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Introducing a third domain of life 

 

In the late fifties Francis Crick proposed to classify and organize the living organisms based on a 

comparison of the amino acid sequences of homologous proteins. 20 years later, Carl Woese 

revolutionized the concept of the tree of life by proposing to base the grouping on the nucleotide 

sequence of the small ribosomal RNA subunit, 16S in prokaryotes and 18S in eukaryotes (Fig. 1). 

This method of determining the taxonomic position of organisms is valid until today (Fox et al., 

1977;Woese and Fox, 1977). The grouping of living organisms according to their ss rRNA (or SSU 

rRNA – small subunit ribosomal RNA) sequences has the advantage that this molecule is very 

abundant in the cell. It can be readily isolated and sequenced even from uncultivated organisms 

which can then be recognized and classified.  

Before Woese’s innovative idea all living organisms were divided into two domains: eukarya and 

bacteria. Based on their unicellular organization archaea were considered as bacteria. However, 

Woese demonstrated that methanogens can not be classified as bacteria as their 16S rRNA and 

tRNA sequences differ too much. This did not relate to the niches they occupy, but rather to the 

independent evolution of these groups of organisms. Besides the unique ability of methane 

production, methanogens were reported to lack one of the hallmarks of bacteria, a peptidoglycan 

cell wall. Instead they contain pseudomurein (Kandler and Hippe, 1977). Supported by these 

arguments Woese proposed to group these microorganisms in a class called archaebacteria. 

However, detailed analysis and characterization of archaebacterial strains clearly demonstrated 

that these are so different from bacteria that they should be placed in a separate domain called 

the archaea (Woese et al., 1990). Nowadays the tree of life consists of three domains: eukarya, 

bacteria and archaea (Fig. 1). Based on small subunit rRNA sequences two main kingdoms have 

been distinguished among archaea: the euryarchaeota and the crenarchaeota (Fig. 1). Members 

of the euryarchaeota form a diverse group of methanogens, acidophiles, thermophiles and 

halophiles (Table. 1). Almost all known members of the crenaerchaeota inhabit extremely hot 

environments and in addition are often found to be acidophiles. The only characterized 

psychrophilic thraumarchaeon is Cenarchaeum symbiosum, a symbiont living in a sponge (Hallam 

et al., 2006). Recently, two other kingdoms have been suggested: the korarchaeota, of which the 

existence has only been proven by sequence analysis because none of its members has been 

cultured in laboratory yet (Barns et al., 1996); and the nanoarchaeota, represented by the only 

known member Nanoarchaeum equitans, a parasite/symbiont of Ignococcus (Huber et al., 

2003;Huber et al., 2002). 
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However, since only a few group members are known the position of these organisms in the 

phylogenetic tree is still under debate.  

Since the seventies of the last century many new archaeal strains have been identified. 

Presumably, through extensive lateral gene transfer archaea have acquired bacterial and eukaryal 

genes (Koonin et al., 2001). They resemble bacteria for example in cell structure and eukaryotes 

in processes like DNA replication or transcription. But archaea also possess unique features, 

specific only for the third domain of life. One of these is the composition of the cytoplasmic 

membrane. 

Fig.1. Universal tree of life, based on phylogenetic analysis of small subunit rRNA sequences (Allers and Mevarech, 

2005). The three kingdoms of bacteria, archaea and eukarya are depicted. 
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Organisms Parameter

Mesophiles 27 oC, pH= 7, 1 bar, 0.3% NaCl

Acidophiles pH lower than 4

Alkalophiles pH higher than 9

Barophiles High pressure

Halophiles High salinity, more than 1M

Thermophiles Optimum temperature between 60-80 oC 

Hypertermophiles Optimum temperature between 80-121 oC  

Osmophiles High sugar concentration

Piezophiles High hydrostatic pressure

Psychrophiles Optimum temperature below 15 oC

Methanogens  Metabolize methane 

 

Bacteria and eukarya possess lipids consisting of two phenyl chains linked via an ester bond to 

glycerol, whereas in archaea isoprenoid chains are linked via ether bonds to glycerol. These lipids 

can either form bilayer membranes (C-20) as in bacteria or monolayers in which one isoprenoid 

side-chain consists of 40 carbon atoms. This adaptation is most common in extremely 

thermoacidophilic archaea, resulting in higher resistance of the cells to extreme environmental 

conditions, like high temperature, pH, high salinity and others (Koonin et al., 2001;Van de 

Vossenberg et al., 1995;Van de Vossenberg et al., 1998). Many archaea are so-called 

extremophiles, because they can thrive under conditions, which were long thought to be hostile 

for any life form. These archaea show specific cellular adaptation to cope with different 

environmental conditions (Table. 1). They are widely studied not only because of the 

fundamental interest in the cell structure and the unique metabolism and enzymatic processes, 

but also because of the potential of the extremozymes in industrial application. This is best 

exemplified by the heat-stable Taq polymerase used in the laboratories around the world. 

