.5 µl of BamHI, 0.5 µl of NcoI, 1.5 µl of 10x CutSmart® Buffer (New England Biolabs) 

and 2.5 µl of nuclease-free water. The plasmids were digested at 37°C for one hour. 1 µl of FastAP 

enzyme (ThermoFisher) was added to the reaction mixture containing the digested pSVAxZ-SH10. 

The digested products were ran in an agarose gel and DNA was purified from the gels using the 

Zymoclean™ Gel DNA Recovery Kit (Zymo Research), following the instructions of the 

manufacturer.  

Ligation was performed by mixing 8 µl of insert, 1 µl of the backbone, 1.5 µl of T4 ligase buffer, 

1 µl of T4 ligase and 3.5 µl of nuclease-free water. 8 µl of ligation were used to transform E. coli 

TOP10. Transformants were detected by blue-white screening and correct insertion was confirmed 

by colony PCR with the primers pSVA3233 fwd and pSVA32333 rev (Table 7). Upon positive 

signal in agarose gel electrophoresis, the plasmid was sent for sequencing. 

Transformation of the plasmid in S. acidocaldarius was achieved as previously described. 

 

 

4. – Gel electrophoresis 

 

Gel electrophoresis is a widely used technique used to separate biomolecules by molecular 

weight. During this work this technique was used to separate proteins, DNA and RNA.  

 

 

4.1. – Protein electrophoresis 

 

Proteins were separated by molecular weight by SDS-PAGE. The concentration of 

polyacrylamide used was 15% and the applied potential difference was never higher than 160V. 

PowerPac HC plus Mini-PROTEAN Tetra Cell chambers were used for protein electrophoresis. The 

running buffer composition can be consulted in the Appendix. The protein ladder used to estimate 

the molecular weight of proteins was Color Prestained Protein Standard, Broad Range (11–245 
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kDa) (New England Biolabs). Before being loaded in the polyacrylamide gel the samples were mixed 

with protein loading dye (Appendix). 

 

 

4.1.1. – Gel staining 

 

Proteins were stained with InstantBlue™ Safe Coomassie Stain (Sigma-Aldrich) by incubating 

the gel with the dye for 30 minutes at room temperature, as indicated by the manufacturer. After 

the incubation the gel was immersed in distilled water overnight. 

 

 

4.2. – DNA and RNA electrophoresis 

 

Agarose gel 0.8% (w/v) in TAE running buffer (Appendix) was used to separate DNA or RNA in 

PowerPac Basic and Mini-Sub Cell GT chambers. To visualize the bands, 0.005% (v/v) of HDGreen 

Plus (INTAS) was added to the agarose solution. The bands were detected in a FastGene FAS Digi 

from Nippon Genetics (Düren, Germany), under the control of the software Quantity One (Version 

4.6.9) from Bio-Rad (Munich, Germany). To estimate the size of the nucleotide chains, 5 µl of 

GeneRuler 1 kb Plus DNA Ladder (Thermo Fisher Scientific) was loaded alongside the test samples. 

Before being loaded in the agarose gel the samples were mixed with 10x DNA loading dye 

(Appendix). 

 

 

5. – Western blotting 

 

Western Blot is a technique commonly used to detect proteins or amino acid sequences 

specifically. The specificity of the reaction is ensured through the use of antibodies raised against 

the peptides of interest. 

In this work Western blot was used to detect either His- or Strep-tagged proteins or proteins that 

are either part of the archaellum or that are involved in the regulation of its expression. 
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5.1. – Blotting 

 

The protein samples of interest were separated by SDS-PAGE as detailed in 4.1. Activation of 

PVDF membranes was achieved by soaking in methanol followed by a water wash. Secondly the 

membrane and blotting paper were soaked in blotting buffer (Appendix). The blotting was 

performed at 1 A and 25 V for 30 minutes in a Trans-Blot Turbo Transfer System from Bio-Rad 

(Munich, Germany). After the blotting the membrane was blocked in a solution containing 0.2% I-

Block™ Protein-Based Blocking Reagent (Thermo Fisher Scientific) prepared in a PBST solution 

(Appendix) for 1 hour. The membrane was washed thrice in PBS (Appendix) 10 minutes for 

each time. The membrane was incubated with the desired antibody according to the conditions 

explained in Table 4.  

 

Table 4 Antibodies used in this work and the conditions at which the membrane was incubated in the 
respective antibody solution. Antibody solutions were prepared in PBS. 

Antibody Manufacturer Concentration Time of  
incubation 

Temperature 

α-His-HRP 
Santa Cruz 

Biotechnology 
1:8000 

1 hour 
Room 

temperature 
 α-rabbit HRP Invitrogen 1:5000 

α-FlaX Eurogentec 1:1000 

Overnight 4°C 
α-FlaB Eurogentec 1:1000 
α-ArnA Agrisera, AB, Sweden 1:5000 

α-ArnB Agrisera, AB, Sweden 1:5000 
 

After the incubation with the antibody,  the membrane was again washed three times with PBS 

for 10 minutes each. After this washing step the membrane was incubated with Goat α-rabbit HRP 

(Life technologies) secondary antibody for 1 hour at 4°C. After this incubation period the 

membrane was washed three times with PBS for 10 minutes each time. These two last steps did 

not apply to α-His-HRP because this antibody is already conjugated with HRP. Finally, Clarity™ 

Western ECL Blotting Substrate (Bio-Rad) was used to detect the secondary antibody. In the case 

of α-His-HRP the substrate was used after the 1 hour incubation on antibody followed by three 

washing steps with PBS. Bands were detected in a ChemoCam Imager 3.2 from Intas (Göttingen, 

Germany) with the software ChemoStar Imager from the same company. 
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6. – Polymerase chain reaction 

 

 

6.1. – Preparation of samples for colony PCR 

 

Colonies were first picked from the original plate and streaked in a new master plate. The 

remaining of the picked colonies is resuspended in 20 µl of a 0.2 M NaOH solution in 10 µl of 

water. After the resuspension is complete 70 µl of 0.2 M Tris pH 7.8 is added and the suspension 

is vortexed. This solution is then used as part of the PCR reaction detailed in Table 5. To check 

for correct transformation with all plasmids except pSVA3233, primers colony-saci_1563 fwd and 

colony-saci_1563 rev were used. To check for correct transformation with pSVA3233, pSVA3233 

fwd and pSVA3233 rev were used. 

 

 

6.2. – PCR reaction and program 

 

For the PCR reaction performed in this work the reaction mixture used is stated in Table 5. 

The program used was the same for every PCR reaction, with minor alterations to account for the 

melting temperature of the used primers and the length of the expected PCR product (Table 6). 

The PCR reactions were performed in a C1000 Thermocycler. From here on, the primers will be 

addressed by their numbers as listed in Table 7, where their sequence can also be analysed. All 

primers except those for qRT-PCR were used after colony PCR. 

 

Table 5 Reaction mixture for polymerase chain reaction. 

Phusion  1 µl 
Phusion® HF Buffer Pack (New England Biolabs) 10 µl 
Reverse Primer 1.5 µl 
Forward Primer 1.5 µl 
10 mM dNTPs mix (Thermo Fisher Scientific) 1 µl 
Colony lysate 1 µl 
Nuclease-free water to 50 µl 
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Table 6 PCR program 

Step Temperature Time  
Initial DNA denaturation 98°C 3 minutes  
DNA denaturation 98°C 10 seconds 

Repeat 34 times 
in this sequence 

Annealing TM – 4°C 30 seconds 
Extension 72°C According to product 

(~2500 base pairs 
per minute) 

Final extension step 72°C 10 minutes  

 

Table 7 Primers used in colony PCR or in standard PCR reactions 

Primer Sequence 5’-3’ 

colony-saci_1563 fwd CGTATTACCGCCTTTGAGTG 
colony-saci_1563 rev TTAGCGGGATTGTGAGTTAG 
DNase-check-fwd TTGCTCAGCCTGTGTCTTAG 
DNase-check-rev TCTCCGTACAGAGTCAGAAC 
secY forward  CCTGCAACATCTATCCATAACATACCGA 
secY reverse  CCTCATAGTGTATATGCTTTAGTAGTAG 
pSVA3233 fwd GATCCGCGGCATTTGTAACCCTCTACTCGTGACTGTATTTAC 
pSVA3233 rev ATTATTGAAGAAGCTCCAGTCTTTGGATAACCAATG 
arnA fwd GAACCACAAGCACAAGGAGTAG 
arnA rev GGTTGAGGTTGAGCTGGTTCTG 
flaX fwd GCAGTTGAAGAGTTAGCCTTATCTGTG 
flaX rev CCTACTAACTGACTTACGGTACTAATCT 
saci_1563 fwd TAGATGTCGTGTGGCTGATATG 
saci_1563 rev GTAGAGGTATTGGACGCAAGAG 
flaB fwd ACTGCGTCTACTGCGTTATCTTTATC 
flaB rev GGAGATAAGTCTACACTAGATACACCAGAA 

 

 

7. – Motility assays 

 

Motility assays allow for the evaluation of S. acidocaldarius swimming behaviour in soft media. 

Fresh rich medium was inoculated the day before the inoculation in the motility plates with 

overnight cultures of the tested strains. When the OD was around 0.4 and 0.5, the samples were 

adjusted to the same theoretical OD of 0.4 using Brock basal salt medium. Five microliters of the 

culture were spotted in the motility plate. The plates were placed in a humid environment and 

grown at 75°C for 5 days (Koerdt et al. 2010). 
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7.1. – Radii measurement 

 

The software Paint.net 4.0.9 was used to measure the motility radii of the colonies. To 

determine the motility radii, the diameter of the inner halo of each colony was subtracted from the 

diameter of their respective outer diameters, as shown in Fig. 10Error! Reference source not 

found.. The result was then divided by two in order to get the radius. The calculation of the motility 

radius considering Fig. 10Error! Reference source not found. therefore is: 

𝑀𝑜𝑡𝑖𝑙𝑖𝑡𝑦 𝑟𝑎𝑑𝑖𝑢𝑠 =  

𝐷𝑜1 + 𝐷𝑜2
2 −

𝐷𝑖1 + 𝐷𝑖2
2

2
 

For each plate the motility radii of the wild-type strain (MW001) was set to 100% and all other 

strains were normalized to the wild-type motility radii. The percentages calculated for each strain 

in each plate were then averaged and their standard deviation calculated.  

 

Fig. 10 In order to measure the motility diameter, the diameter of the outside halo was measured in two 
different orientations (Do1 and Do2). The two values were averaged to determine the outer diameter. The 
same was performed for the inner halo (darker). The motility radius corresponds to half the subtraction of 
the inner diameter from the outer diameter. 
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8. – Induction of starvation 

 

The expression of the archaellum is induced upon starvation conditions (Lassak et al. 2013; 

Lassak et al. 2012). To verify if and how Saci_1563 impacts the expression of the archaellum we 

subjected the strain MW396 (Δsaci_1563) to starvation over four hours and analysed the overtime 

expression variation of archaellum-related proteins. Expression of these proteins was analysed by 

immunoblotting and by qRT-PCR (sections 5 and 10). 

 

 

Fig. 11 Schematic representation of the starvation experiment. Before splitting the 200 ml culture one 
sample of 2 ml and one sample of 10 ml are harvested. This corresponds to time 0 (t=0) in the experiment. 
The other time-points at which samples were harvested and the OD was measured, in hours after the 
beginning of the experiment, are indicated in the rightmost part of the scheme. 

 

 

8.1. – Cell growth 

 

Approximately 20 µl from the cryostock are inoculated in 3 ml of rich medium supplemented 

with uracil. This culture is grown for two days and it is used to inoculate fresh rich medium. After 

1 day this new culture is used to inoculate 200 ml of fresh rich medium. When the OD reaches 

0.4, one sample of 2 ml and one sample of 10 ml are harvested (t = 0 sample). The culture is then 

divided in two and both fractions (~90 ml each fraction) are centrifuged at 4400g for 10 minutes 

at 75°C in a Rotina 380 R from Hettich (Tuttlingen, Germany). The supernatants are discarded 

and one pellet is resuspended in 90 ml of rich medium while the other fraction is resuspended in 
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basal Brock pH adjusted supplemented only with uracil (starvation medium). Both cultures are 

incubated in the shaker at 75°C for four hours. At the indicated time-points the OD of each culture 

is measured and two samples – 2 ml and 10 ml, for Western blot analysis and RNA extraction, 

respectively – are collected from each culture and stored in ice. This experiment is schematically 

explained in Fig. 11. 

 

 

8.2. – Processing of samples for immunoblotting 

 

The samples collected for Western Blot analysis were centrifuged for 2 minutes in a benchtop 

centrifuge at maximum speed and the supernatant was discarded. The pellet was resuspended in 

1x protein loading dye and normalized by their OD (100 µl per total OD = 0.35). The samples were 

boiled for 10 min at 100°C and vortexed. The samples were then loaded directly in a 

polyacrylamide gel or stored at -20°C for further use. 

 

 

8.3. – Processing of samples for RNA extraction 

 

The 10 ml samples were centrifuged at 4400g for 10 min at 4°C. The supernatant was 

discarded and the pellets were stored at -80°C until further use. 

 

 

9. – RNA isolation and cDNA synthesis 

 

Total RNA was first isolated from the samples and purified by TRIzol method (Orell et al. 2013) 

and cDNA was synthesised by reverse transcription PCR using this RNA as a template. 

Pellets from 10 ml samples (8.3) were resuspended in 1 ml of TRI Reagent® (Sigma) and 

incubated at 65°C for 10 minutes. After cooling down the tubes, 200 µl of chloroform were added 

and the samples were vigorously shaken. The samples were centrifuged for 15 minutes at 16000 

g in a benchtop centrifuge – as all steps in this protocol – and at 4°C. The aqueous phase was 

recovered and mixed gently with 500 µl of isopropanol. This solution was incubated either overnight 



39 

 

at -80°C or for 2 hours at -20°C. After this incubation the samples were centrifuged at 4°C for 30 

minutes at 16000 g and the supernatant was discarded. The resulting pellet was resuspended in 

1 ml of 70% ethanol solution. The samples were centrifuged for 5 minutes at 16000 g and at 4°C, 

the supernatant was discarded and the washing step with ethanol repeated. After the final washing 

step the ethanol was discarded and the RNA (pellet) was air-dried. Then, finally, the RNA was 

resuspended with nuclease-free water at 50°C. Vortexing was used to aid in the resuspension of 

the pellet. To confirm that RNA was successfully extracted, 2 µl of sample were ran in an agarose 

gel (4.2.), and the RNA concentration in each fraction was measured. 

 

 

9.1. – RNA purification 

 

To degrade any genomic DNA contaminant in the RNA samples a reaction mixture containing 

5 µg of RNA, 1 µl of RiboLock RNase Inhibitor (Thermo Fisher Scientific), 4 µl of DNaseI (Thermo 

Fisher Scientific) and 5 µl of DNaseI Buffer 10x (Thermo Fisher Scientific) was prepared. Nuclease-

free water was added to a total volume of 50 µl. This reaction mix was incubated at 37°C overnight. 

After this incubation the reaction was stopped by the addition of 5 µl of 50 mM EDTA to each 

sample, followed by incubation at 65°C. The RNA concentration was measured again and the 

samples were stored at -80°C. To confirm that no genomic DNA was present in the RNA samples, 

a PCR using the pair of primers DNase-check-fwd/DNsae-check-rev was performed. Whenever the 

PCR result was positive for DNA contamination, the digestion was repeated. 

 

 

9.2. – cDNA synthesis 

 

The cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis Kit 

(Thermo Fisher Scientific). According to the instructions of the manufacturer, 1 µg of RNA was 

used to synthesize cDNA. In order to check the cDNA synthesis the genes of interest were amplified 

by PCR with their specific primer sets. 
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10. – qRT-PCR 

 

Quantitative PCR analysis was performed using qPCRBIO SyGreen Mix (PCR Biosystems) in a 

Rotor-Gene Q (QIAGEN). After cDNA synthesis, the samples were diluted 1/10 and used in the 

reaction mixture detailed in . CT values were automatically determined by the use of the software 

Rotor-Gene Q – Pure Detection version 2.1.0 (QIAGEN) after 40 cycles. Samples were assayed in 

a biological triplicate, with at least two technical replicates. secY expression levels were used as an 

internal control (Kath and Schäfer 1995). The 2-ΔΔCT method was used to compare the expression 

of samples relative to t=0 samples in the starvation time-course experiment (Livak and Schmittgen 

2001). 