Moreover, the structures of archaeal enzymes may provide detailed insights in how to convert 

mesophilic enzymes into more resistant forms (Egorova and Antranikian, 2005). 

 

Sulfolobus, growth conditions 

 

Sulfolobus solfataricus, which is the subject of the studies described in this thesis, belongs to the 

domain of crenarchaeota (Fig. 1). It has been isolated from a sulfur hot spring near Naples in 

Italy (Zillig et al., 1980). Optimal conditions of growth are around pH 3 and 80oC, which makes 

Table.1. Different groups of archaea divided in accordance to the optimal growth conditions 
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this organism a hyperthermoacidophile (Table. 1). It has been described to grow either 

lithoautothropically by oxidizing sulfur (Brock et al., 1972) or chemoheterothropically on reduced 

carbon compounds (Lubelska et al., 2006;Grogan, 1989). Because of this interesting combination 

and the simple cultivation, S. solfataricus became a model organism to study replication, 

transcription, translation and gene expression regulation in crenarchaea, and more general in 

archaea. Recently, methods for gene disruption and protein (over)expression have been 

developed in this organism (Worthington et al., 2003).  

 

 

 

Transcription in archaea 

 

The transcription machinery of archaea has features in common with that of eukaryotes and of 

bacteria, but in addition, contains some novel elements unique for the archaea. Generally, three 

stages can be distinguished during transcription: initiation, elongation and termination. Initiation 

is the most extensively studied phase of transcription, while little is known about elongation and 

termination.  

 

Binding and initiation 

 

Several factors are crucial for promoting transcription: the unwinding of double stranded DNA 

with a promoter sequence, recruitment of RNA polymerase (RNAP), transcriptional factors and 

transcriptional regulators, which can be either activators or repressors.  

The archaeal transcriptional apparatus is chimeric: most of the described archaeal transcriptional 

activators and repressors are bacterial-like (Fig. 7), whereas the pre-initiation complex is clearly 

Fig.2. Electron microscopy picture of Sulfolobus solfataricus  
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an eukaryal type II analogue (Fig. 6): archaeal RNAP subunits are homologous to eukaryal type 

II RNAP subunits, both structurally and functionally (Table.2). Also proteins taking part in 

promoting transcription are similar to those found in eukaryotes. Furthermore, archaeal 

promoters have features that are characteristic for eukaryal ones (Fig.3.). The core archaeal 

transcription apparatus is composed of RNA polymerase, which is a complex holoenzyme, two 

initiation factors: TBP (TATA-binding protein, homologue of eTBP), and TFB (transcription factor 

B – homologue of eTFIIB).  

 

Archaeal promoters 

 A promoter is a DNA sequence, where transcription is initiated by the binding of the initiation 

factors and the site were transcription is started. Archaeal promoters resemble those found in 

eukaryotes. They contain two striking elements: the TATA box and the BRE site (Fig. 3). The 

base composition of these elements is different for halophiles, methanogens, Sulfolobus and 

Pyrococcus (Soppa, 1999a;Albers et al., 2006). Their role in archaeal pre-initiation complex 

formation is comparable with that described for eukarya.  

Generally, the TATA-box is the most conserved sequence in the promoter region and plays a 

crucial role in basal transcription in archaeal (also bacterial and eukaryotic) cells. It is an A/T rich 

sequence located -30 to -25 upstream from the transcriptional start, which binds the TATA-

binding protein. BRE, a TFB responsive element, is a 6 nucleotide sequence localized immediately 

upstream TATA-box and found to direct the polarity of archaeal transcription. This purine-rich 

sequence is different for all 4 groups of organisms mentioned above, recognized by a helix-turn-

helix (HTH) motif of TFB (Bell et al., 1999b;Littlefield et al., 1999). Mutations in both TATA-box 

and the BRE region also have a strong effect on the efficiency of transcription (Hausner et al., 

1991;Qureshi and Jackson, 1998;Qureshi and Jackson, 1998). The spacing between the 

BRE/TATA-box and the transcriptional start is flexible for different promoters, but usually is 

approximately 25 base pairs.  

Recently, other elements were described which are important in transcription, but these are only 

poorly understood. The first is an initiator responsive element – INR – which is located around 

the transcriptional start with an initiation at purine (Fig. 3). In eukaryotes INR is bound by TAFs, 

TBP associated factors, and this interaction is enhanced by TFIIA. Since in archaea both of them 

are absent, the exact function of INR still remains undiscovered. Mutations in this region result in 

increase or decrease in transcription effectiveness, so its function might differ of that described 

for eukaryotes (Bell and Jackson, 2000a;Hausner et al., 1991;Qureshi and Jackson, 1998). In 

eukaryotes RNAP is able to recognize a start site, which was not shown for archaea.  

Also sequences between TATA-box and INR seem to be important for the transcriptional 

activation (Fig.3). These are described for 16S/23S rRNA in Sulfolobus as a proximal promoter 
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element (PPE), an AT rich sequence positioned from -12 to -1 (Reiter et al., 1990). This sequence 

is not conserved, and it seems that its role depends not on a specific sequence, but on the AT 

rich composition. 

Mutational analyses of all the mentioned elements resulted in a rapid decrease in transcription 

efficiency, which supports the notion that these are important in initiation of transcription (Palmer 

and Daniels, 1995;Reiter et al., 1990;Hain et al., 1992). The most conserved sequences of the 

promoter are the TATA-box, the BRE site and the INR, where pyrimidine is followed by purine, at 

which transcription starts. Another sequence promoter proximal element (PPE) is not conserved 

at all. It might be that the PPE is a hallmark for a particular organism or for the genes of a 

certain metabolic pathway.  

The downstream promoter element (DPE) is present only in eukarya and not in archaea (Fig. 3). 

It is a 7 bp long and present mostly in TATA-box absent promoters at position +30. It is 

recognized via TAFs by TFD, not found in Archaea (Burke et al., 1998).  

 

 

 

RNA polymerase 

In contrast to eukaryal cells that contain three types of RNAP, archaea possess only one single 

holoenzyme. The archaeal RNAP has a very complex structure and its composition differs among 

species (Table. 2). The RNAPs from representatives of three main groups among archaea have 

been described: S. acidocaldarius (crenarchaeote) (Langer et al., 1994;Langer et al., 1995), 

Pyrococcus furiosus (euryarchaeote) (Goede et al., 2006), Methanobacterium 

thermoautotrophicum and Methanocaldococcus jannaschii (methanogens belonging to 

euryarchaeota) (Darcy et al., 1999;Best and Olsen, 2001). Among all the domains of life we find 

homologous parts in RNAP holoenzymes (see Table. 2). For example archaeal RNAP subunit A 

(split into A’ A”) is homologous to the eukaryal RPB1 and bacterial β’ subunit.  

Fig.3. Archaeal, eukaryal and bacterial promoters and their main structural elements. Numbers refer to the 

transcriptional start site (Soppa, 1999a;Soppa, 1999b).  
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EUKARYA BACTERIA ARCHAEA

S. cerevisiae 

RNA II pol 

E. coli 

Core enzyme 

P.  furiosus S. acidocaldarius M. 

autothropicum 

M. jannaschii

RPB1 β‘ A’ A” A’ A” A’ A” A’ A”

RPB2 β B B B’ B” B’ B”

RPB3 α D D D D 

RPB7 - E’ E’ E” E’ E’ E”

RPB4 - F I F F 

- - - G - - 

RPB5 - H H H H 

RPB6 ω K K K K 

RPB11 - L L L L 

- - - M - - 

RPB10 α N N - N 

RPB12 - P - P P 

 

In archaea, subunit A and B are often split into A’ A” and B’ B”, respectively. In some species 

besides the E’ subunit also E” can be found (Chen et al., 2005;Langer et al., 1994;Darcy et al., 

1999). The G and M subunits are present only in S. acidocaldarius, which does not possess a 

subunit P. Generally, eukarya possess 3 types of polymerases, which promote transcription from 

different sets of promoters. RNAP II is most similar to the archaeal RNAP. The bacterial RNAP is 

less complex than its eukaryal or archaeal counterparts. The unique component of the bacterial 

pre-initiation complex is subunit σ which is crucial for recognizing specific promoter sequence(s) 

and differs among the species. For example E. coli contains 7 variants, while B. subtilis possesses 

at least 18 variants. Generally, bacteria that can live in various environments contain more sigma 

factors. The σ factor is not considered as an integral subunit of bacterial RNAP, but only after its 

association with RNAP, transcription is promoted. σ-factors are crucial for transcriptional initiation 

and they recognize the core regions of bacterial promoters between -35 and -10 from the 

transcriptional start site. No evidence has been found of the presence of σ factors in archaea. 