 

Table 8 Reaction mixture for qRT-PCR 

qPCRBIO SyGreen Mix 10 µl 
Reverse Primer 0.75 µl 
Forward Primer 0.75 µl 
cDNA 1 µl 
Nuclease-free water to 20 µl 

 

 

11. – Heterologous protein purification 

 

E. coli Rosetta™ DE3 pLysS was used to express C-terminal His6-tagged Saci_1563 and the 

mutant proteins. IMAC was used in two different setups in order to purify the protein: the first was 

gravity chromatography and the second was IMAC followed by desalting in Profinia (Bio-Rad). The 

preparation of cell lysate for loading in either of the purification systems was common for both 

setups. 

Different buffer compositions were tested with gravity chromatography and, when optimised, 

were used in Profinia. 
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Table 9 Composition of buffers and their variations used for protein purification by gravity IMAC or with 
Profinia.  

Protocol      
  
Gravity chromatography  

 Buffer A Buffer B Buffer C Buffer D Variations 

G1 20 mM HEPES pH 
8, 100 mM KCl, 10 
mM imidazole 

20 mM 
HEPEs pH 8, 
100 mM KCl, 
20 mM 
imidazole 

20 mM 
HEPES pH 
7, 100 mM 
KCl, 200 
mM 
imidazole 

20 mM 
HEPES pH 
7, 100 mM 
KCl, 500 
mM 
imidazole 

10% glycerol 
added to 
each buffer 

G2 20 mM Glycine pH 
8.6, 100 mM KCl, 
10 mM imidazole 

20 mM 
Glycine pH 
8.6, 100 mM 
KCl, 20 mM 
imidazole 

20 mM 
Glycine pH 
10, 100 mM 
KCl, 150 
mM 
imidazole 

20 mM 
Glycine pH 
10, 100 mM 
KCl, 300 
mM 
imidazole 

Glycine pH 
10 in all 
buffers; 
increased 
imidazole 
concentration
s in buffers C 
and D 

      
Profinia  

 Buffer A Buffer B Buffer D Buffer E  

P1 20 mM Glycine pH 
8.6, 100 mM KCl, 
10 mM imidazole 

20 mM 
Glycine pH 
8.6, 100 mM 
KCl, 20 mM 
imidazole 

20 mM 
Glycine pH 
10, 100 mM 
KCl, 150 
mM 
imidazole 

20 mM 
Glycine pH 
10, 100 mM 
KCl, 300 
mM 
imidazole 

 

 

 

11.1. – Induction of expression and preparation of cell lysate 

 

An overnight grown culture of E. coli Rosetta™ DE3 pLysS carrying an expression plasmid was 

inoculated in fresh medium in a dilution factor of 30. The new culture was incubated at 37°C until 

OD = 0.4, after which the culture was left on ice for 10 minutes. To induce the expression of the 

protein, IPTG was added to the culture. The culture was then incubated at a given temperature and 

for a pre-determined period of time (all the exact conditions will be detailed in the Results section). 

After incubation the OD was measured and the culture centrifuged at approximately 4000 g for 15 

minutes. The supernatant was discarded and the pellet resuspended in PBS and centrifuged again 
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in the same conditions. The supernatant was once again discarded and the pellet was weighed 

and either stored at -20°C for further use or used immediately in downstream applications. 

The pellet was resuspended in buffer A (in any of the different sets tried here) supplemented 

with cOmplete™, EDTA-free Protease Inhibitor Cocktail (Roche), in ml, 10 times greater than the 

weight of the pellet in g, i.e., for 1 g of wet pellet 10 ml were used. After resuspension the cells 

were disrupted by sonication (Sonopuls HD 3100 from Bandelin) for 8 minutes, at 30% intensity 

and with pulses for 30 seconds with intervals of 15 seconds. The suspension was always kept on 

ice. After disruption the sample was centrifuged at approximately 4000 g for 20 minutes and the 

supernatant was recovered in order to purify the protein. 

 

 

11.2. – Purification by gravity chromatography 

 

One millilitre of cOmplete His-Tag Purification Resin (Roche) was added to a Pierce™ Disposable 

Columns, 10 mL (Thermo Fisher Scientific). The column was equilibrated with 15 column volumes 

of Buffer A, after which the cell lysate was loaded, recovered and loaded again. The flow-through 

(FT) was stored at -20°C.  The column was then washed with 10 column volumes of Buffer A (W1). 

A second wash step (10 column volumes of Buffer B) was followed (W2). One column volume of 

Buffer C is used to recover the first elution fraction. Several washes with 1 column volume of Buffer 

D allowed for the recovery of the remaining elution fractions.  

 

 

11.3. – Purification with Profinia 

 

The purification with Profinia was immediately followed by a desalting process, and therefore 

two columns were needed: a column used for IMAC and another for the desalting. Bio-Scale™ Mini 

Profinity™ IMAC Cartridges (1 ml column size) were used for IMAC and Bio-Scale™ Mini Bio-Gel® 

P-6 Desalting Cartridges (10 ml column size) were used for desalting.  

Purification with Profinia was performed following the pre-programed method IMAC+Desalting. 

This program was used either with the default settings or with the following changes: steps 7 

(loading of cell lysate), 8 and 9 (washes 1 and 2, respectively) were changed so that the flow-time 

was set to 1 ml min-1. Step 9 was also changed so that 15 column volumes were used. 
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12. – Preparation of soluble denatured proteins from E. coli 

 

An overnight grown culture of E. coli Rosetta™ DE3 pLysS was centrifuged for 20 minutes at 

4000 g for 20 minutes. The supernatant was discarded and the pellet was washed once with a 

PBS solution, after which centrifugation with the same parameters was once more performed. The 

pellet was resuspended in Buffer A from set G2 and the suspension was sonicated with the same 

parameters as in 11.1. The lysate was heated for 10 minutes at 65°C. The lysate was centrifuged 

at 12000 g for 10 minutes and the supernatant was stored at -20°C (Rial and Ceccarelli 2002).  

 

 

13. – Expression of saci_1563 in Sulfolobus acidocaldarius 

 

S. acidocaldarius was also used as a host for saci_1563 expression. The induction of expression 

from the plasmid was different from the induction used in E. coli, and so was the preparation of 

the cell lysate. The purification, however, was the same as described in 11.2 and 11.3. 

 

 

13.1. – Induction of expression and preparation of cell lysate 

 

An overnight grown culture in medium with sucrose as the carbon source was used to inoculate 

400 ml of fresh rich medium, with either xylose or maltose as the carbon source. These sugars 

are used to induce the expression of saci_1563. The culture was harvested at an appropriate OD 

and centrifuged at 4000 g for 15 minutes. The supernatant was discarded and the pellet was 

washed with PBS. This centrifugation step was repeated and the resulting pellet was weighed.  

The pellet was resuspended in Buffer A in the same proportion as in 11.1, and also containing 

a proteinase inhibitor cocktail. Cells were disrupted by sonication. For 15 minutes the cells were 

sonicated with an intensity of 30%, with 30 seconds pulses followed by 15 seconds intervals. After 

this 15 minutes the cells were sonicated again, with the same parameters except that the intensity 

was increased to 35%. The suspension was then centrifuged for 20 minutes at 4000 g and the 

supernatant was recovered for purification. 
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14. – In vitro phosphate release assays 

 

The green malachite phosphate release assay was used to detect the release of inorganic 

phosphate (Lanzetta et al. 1979) by Saci_1563, a putative GTPase. 

A reaction mixture containing reaction buffer, Saci_1563, a triphosphate nucleotide (GTP or 

ATP) and water up to 50 µl was incubated at a given temperature for 30 minutes. 200 µl of green 

malachite solution were added to each reaction tube, and the reaction was immediately stopped 

with liquid nitrogen. After thawing, the absorbance of 100 µl of each sample was measured at 620 

nm. The composition of the reaction buffer is the following: 150 mM NaCl, 5 mM of MnCl2 or MgCl2, 

50 mM Tris pH 6.5 or pH 8.  
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Chapter 3 – Results and Discussion 
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1. – Heterologous protein expression 

 

In order to find suitable conditions for protein purification from E. coli, initially Saci_1563-His 

tagged was purified from 100 ml cultures induced with Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) 0.5 mM for either 4h at 37° or overnight at 15°C. G1 set of buffers was initially used for 

protein purification. 

The chromatographic profile was similar between both conditions. The peak of protein 

concentration eluted was reached on the third elution fraction (Fig. 12). 

SDS-PAGE confirmed that elution fractions were enriched in a protein with a molecular weight 

of approximately 30 kDa, the molecular weight predicted for Saci_1563. Moreover, Western Blot 

analysis revealed that that band corresponded to a His-tagged protein (Fig. 13 and Fig. 14). 