 

TATA-binding protein (TBP) 

In eukaryotes the TATA-binding protein (TBP) plays a crucial role in all three types of 

transcriptional machineries, which suggests, that its function was established early in evolution 

(Rowlands et al., 1994). Archaeal TBP, as well its eukaryal homologue is responsible for 

recognition of a TATA-box, which is the eight-base-pair element of most of the promoters located 

in the region of 20 to 30 upstream of a transcriptional start site (Fig.4.A). In eukarya, binding of 

Table. 2. Composition of RNAP complexes, homologues in rows. 
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the TBP monomer to the promoter is a limiting step in the initiation of transcription (Coleman and 

Pugh, 1997). Moreover, TBP dimer formation prevents initiation by blocking access to the DNA 

and the transcription complex cannot be assembled.  

The archaeal TBPs show a high sequence identity of 36-41% to eukaryotic TBPs (Rowlands et al., 

1994). The crystal structure of Pyrococcus woesei TBP shows also structural similarity to the 

Saccharomyces cerevisiae protein (Decker et al., 1996). Both have a saddle-like shape composed 

of two symmetric substructures. The difference between those two proteins is the presence of an 

N-terminal extension in the eukaryal TBPs, of which the length differs among the species (Fig. 4. 

B). Archaeal TBPs possess additional 6-10 amino acids at the C-terminus. Because of the high 

degree of sequence identity between archaeal and eukaryotic TBPs, they also follow a similar 

distribution of secondary structure and an overall fold (Decker et al., 1996). It has been 

demonstrated that some of the eukaryotic activators, although not present in archaeal genomes, 

interact with TBP isolated from P. woesei (Rowlands et al., 1994). 

Recently, it was reported that archaea code for multiple homologues of TPB and/or TFB, that 

may have distinct roles in transcription; for example expression of one TFB-encoding gene is 

upregulated in response to heat shock in Haloferax volcanii (Thompson et al., 1999). Sequencing 

of the Halobacterium NRC-1 genome revealed the presence of 4 TBPs, while 2 variants are on a 

minichromosome (Baliga et al., 2000). It has been suggested that in Halobacterium TBPs can 

function as heterodimers. Interestingly, in vivo depleted TBP from Methanococcus 

thermolithotropicus can be replaced by either the yeast or human TBP (Wettach et al., 1995). 

 



Chapter 1 

 

21 

 

 

 
Transcription factor B (TFB) 

Archaeal TFB is an eukaryal orthologue of TFIIB and has a high affinity to bind via its helix-turn-

helix motif to TFB-responsive elements (Littlefield et al., 1999), called shortly BRE, a purine-rich 

element of archaeal promoters (Palmer and Daniels, 1995). Eukaryal and archaeal TFBs share a 

high sequence identity and their genes contain inverted direct repeats at the 3’ end. The 

crystallized P. woesei TFB is 30% identical to full length eukaryotic TFB (Kosa et al., 1997) (Fig. 

5. A). The N-terminal part of pwTFB resembles a Zn-ribbon, which is a fold responsible for 

protein-protein or protein-DNA interactions. This part of TFB was also shown to be responsible to 

recruit RNAP. In eukarya, TFIIB does not interact directly with RNAP, but via TFIIF, which has 

not been identified in archaeal genomes. pwTFB binds in the minor groove to the boxA/TATA 

element. pwTBP has been crystallized together with TBP and TATA-box and compared with the 

orientation of eukaryotic complex. From this data it seems that pwTBP binds to the promoter in 

an inverted orientation with respect to the start site of transcription (Kosa et al., 1997). The 

crystal structure of TFB, TBP and the promoter region containing the TATA-box and BRE site 

shows the same orientation of DNA binding as observed in eukaryotes (Littlefield et al., 1999) 

(Fig. 5. B). 

Fig. 4. A. Crystal structure of P. woesei TBP (Decker et al., 1996). B. Schematic representation of the domain 

organisation of archaeal and eukaryal TBPs (Soppa, 1999a). 
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In the late stages of transcriptional initiation TFB plays a role in promoter clearance (Bell 

and Jackson, 2000a). It was shown that a point mutation of a highly conserved residue 

immediately downstream of the TFB zinc ribbon motif abolishes transcription on certain 

promoters. The sensitivity to this mutation is dependent of the first six nucleotides of a transcript 

sequence. Interestingly, the mutation does not alter the formation of the preinitiation complex, 

but appears to affect promoter clearance by RNAP.  

 

 

Fig. 5. Crystal structures of the complex A. TBP, TFB and promoter DNA containing TATA-box (Kosa et al., 1997) and 

B. TBP, TFB and promoter DNA containing TATA-box/BRE site (Littlefield et al., 1999). 
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As mentioned before the Halobacterium NRC-1 genome encodes seven TFBs (Baliga et al., 2000). 

This suggests that each TBP can interact with each of the TFBs, which may result in 42 possible 

combinations that may be prevalent depending on the stage of a cell or environmental 

circumstances. To initiate transcription Thermococcus kodakaerensis used one of two TFBs, and 

their expression depends on the salt concentration in the medium (Santangelo et al., 2007). 

 

Archaeal TFE and TFS  

TFE that has been identified in S. solfataricus is homologous to the eukaryal TFIIE alpha subunit 

(Bell et al., 2001). In vivo experiments showed that TFE is not essential for transcription, 

although it plays a stimulatory role in the early stage of archaeal promoter recognition. TFE 

increases the transcript production from some archaeal promoters under certain conditions, but 

the level of the transcript is strongly dependent on the TBP concentration. It has been postulated 

that the role of TFE is to facilitate or stabilize recognition of the basal promoter elements by the 

machinery and perhaps prevents TBP dimerization, which in turn may result in the stabilization of 

an interaction between TBP and the TATA-box (Bell et al., 2001).  

The first homologue of an eukaryotic elongation factor TFIIS has been identified in the genome 

of S. acidocaldarius (Langer and Zillig, 1993). TFS shows sequence similarity with small subunits 

of the eukaryotic RNA polymerases I, II and III and homology to the bacterial Gre proteins. It 

was suggested that this protein is a subunit of RNAP, but further experiments excluded this 

possibility (Lange and Hausner, 2004;Hausner et al., 2000). TFS plays the same role as its 

eukaryal homologue: induction of transcript cleavage activity from 3’-end of the nascent RNA 

resulting in the reduction of the amount of arrested complexes (Hausner et al., 2000).  

 

Formation of a pre-initiation complex  

The archaeal transcriptional machinery is less complex when compared with the eukaryal one; 

the composition of the pre-initiation complex (PIC) in archaea resembles a simplified version of 

the complex described for eukaryotic RNAP II system (see Fig.6). In vivo studies on the minimal 

requirements for a transcription initiation in eukaryotes show that RNAP II, TBP and TFIIB are 

sufficient to initiate transcription from some of the promoters. Other promoters need TFIIE, or 

rather its 30-kDa subunit, known also as a RAP30, to promote transcription.  

Formation of the pre-initiation complex in archaea (and eukarya) starts with binding of TBP (in 

eukarya together with TAFs) to a T+A-rich sequence, known as the TATA-box (see also ‘Archaeal 

promoters’ section). This sequence is the most conserved part of different promoters in all 

systems known up-to-date (Littlefield et al., 1999;Rowlands et al., 1994;Nikolov et al., 1995). 

Subsequently, TFB binds to the BRE-site immediately upstream TATA-box and interacts with TBP 

(Hausner et al., 1996;Littlefield et al., 1999). As mentioned already before based on 
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crystallography data TBP/TFB/BREsite-TATA-box complex has the same orientation when 

compared with eukaryotes (Littlefield et al., 1999) (Fig. 5. B). 

 

 

 

 

The complex of TBP-TFB-promoter DNA recruits RNA polymerase, which results in a open 

complex formation ready to start transcription (Bell and Jackson, 2000a). In contrast to eukarya 

the archaeal open complex does not require energy supplied upon ATP or GTP hydrolysis 

(Hausner and Thomm, 2001;Parvin and Sharp, 1993;Bell et al., 1998). In eukarya an open 

complex is formed upon addition of nucleoside triphosphates, the DNA strands are separated at 

the transcription site, carboxy-terminal domain of RNAPII gets phosphorylated (initiation is 

dependent upon energy provided prior to ATP hydrolysis), transcription is initiated and RNAPII 

dissociates from the promoter DNA.  