 

Fig. 12 Chromatographic profile of Saci_1563 purification from E. coli induced at 37°C for 4h or at 
15°C overnight (ON), induced with 0.5 mM IPTG. W: washing fractions; E: elution fractions. 

Immediately after being eluted the protein formed aggregates that could even be seen with a 

naked eye in the bottom of the tubes. The high protein concentration was hypothesised to be at 

least partly responsible for the protein precipitation, and therefore induction overnight at 15°C was 

abandoned. Rather, induction with 0.1 mM of IPTG was tested for either 4h or 2h at 37°C. There 

was a slight drop in protein concentration when cultures were induced with 0.1 mM rather than 

0.5 mM IPTG (data not shown). Nevertheless, the protein remained prone to aggregation and SDS-

PAGE analysis suggested that the protein is being degraded (Fig. 13). 

A Western Blot was performed with elution fractions 2 and 3 from Fig. 13 – the concentrated 

Saci_1563 fractions – to test if the low molecular weight bands correspond indeed to degradation 
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products. A low molecular weight band was detected in the Western blot of E3, but this band was 

absent from E2 (Fig. 14). 

 

Fig. 13 Typical SDS-PAGE of Saci_1563 purified from E. coli with the set of buffers G1. The lower bands 
found in the fractions most enriched with Saci_1563 were hypothesised to be degradation products of this 
protein. 

 

Fig. 14 Western blot performed on the elution fractions 2 and 3 of a culture of E. coli induced for 4h at 
37°C with 0.1 mM IPTG. The low molecular weight band present in the E3 lane is indicative of protein 
degradation. 

It seems therefore that the low molecular weight bands corresponded to degradation products. 

The absence of signal from E2 can be due to the low concentration of the degradation product or 

due to the degradation product not having the His-tag. This degradation hinted at the possibility 

that the buffer itself was leading to protein aggregation and even to protein degradation. Therefore, 
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the buffer composition was varied. Different additives or alterations made to the buffer composition 

were used to purify Saci_1563 from E. coli induced for 4h at 37°C with 0.1 mM IPTG. 

Glycerol was the first additive tested, since it has been reported that addition of 10% glycerol 

improves protein solubility (Gräslund et al. 2008). Curiously the addition of glycerol greatly 

disturbed the stability of the protein, evidenced by the appearance of very intense degradation 

bands in SDS-PAGE gel. Those bands were confirmed to correspond to degradation products by 

Western blot Fig. 15. 

 

Fig. 15 A SDS-PAGE analysis of the fractions obtained from purification of Saci_1563 with buffers contain-
ing 10% glycerol. B Western blot of the same fractions as in A. The bands at approximately 17 kDa appear 
to be degradation products of Saci_1563, both because the intensity of the low molecular weight bands 
match the intensity of Saci_1563 band and because those low molecular weight bands are detected by an 
anti-His tag antibody. L: loading; FT: flow-through; W: washing fractions; E: elution fractions. 

Instead of adding additives to the original buffer, the next step was to change the composition 

of the buffer altogether. The first alteration consisted on changing from HEPES pH 8 to Glycerol- 

NaOH pH 10. This choice was based on data that showed that Saci_1563 stability in solution was 

improved at higher pH values (Sartor, P. Master Thesis). The pH was increased two units to avoid 

a buffer pH too near the predicted pI of the protein (pI 9.14 for the His-tagged protein). 

As shown in Fig. 16A, this buffer prevented the efficient binding of the His-tagged protein to 

the IMAC column, since most protein can be found in the flow-through fraction. This might be due 

to the high pH, which deviates from the pH 8 recommended by the manufacturer. 

To avoid low binding efficiency, the composition of buffers A and B was changed from Glycine-

NaOH pH 10 to Glycine-NaOH pH 8.6. Fig. 16B shows that upon pH decrease in buffers A and B 

the binding efficiency improved significantly. Despite the change in buffers, the protein in the elution 

fraction remained unstable. Centrifugation for 10 minutes at maximum speed in a benchtop 
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centrifuge of the most concentrated elution fractions resulted in a pellet, confirming the protein 

propensity to form aggregates. Protein aggregation was initially thought to be due to the high protein 

concentration, but resuspension of the aforementioned pellet followed by centrifugation under the 

same conditions resulted once more in pellet formation. Therefore, protein aggregation in this 

conditions is not due to high protein concentration in solution. 

 

Fig. 16 SDS-PAGE gel of fractions recovered from IMAC using the set of buffers G2 with A all buffers at pH 
10 or B buffers A and B at pH 8.6 and the remaining buffers at pH 10.   

Imidazole concentration in buffers C and D was decreased in order to assess if the high 

concentration of this salt was responsible for the protein instability. The recovered amount of 

protein was, as expected, decreased; however, despite the lower imidazole concentration the 

protein remained prone to aggregation. 

Purification with Profinia allows for an immediate desalting of the elution buffer. Therefore, we 

used the buffer set P1 in Profinia. This buffer set is similar to G2, the difference being the absence 

of buffer C and the presence of the desalting buffer E. The desalting buffer has the same 

composition as buffer D, except for the absence of imidazole. Initially the default settings in the 

IMAC + Desalting program were used. Contrary to what happened with gravity chromatography, 

the elution fraction was clear. Centrifugation of this fraction resulted in no pellet, even after five 

days at room temperature, indicating that the protein did not aggregate when stored in buffer E. 

However, less protein was recovered by purification with Profinia than by purification by gravity 

chromatography. Amicon® Ultra 4 mL Centrifugal Filters with a cut-off of 10 kDa were used in an 

attempt to concentrate the elution fraction. Besides the modest increase in Saci_1563 

concentration, this strategy put in evidence the existence of contaminants in the elution fraction 

Fig. 17. 

As it will be discussed later, at least one of these bands was hypothesised to be a chaperone 

from E. coli that possesses ATPase activity. Since this activity interferes with the in vitro phosphate 
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release assays it is paramount to eliminate this protein from the elution fraction. Therefore, several 

strategies were tested in order to increase the purity of the elution fraction. 

The first attempted strategy was size exclusion chromatography (data not shown). This method 

was not further pursued because it resulted in total protein loss. 

 

Fig. 17 Recovered fractions from protein purification with Profinia. The elution fraction was concentrated 
and separated once more by SDS-PAGE. As shown in the rightmost lane, 4 other bands besides that corre-
sponding to Saci_1563 are present. 

The flow-through and first washing fraction still contained considerable amounts of Saci_1563. 

These fractions were therefore mixed and subjected to purification. The resulting elution fraction 

was mixed with the first elution fraction, and this mixture was purified as well. The steps followed 

are schematised in Fig. 18. It is noteworthy mentioning that before the purification of Elution 3 

(Fig. 18), a PD-10 Desalting Column (GE Healthcare) was used to exchange from buffer E to buffer 

E at pH 8.6. This was performed because, as previously mentioned, high pH values prevent efficient 

binding of His-tagged proteins to the column. 

The SDS-PAGE gel of Elution 3 appeared to show a single band, indicating that purification had 

been achieved Fig. 18B. Nevertheless, the protein concentration was below the detection limit of 

Bradford assay, and therefore protein concentration was attempted. The SDS-PAGE analysis of the 

concentrated Elution 3 showed the presence of other very faint bands besides the one 

58 
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corresponding to Saci_1563 (Fig. 18B). Nevertheless, even after centrifugation in a centrifugal 

filter with a cut-off of 10 kDa the protein concentration was very low, barely reaching 0.1 mg/ml. 

 

Fig. 18 A To improve the purity of the elution fraction and, simultaneously, recover the maximum protein 
possible, the flow-through and W1 fractions from the purification of the cell lysate were mixed and purified. 
The resulting elution fraction (Elution 2) was mixed with the elution fraction from the purification of the cell 
lysate (Elution 1). Loading 3 was finally subjected to buffer exchange and purified again. B After the con-
centration of Elution 3 only the band that corresponds to Saci_1563 is obvious. However, two very faint 
bands at higher molecular weights can be identified. 

Chaperones are proteins that assist on the correct folding of other proteins. The mechanism of 

some chaperones involves the binding and release of the chaperone to the misfolded protein in an 

ATP-dependent manner (Baneyx and Mujacic 2004). It has been reported that GroEL and DnaK 

could be removed by incubation of the cell lysate with denatured E. coli proteins and ATP + Mg2+, 

or by using soluble denatured protein and ATP + Mg2+ in the washing buffer during purification (Rial 

and Ceccarelli 2002; Rohman and Harrison-Lavoie 2000). In order to test if a similar method would 

allow us to eliminate the putative chaperone contaminant we performed a purification with an 

incubation step essentially similar to that described by Rohman and Harrison-Lavoie with soluble 

denatured proteins obtained as described by Rial and Ceccarelli. We also tried an incubation only 

with Mg2+ and ATP for 10 or 20 minutes at 37°C prior to purification, as well as adding 10 mM 

MgCl2 to LB medium during E. coli growth. In all these three experimental setups, bands belonging 

to contaminants could still be found. In vitro phosphate release assays also revealed phosphate 

release in the presence of ATP, as will be further detailed, which supports the hypothesis that the 

samples were still possibly contaminated by a chaperone from E. coli. 
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Since the previously mentioned methods were unsuccessful in the recovery of pure protein, we 

returned once again to the modification of buffers with the hopes of retrieving a pure protein. Thus, 

we increased the stringency of the second washing step by raising the imidazole concentration 

from 40 mM to 100 mM. This strategy was not successful. The increased imidazole concentration 

resulted, as expected, in a bigger loss of Saci_1563 in the second washing step, without preventing 

contaminant proteins from showing up in the elution fraction (Fig. 19). 

 

Fig. 19 Increased stringency of the second washing step (100 mM imidazole) results in more protein loss 
during this step, but does not result in increased purity of the elution fraction. 

The Walker A and B mutants of Saci_1563 were purified with the buffer set P1 without 

modifications. The same problems that were encountered during the purification of wild-type 

Saci_1563 were encountered during the purification of these two mutants, and therefore all 

optimisation was performed with the wild-type protein. Contaminants can also be found in the 

elution fraction of Saci_1563 expressed from pSVA3219 (Walker A mutant) or pSVA3221 (Walker 

B mutant), as shown in Fig. 20 A and B respectively. 
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Fig. 20 Saci_1563 with a mutation in A Walker A or B Walker B region were purified using the buffers P1. 
Contaminants are present in the elution fraction of both proteins, as is the case with the wild-type protein. 
Red arrows point to contaminant bands. 

 

 

2. – Overexpression of saci_1563 in S. acidocaldarius  

 

Overexpression of saci_1563 in S. acidocaldarius was initially achieved by transformation of 

MW001 with pSVA3222 – an expression plasmid that harbours the saci_1563 gene under the 

control of a maltose promoter. The protein purified from a 400 ml culture induced for 1 day was 

below the detection limit of the Bradford assay, although it was possible to identify the protein in 

SDS-PAGE. No contamination was detected, although possibly this was due to the very low protein 

concentration in the elution fraction. Immunoblotting using antibodies against the polyhistidine tag 

did not yield any signal (Fig. 21). 

The maltose-inducible promoter that controls the expression of saci_1563 has low basal activity 

(Berkner et al. 2010). Nevertheless, we hypothesised that this low basal activity might be at least 

partly responsible for the low protein quantity recovered. Moreover, it might also underlie the reason 

why we could not transform MW396 (Δsaci_1563) strain with pSVA3222. As such, further 

overexpression of Saci_1563 in S. acidocaldarius was attempted using the plasmid pSVA3233. In 

this vector the gene saci_1563 is under the control of a tighter xylose-inducible promotor (Wagner 

A., unpublished data). Transformation of MW396 was successful, and attempts at purification of 

saci_1563 were performed using this strain. 
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Despite our expectations, purification with Profinia of Saci_1563 overexpressed from pSVA3233 

yielded results very similar to those obtained for the overexpression from pSVA3222. The SDS-

PAGE showed once more a single band in the elution. Nevertheless, the protein concentration in 

this fraction was below the level of detection by the Bradford protein assay, so the absence of other 

bands can just be due to the overall low protein concentration. When the same samples were 

analysed by immunoblotting using an α-His antibody no band was detected. 

 

Fig. 21 C-terminal His10-Strep-tagged Saci_1563 overexpression from plasmid pSVA3222 in S. acidocal-
darius. Apparently there are no bands at higher molecular weights. The band present in the SDS-PAGE gel 
could not be detected by immunoblotting with α-His antibodies. 

The disappointing results with Profinia led us back to gravity chromatography, with the expec-

tation that we could recover a larger amount of protein. The buffer set P1 was used and the proce-

dure was the same used for the protein purification from E. coli. The electrophoretic profile shows 

a large protein loss and indicates the very low concentration of protein recovered in the elution 

fractions (Fig. 22A). The elution fractions richer in protein showed a band in the expected molec-

ular weight, as well as bands at both higher and lower molecular weights. A particularly intense 

band was detected between 17 and 22 kDa (Fig. 22B). Immunoblotting with an α-His antibody 

failed to detect any band; however, when an antibody against a Strep-tag was used it was possible 

to detect the bands thought to belong to Saci_1563, confirming that they correspond indeed to the 

protein of interest (Fig. 22C). For unknown reasons the α-His antibody is not adequate for the 

detection of decahistidine tags, and therefore the detection of the tagged protein should be per-

formed with an α-Strep tag antibody. A possible explanation is that the His-tag is buried within the 

protein, being therefore prevented from being bound by the antibody. 
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Despite the successful expression of saci_1563 in MW396, the average concentration of the 

most concentrated elution fraction of two independent experiments was only 0.191 mg/ml. The 

presence of other bands in these fractions, as indicated by SDS-PAGE analysis, indicates that the 

concentration of Saci_1563 in this samples is even lower, preventing its use in phosphate release 

assays. An attempt at mixing and concentrating these fractions in a manner similar as expressed 

in Fig. 18A resulted in significant protein loss. 

Overall, overexpression of saci_1563 in S. acidocaldarius did not allow the recovery of enough 

protein for use in subsequent biochemical analyses. Nevertheless, larger volumes of cell culture 

for use in purification with gravity chromatography is a procedure worth trying in order to get pure 

Saci_1563. 

 

 

Fig. 22 A Chromatography profile of two independent purifications, indicated by different line colour. The 
black line corresponds to the same samples that were loaded in B. B Fractions obtained from gravity chro-
matography purification of Saci_1563 from S. acidocaldarius  MW396 transformed with pSVA3233 were 
analysed by SDS-PAGE. C Western blot analysis of the same samples used in A with α-Strep antibody. 

Bands are at an approximate molecular weight of 30 kDa. FT: flow-through; W: wash fractions; E: elutions. 

 

 

3. – Phosphate release assays 

 

Purification of Saci_1563 in a stable form was an indication, or so we thought, that we could 

use those samples for further biochemical assays, namely the phosphate release assay to 

characterise the putative GTPase activity of Saci_1563. Phosphate release, i.e., the release of 
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inorganic phosphate from GTP, was measured by a colorimetric assay. In this assay, a complex is 

formed between orthophosphate and malachite green in the presence of molybdenum. The 

concentration of this complex and, therefore, of free phosphate can calculated from the absorbance 

at 620 nm (Lanzetta et al. 1979). The reaction buffer used in these assays contained GTP as the 

substrate, NaCl to keep an adequate ionic strength, an ion metal required for GTPase activity and 

Tris. The reaction buffer was then mixed with increasing concentrations of Saci_1563 and, initially, 

incubated for 30 minutes at 55°C. The rest of the procedure has already been described in the 

Materials and Methods of this thesis. As has already been described for the protein purification, 

only when the elution buffer is at high pH it is possible to purify Saci_1563 in a stable form. We 

therefore tested the phosphate release assay at pH 8, avoiding higher pH values because they 

would get too close to Saci_1563 pI. The ion metal necessary for GTPase activity is usually 

magnesium (Bourne, Sanders, and McCormick 1991; Pai et al. 1990). Since in Sulfolobus some 

ATP-binding proteins have been described to use manganese instead of magnesium – the latter 

being the preferred metal ion in homologous proteins of other organisms –, we initially used 

manganese as the metal ion of the reaction buffer (Reimann et al. 2012; Ghosh et al. 2011). We 

soon realised, however, that the reaction buffer would acquire a dark colour over time and, after a 

day, the reaction buffer would turn black. At pH 6.5 this was not observed, and we hypothesised 

that this was due to changing oxidation states of manganese. When we tested the reaction buffer 

with magnesium instead, this colour change was not observed. Since a slight colour change occurs 

immediately after the addition of manganese, this would likely interfere with the colorimetric assay. 

We therefore used magnesium as the metal ion.  

For a standard curve with increasing concentrations of free phosphate ions the response in the 

assay is linear (Fig. 23) over a range of approximately 40 µM. When we used Saci_1563 with 

200 µM of GTP as substrate the results showed a greater variability when compared to the results 

for inorganic phosphate. Moreover, there appeared to be no increasing phosphate release with 

increasing Saci_1563 concentration. We tested two different incubation temperatures – 55°C and 

65°C –, and both showed a similar pattern. Nevertheless, at 55°C there appeared to be a slight 

increase in free inorganic phosphate with increasing protein concentration, suggesting a possible 

improvement of the GTPase activity in the sample at lower temperatures (Fig. 24). This was our 

very first faint hint that led us to suspect of a contaminant able to hydrolyse GTP or other 

nucleotides in our samples. Since Saci_1563 has the conserved G4 motif, this protein was 

expected to be specific towards GTP. We therefore also used ATP as the substrate during a 
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phosphate release assay. To our dismay, we detected release of inorganic phosphate proportional 

to the volume of samples added to the reaction mixture when ATP was used instead of GTP. To 

exclude the possibility that Saci_1563, as other reported GTPases, possesses both GTPase and 

ATPase activity, we performed the green malachite assay at three different temperatures: 37°C, 

55°C and 65°C. Our rationale was that at 37°C the ATPase activity would be more pronounced if 

the detected activity were due to E. coli contaminants. Our results do support this hypothesis, as 

can be seen in Fig. 25. Protein purification from E. coli by IMAC is prone to contamination with 

chaperones, which are proteins that promote correct protein folding at the expense of ATP 

hydrolysis (Gräslund et al. 2008; Baneyx and Mujacic 2004). A possible contaminant is GroL, a 

chaperonin from E. coli with ATPase activity with an approximate molecular mass of 58 kDa. This 

is in accordance with the SDS-PAGE gel shown in Fig. 17, since a faint band is present in the 

region expected for a protein of this mass. Curiously, when GTP was used as substrate and 

incubation was performed at the three above mentioned temperatures, the GTPase activity seemed 

to be maximal at 37°C as well. It is therefore possible that other contaminants besides the putative 

chaperonin are also present. The identity of the contaminant protein(s) could be checked by mass 

spectrometry, or to verify if GroL is indeed responsible for at least some of the detected ATPase 

activity, Western Blot with antibodies α-GroL could be performed. 

 

Fig. 23 Green malachite assay using inorganic phosphate. After 30 minutes at 55°C, the green malachite 
assay yields a linear response in the range of approximately 0 to 50 µM of inorganic phosphate. Points are 
the average of three independent assays with two technical replicates each, and error bars are standard 
deviation. 
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Fig. 24 Phosphate release assays for Saci_1563 in the presence of GTP (200 µM) with incubation for 
30 minutes at A 55°C and B 65°C. Data shown as average ± standard deviation of at least two independ-
ent experiments with two technical replicates each. 

This assay was also performed with mutant Saci_1563. The mutation on the Walker A motif of 

Saci_1563 should prevent GTP binding, while the mutation on the Walker B motif should inhibit 

the hydrolysis reaction. However, results similar to those described in Fig. 24 and Fig. 25 were 

detected for both mutants (data not shown). Several attempts at eliminating the contaminant from 

the protein sample, as already mentioned, failed to eliminate the ATPase activity. 

As shown for phosphate standards, the green malachite assay can indeed be used to quantify 

inorganic phosphate in solution. For Saci_1563 there appears to be no relevant change in inorganic 

phosphate concentration when GTP was used as a substrate, but the high variability of results 

preclude a definite conclusion in this regard, both for the wild-type and for the mutant proteins. It 

was possible to detect ATPase activity in Saci_1563 (wild-type and Walker A and Walker B mutants) 

samples, and sub-optimal temperatures for S. acidocaldarius appear to favour phosphate release. 

Therefore, it is possible that such release is due to proteins co-purified from E. coli. Proteins other 

than Saci_1563 with ATPase and GTPase activity in the samples are likely to confound the results, 

and therefore it is necessary to improve the purification method further before biochemical 

characterization of Saci_1563. 

 

Fig. 25 A ATPase and B GTPase activity seem to be optimal at 37°C. This points at the possibility that 
both detected activities are due to an E. coli contaminant rather than Saci_1563. Data shown as average ± 
standard deviation. 
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4. saci_1563 deletion impact on the expression of selected 

genes 

 

The expression of the archaellum is induced in environments that lack nutrients (Lassak et al. 

2013; Lassak et al. 2012). Cells growing under this conditions, therefore, express proteins 

necessary for the assembly and rotation of the archaella, and proteins that are involved in the 

regulation of this organelle are expressed differently in inducing and non-inducing conditions. In 

order to check for a putative role of Saci_1563 in archaella regulation we grew cells in inducing 

and non-inducing conditions and checked if, and how, the expression of saci_1563 is affected by 

archaellum-inducing conditions. We later also determined how archaellum and archaellum 

regulatory network genes expression is affected by saci_1563 knock-out under the two conditions.  

As described in section 8 S. acidocaldarius was grown under starvation conditions or in rich 

medium and samples were retrieved for transcription analysis by qRT-PCR and for whole cell 

lysates immunoblotting analysis. Both strategies were followed in order to confirm if 

presence/absence of transcription correlates with presence/absence of translation. For each 

analyses at least three biological and two technical replicates were used to confirm the results. At 

each time point in which samples were retrieved, the OD of the culture was recorded. Between t = 

0 (before the cultures were split) and t = 0.5 there is consistently a drop in the OD value, perhaps 

due to the centrifugation step (Fig. 26). The OD value remains either constant or slightly 

decreases, in the case of cultures grown under starvation, or increases over time, for cultures 

grown under rich medium. There is no apparent difference between the growth of MW001 and 

MW396 during the experiment (Fig. 26). 

After RNA extraction and purification from the retrieved culture samples, a series of steps were 

undertaken in order to guarantee that the qRT-PCR results are reliable. Namely, a PCR with primers 

secY forward/secY reverse was performed to test for the presence of genomic DNA in the digested 

RNA samples. Only when no trace of genomic DNA was present the synthesis of cDNA was started. 

After the cDNA synthesis, PCR with primers secY forward/secY reverse and FlaB fwd/FlaB rev were 

performed to check for the presence of some of the genes that we intended to analyse by qRT-

PCR. If these qRT-PCR resulted in the expected bands, the samples were finally used for qRT-PCR. 

Initially we analysed how saci_1563 was expressed over-time in starvation and optimum 

conditions, when compared to t = 0. Our results suggest a slight induction of saci_1563 under 
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starvation conditions Fig. 27. The induction is not very strong, barely reaching a fold induction of 

2 in some cases. However, the difference between saci_1563 transcription in cultures grown in 

rich conditions and under starvation is obvious Fig. 27. 

 

Fig. 26 OD value of MW396 and MW001 grown in rich medium or in starvation conditions (+ and -, re-
spectively) relative to the OD value when t=0. Values given as mean ± standard deviation. 

 

Fig. 27 Expression profile of saci_1563 in MW001 grown in rich medium or in starvation conditions for 4 
hours. Fold induction is compared to t = 0. Red lines indicate the threshold over which the transcription is 
different from t = 0. Data shown as average ± standard deviation. Starvation conditions seem to lead to a 
slight saci_1563 induction, at least when compared to MW001 grown in rich medium. 

The results for saci_1563 were somewhat in accordance with our original prediction that this 

protein would regulate the archaellum, because a condition known to induce archaella expression 

also exerted an effect in saci_1563 expression. After this result we wanted therefore to observe 

how the expression of archaellum genes and archaellum regulatory network genes vary in a 
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saci_1563 knock-out when compared to the wild-type, under conditions known to induce archaella 

expression and rich medium. 

 

Fig. 28 Expression profile of flaB and flaX, whose gene products are part of the archaellum, and arnA, the 
gene coding for ArnA. ArnA is a negative regulator of the archaellum during whose purification Saci_1563 
was detected. Red lines indicate log2 = 2. 

As expected, flaB was induced under starvation conditions. The difference between the expres-

sion of flaB in cells grown under starvation or in rich medium is particularly evident after 4 hours 

in starvation medium. The expression pattern of flaB in the two tested conditions was similar for 

MW001 and MW396. flaB expression in MW396 appears to be induced first than in MW001, but 

no statistically significant difference could be found for all time-points between the two strains. For 

flaX identical results were obtained, namely the induction of this gene in starvation conditions and 

a pattern similar between MW001 and MW396.  

The results regarding arnA expression are more difficult to interpret due to the variation in the 

fold induction between replicates. Nevertheless, for both MW001 and MW396 the average log2 fold 

induction for each time point and for the two tested conditions is always inferior to absolute 2 in 

optimal conditions. Given the data present in Fig. 28 it appears that arnA expression is not affected 
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by starvation conditions in MW001, but this trend is not so evident for MW396. In the latter, there 

appears to exist a slight arnA induction for later time points. 

After the qRT-PCR we used the samples we recovered during the cell growth in starvation and 

optimal conditions to perform Western Blot in whole cell lysates. 

Before immunoblotting, an SDS-PAGE was used to confirm that the amount of protein loaded 

in each lane was approximately the same (Fig. 29).  

 

Fig. 29 Representative whole cell SDS-PAGE for cultures grown A in rich medium or B under starvation. 
This analysis allowed to verify if the amount of protein loaded in each sample was approximately the same. 
If so, any difference between lanes in the immunoblotting analysis would be due to real phenotypic differ-
ences and not a bias due to different protein quantity. 

The deletion of saci_1563 appears to have no effect on how S. acidocaldarius expresses arnA, 

because there is no difference in the expression of saci_1563 in MW001 and MW396 in either rich 

medium or starvation conditions. Moreover, as can be seen in Fig. 30, the expression of ArnA 

seems to be insensitive to the nutritional status of the cell because ArnA is equally expressed in 

cells grown under starvation or in rich medium. This result is in accordance to the results exposed 

in Fig. 28 for MW001 and, despite the apparent slight induction of arnA in Fig. 28, no difference 

appears to exist between both strains in the Western blot results. FlaB is specifically induced under 

starvation and it is barely detectable when cultures are grown in rich medium (Lassak et al. 2012). 

This result was confirmed for MW001 and observed for MW396 as well. FlaB can only be detected 

after 4 hours of cultures grown under starvation, while in cultures grown in rich medium no band 

can be detected in the immunoblot (Fig. 31). Once again, the Western blot data is in agreement 

with the qRT-PCR data, which shows comparable FlaB induction for MW001 and MW396 under 

starvation conditions (Fig. 28). The apparent reduced quantity of FlaB in MW396 is not 

representative, but it rather reflects incomplete spreading of HRP substrate in the immunoblot 

membrane. Other experiments (data not shown) have shown similar band intensity for MW001 and 

MW396. 
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The presence of FlaX is particularly evident in samples that were grown under starvation (Fig. 

32). There is no apparent difference between t = 0 and t = 4, and there appears to be no difference 

between MW001 and MW396, either. For cells grown in rich medium, FlaX can be detected at 

every time point, but it is particularly obvious for t = 0 and t = 4. Since there is a decrease in OD 

from t = 0 to t = 0.5 due to the centrifugation, the presence of FlaX might be correlated with the 

culture OD (Fig. 26).  

 

Fig. 30 Immunoblotting with antibodies against ArnA for cells grown A in rich medium and B under star-
vation. ArnA seems to be similarly translated for both the wild-type (MW001) and the Δsaci_1563 strain 

(MW396). ArnA translation seems to be indifferent to the nutrition status of the cell for the duration of the 
entire experiment (4 hours). 

 

Fig. 31 Immunoblotting with antibodies against FlaB for cells grown A in rich medium and B under starva-
tion. FlaB cannot be detected when either MW001 or MW396 were grown in rich medium and its induction 
is similar in both strains. Purple arrow indicates the region where FlaB band is to be expected. 

A 

B 

A 

B 
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Fig. 32 Immunoblotting with antibodies against FlaX for cells grown A in rich medium and B under starva-
tion. FlaX can be detected mainly at t = 0 and t = 4 in A. In B FlaX can be detected in all samples with 
similar intensity. There are no apparent differences between MW001 and MW396. 

Despite the lack or ambiguous effect of saci_1563 deletion in the expression of archaella-related 

proteins (Fig. 28 and Fig. 30 to Fig. 32), the expression of this gene appears to be somewhat 

dependent on the cellular nutrition status. The log2 fold induction is approximately 2 for all time 

points, but there is a consistent difference between the expression of saci_1563 in cells grown in 

rich medium and in cells grown under starvation conditions (Fig. 27).  

Our results suggested that Saci_1563 does not influence the expression of fla proteins and 

does not influence to a great extent the expression of the protein with which it was originally found 

to interact. Despite these results hinting at the possibility that Saci_1563 does not influence the 

expression of the archaellum, it was still possible that motility could be influenced by Saci_1563. 

For example, this protein could act at a post-translational level, or could influence the expression 

of an unknown regulator. In order to verify if knock-out mutants of saci_1563 retain motility, or if 

the motility phenotype is somehow influenced by the absence of Saci_1563, we performed a mo-

tility assay as will be described next. 

 

 

5. – Swimming behaviour of a saci_1563 knockout mutant 

 

In addition to the biochemical characterisation of Saci_1563, another aim of this project was 

to characterise the role of Saci_1563 in S. acidocaldarius. The gene product of saci_1563 was 

hypothesised to take part on the regulation of archaellum expression due to it being co-purified 

with the archaellum negative regulator ArnA (Julia Reimann and Sonja-V. Albers, personal 

correspondence; Reimann et al. 2012). A saci_1563 knock-out mutant (strain MW396) was 

B 

A 



65 

 

therefore inoculated in soft gelrite plates to verify if cellular motility is somehow compromised or 

improved due to the absence of this gene product. The motility of MW396 was compared with that 

of the wild-type MW001, the hypermotile MW351 and the non-motile MW332 strains (Lassak et al. 

2013; Reimann et al. 2012). 

The swimming behaviour of all tested strains was consistent over all the experiments performed, 

and representatives of each strain can be observed in Fig. 33A. All pictures are on the same 

scale, and therefore it is visually obvious that MW351 and MW332 are indeed a hypermotile and 

a non-motile strain, respectively. The comparison between the swimming ability of MW396 relative 

to MW001 is more dubious. In order to clarify this issue the average percentage change in 

swimming radii relative to MW001 was plotted in Fig. 33B. The mean percentage change in the 

swimming radius of MW396 is 113%, a difference from MW001 considered to be significantly 

different (p-value=0.02) by the paired sample t-test. 

 

 

Fig. 33 A Representative colonies from each of the strains whose swimming ability in soft media was 
tested. B Percentage change in swimming radii for every strain relative to MW001, given as means ± stand-
ard deviation. Three biological replicates with six technical replicates each were measured. MW332 and 
MW351 swimming radii differ significantly from that of MW001 (p-value < 0.0001, n =18). 

 

The statistically significant difference found is not necessarily evidence of Saci_1563 influence 

on archaellum regulation. In fact, it should be stressed that radii measurement is an error-prone 

process that might introduce significant errors in this analysis. Visually, halos derived from MW001 

are very similar from those derived from MW396, and this observation was consistent along all 

biological and technical replicates. Therefore, either there is indeed no difference in motility 

between both strains, or the difference is too small to be unambiguously assessed by this method. 
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Other methods, such as microscopy and cell tracking, could be used in order to look for differences 

between MW396 and MW001 regarding motility. 

   



67 

 

  

Chapter 4 - Conclusion 



68 

 

1. – Conclusion and future perspectives 

 

 The archaellum is the motility structure of archaea (Albers and Jarrell 2015). In some species 

this organelle is known not to be constitutively expressed, but rather induced by environmental 

conditions. In S. acidocaldarius, starvation leads to archaellum expression (Lassak et al. 2013; 

Lassak et al. 2012). Several proteins involved in the regulation of archaella expression have been 

identified in S. acidocaldarius, including the negative regulator ArnA (Reimann et al. 2012). This 

protein was also found to be undergo phosphorylation by ePKs, indicating that regulation of the 

archaellum is a multi-hierarchical process (Reimann et al. 2012). Moreover, it has been found that 

Saci_1563 – a putative GTPase protein – is co-purified with ArnA (Julia Reimann and Sonja-V. 

Albers, personal correspondence). Due to the regulatory nature of GTPases in other organisms, we 

hypothesised that Saci_1563 could be involved in the archaellum regulatory network. Therefore, 

the aim of this thesis can be divided in two parts: the biochemical characterisation of Saci_1563 

and the identification of its putative role in the archaellum regulation. 

At the start of this thesis, genetic systems for the expression of a His-tagged version of this 

protein and its Walker A and Walker B mutants in E. coli had already been developed, but 

purification of the protein in a stable form had not been yet achieved. This was the starting point 

of this thesis. After several strategies had been tried, a set of buffers that can be used in an 

automated chromatography system were found to allow for the recovery of Saci_1563 in a soluble 

form. These same buffers also allow for the purification of Saci_1563 from S. acidocaldarius. 

Initially we tried to transform strains MW001 and MW396 with an expression plasmid containing 

saci_1563 under the control of a leaky maltose-inducible promoter. However, no viable cells of 

MW396 were ever recovered after transformation. To overcome this problem saci_1563 was 

subcloned in another plasmid where this gene is under the control of a tighter promoter. This 

allowed us to overexpress saci_1563 in our crenarchaeal model and to purify the protein in a 

soluble form using the same buffers that were used for purification from E. coli. The yield of protein 

purification was lower than that for E. coli, but this procedure is a proof of concept that Saci_1563 

can be purified from S. acidocaldarius. This might be particularly relevant for further 

characterisation of Saci_1563 because, as we have shown, ATPase activity is found in Saci_1563 

samples purified from E. coli. Proteins with such activity interfere with GTPase characterisation of 

Saci_1563. We hypothesised that this activity is due to contamination with E. coli chaperonins, as 

additional bands were detected in the elution fraction. Although the identity of those additional 
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bands were not determined during this thesis, the finding that ATPase activity seems to be 

improved at 37°C, the optimum temperature for E. coli growth, seemed to favour our hypothesis. 

When GTP was used as a substrate of the reaction we could barely detect any phosphate release 

at high temperatures. Strangely, slight GTPase activity was found at 37°C. These results favour 

the conclusion that Saci_1563 has undetectable GTPase activity at high temperatures, at least as 

detected by the green malachite assay. Our failure to detect released phosphate, however, does 

not preclude the possibility of Saci_1563 having GTPase activity. It is common that GTPases 

require GAFs and GEFs to promote hydrolysis of GTP and exchange of GDP for GTP, respectively 

(Bos, Rehmann, and Wittinghofer 2007). The absence of detected phosphate release might 

therefore be just due to the lack of activating proteins. The incubation time might have not been 

sufficient as well. Therefore, in future studies to address the GTP hydrolysis activity of this protein, 

performing this assay with longer incubation periods and with more sensitive methods, such as the 

measurement of inorganic phosphate release from radiolabelled GTP molecules should be 

considered.  

In order to determine if (and how) Saci_1563 influences the regulation of archaella expression, 

we initially determined if starvation – a condition known to induce archaellum expression – has an 

effect in the expression pattern of saci_1563. Indeed, this gene seems to be induced under 

starvation as compared with rich medium in the wild-type strain. As this was in accordance with 

our original hypothesis, we wanted therefore to determine if lack of Saci_1563 somehow impacts 

the motility phenotype of S. acidocaldarius. We used a motility assay in semi-solid gelrite medium 

and compared the swimming radius of MW396 with that of the wild-type and positive and negative 

controls. The motility of this crenarchaeon seemed not to be dramatically influenced by the absence 

of Saci_1563. Thus, we analysed the transcription and expression levels of key components of the 

archaellum regulatory network. The expression of flaB, flaX and arnA was similar in both tested 

conditions and for the two strains, although a slightly stronger induction of flaB and arnA in MW396 

could not be ruled out. These results were obtained by qRT-PCR. The expression levels of the same 

proteins determined by Western blot do not show any difference between both strains and between 

the two tested conditions. These results could be interpreted in two different ways: either 

Saci_1563 does not influence known genes already known to influence the archaellum expression, 

or its target(s) have not yet been identified. Our conclusion therefore is that Saci_1563 is probably 

not involved in the regulation of the archaellum and S. acidocaldarius motility. 
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Overall, this work allowed for the improvement of our understanding about Saci_1563. The 

purification procedure developed in this thesis allows for the purification of the protein in a stable 

form. In future experiments it might be useful to try purifying the protein from larger volumes of S. 

acidocaldarius than those tested in this thesis. Purification from the original host might allow 

avoidance of contamination with macromolecules that will interfere with downstream assays. 

We did not garner much favourable evidence to support the original hypothesis that Saci_1563 

is involved in the archaellum regulation. Nevertheless, interesting results were observed, namely 

that starvation slightly induces the expression of saci_1563. This suggests that Saci_1563 might 

be involved in stress response, and therefore it will be interesting in the future to verify if other 

stressful conditions (high or low pH, high temperature, etc.) elicit a similar induction in gene 

expression.  

Characterised proteins from other organisms that share the circularly permuted GTPase domain 

with Saci_1563 have been shown to play a role in ribosome biogenesis. Moreover, those proteins 

possess other domains that allow for RNA binding (such as Zn-fingers), and are essential proteins 

(Denis M. Daigle et al. 2002; D. M. Daigle and Brown 2004; Levdikov et al. 2004; Shin et al. 2004; 

Anand et al. 2009; Goto et al. 2011). Saci_1563 is neither an essential protein, as a viable deletion 

strain has been obtained, nor is it predicted to have an RNA-binding domain. Non-essential 

GTPases that are involved in ribosome biogenesis are not unheard of. Indeed, a report of a non-

essential HflX-like GTPase from S. solfataricus has shown that this GTPase binds and has its activity 

enhanced by 50S ribosomal subunit (F. Blombach et al. 2011). In order to determine a role for 

Saci_1563 in ribosome biogenesis, it would be worthy to perform interaction studies between this 

protein and ribosomal subunits in their several stages before and during translation. Moreover, the 

GTPase activity of Saci_1563 should also be determined in the presence of those biomolecules, 

as they may greatly increase the GTP turnover. If Saci_1563 is shown to influence ribosome bio-

genesis, another issue that will have to be classified is its non-essential nature. Perhaps this protein 

is only necessary to improve the translation process under stress conditions, or to participate in 

the stringent response of Sulfolobus spp., that has been shown to be different from that of Bacteria 

(Cellini et al. 2004). Whatever the case, we might be in the presence of a protein that, as ArnR and 

ArnR1, couples the nutritional status of the cell to a physiological response, and therefore more 

detailed studies on Saci_1563 might, albeit indirectly, help us after all understanding how archaella 

are regulated. 
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In summary, in this thesis a hypothesis-driven approach was undertook to gain more insight 

about the regulation of the motility organelle in Sulfolobus. We humbly accept that our results are 

not in total accordance with our original expectations, and we offer suggestions about future re-

search on this topic. Our hope is that this and other future works will contribute to an ever increas-

ing understanding of our closest relatives in the Tree of Life. 
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In this Appendix the recipe of buffers and mediums are detailed. The recipes are organised by 

alphabetical order according to the name of the buffer/medium indicated in the main text. 

 

Blotting buffer 
5.8 g/l TRIS 
2.93 g/l glycine 
20 % (v/v) ethanol 

 
DNA Loading Dye (10x) 
50 % (v/v) glycerol 
2 mg/ml Bromophenol blue 
2 mg/ml xylene cyanol 
20 ml 0.5 M EDTA (pH 8) 

 
Green malachite solution 
26% (w/v) malachite green 
0.8% (NH4)6Mo7O24•4H2O 

 
PBS 
58 mM Na2HPO4 
17 mM NaH2HPO4 
68 mM NaCl 
pH 7.3 

 
PBST solution 
58 mM Na2HPO4 
17 mM NaH2HPO4 
68 mM NaCl 
0.1 % TWEEN® 
pH 7.3 

 
Protein Loading Dye (5x) 
10 % (w/v) SDS 
10 mM 2-Mercaptoethanol 
20 % (v/v) glycerol 
0.2 M TRIS/HCl pH 6.8 
20 % (v/v) Bromophenol blue 

 
Running buffer 
25 mM TRIS 
0.192 M glycine 
1% SDS 
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TAE Running Buffer 
40 mM TRIS 
20 mM acetic acid 
1 mM EDTA 
Adjust pH to values between 8 - 8.5 

 

TfB1 (sterile) 
30 mM potassium acetate 
0.1 M KCl 
10 mM CaCl2 
15% glycerol 
50 mM MnCl2 
pH adjusted with HCl/KOH to 5.8 

 
TfB2 (sterile) 
10 mM 3-(N-Morpholino)propanesulfonic acid sodium salt 
75 mM CaCl2 
10 mM KCl 
15% glycerol 
Adjust pH with HCl to 6.8 – 7 

 
TYM medium (sterile) 
20 g/L bacto-tryptone 
5 g/L yeast extract 
0.1 M NaCl 
10 mM MgSO4 
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