Archaeal RNAP does not have a carboxy-terminal domain (CTD), that is phoshorylated, which 

allows eRNAP to undergo a transition from initiation to elongation step (Stiller and Hall, 

2002;Hampsey and Reinberg, 1999). 

Some of the GFs (general factors) have not been found in archaea. TFIIE and TFIIH increase 

efficiency of transcription in eukaryotes, but their addition is not crucial (Parvin et al., 1994;Tyree 

Fig.6. Schematic representation of pre-initiation complexes in archaea, eukarya and bacteria. 
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et al., 1993); TAFs, which form a complex together with TBP and TFIID, which prevents 

repressors to bind (Coleman et al., 1999); and TFIIA, which removes TBP from DNA.  

 

In contrast to our insights in the mechanism of initiation of transcription in archaea, little is 

known about elongation of transcription. TFS has been shown to possess cleavage activity similar 

to TFIIS (Hausner et al., 2000). RNA polymerase a has nuclease activity, but this activity can be 

strongly stimulated by external factors (Fish and Kane, 2002). Cleavage inducing factors improve 

the fidelity of transcription, rescue and prevent arrested elongation complexes, play an important 

role at regulatory pausing sites and help RNAP in selective removal of misincorporated 

nucleotides from a nascent RNA chain during elongation (Thomas et al., 1998;Reines et al., 

1993;Wind and Reines, 2000;Marr and Roberts, 2000).  

During elongation TFIID remains bound to the promoter region, supporting rapid reinitiating of 

transcription by RNAPII and other general factors (Parvin and Sharp, 1993;Zawel et al., 1995). 

This has not yet been demonstrated for archaea. 

 

Termination 

 

The majority of studies focus on initiation and regulation of transcription rather than on 

termination. That is why little is known about transcriptional termination in archaea. Termination 

in bacteria and eukaryotes has been well described. The key for identification of transcriptional 

termination is the presence of inverted repeats.  

In bacteria there are two general mechanisms of transcription termination: Rho-dependent and 

intrinsic – Rho-independent one. In the Rho dependent termination a specific signal is required 

as the termination signal. In bacteria transcription and translation are coupled. After reaching the 

stop codon, ribosomes fall off the mRNA making place for Rho to bind. Rho shows an ATP-

dependent helicase activity. It binds to mRNA after the stop codon and makes RNAP to fall off 

the DNA, which terminates the transcription. The mRNA is wrapped around Rho, which pulls the 

nascent RNA off the RNAP and releases the RNA. However, the exact mechanism of Rho-

dependent termination is still not completely understood and also there are no apparent 

sequence similarities between Rho-dependent termination origins (Banerjee et al., 2006). Up-to 

date archaeal homologues of Rho were not identified.  

Intrinsic termination can be observed where inverted repeats with a high GC content are found. 

RNAP encounters this region and a hairpin structure is formed from the newly synthesized RNA 

chain just after the polyA sequence. DNA re-anneals, and RNAP and the mRNA chain are 

released. Recently, there has been reported that RNAP is susceptible to intrinsic termination at 

intergenic sequences.  
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Generally, in eukarya, PolII transcription is dependent on termination factors, whereas intrinsic 

termination is a feature for PolIII system.   

In archaea the intrinsic mode of termination has been reported. In vivo studies showed that 

transcription is terminated at discrete positions within and immediately downstream of predicted 

sequences – an inverted repeat followed by a T-rich sequence, and, surprisingly, also upon 

addition of bacterial and phage intrinsic terminators. Interestingly, in contrast to bacterial RNAP, 

archaeal RNA polymerase terminated in response to synthetic and natural oligo-T-rich sequences 

without a potential to form a stable hairpin structure. The presence of a sequence capable of 

RNA-hairpin formation in the transcript promoted termination, but appeared not essential. The 

presence of an upstream sequence often determined the termination response at +/- 200 bp 

sequences. Addition of bacterial Rho during elongation appeared to influence the susceptibility of 

RNAP, suggesting an existence of an archaeal Rho homologue (Muller et al., 1985;Santangelo 

and Roberts, 2004;Santangelo and Reeve, 2006). The data presented above suggests that in 

archaea a bacterial/PolIII type mechanism of termination exists rather than PolII.  

NusA and NusG are bacterial proteins, not identified in eukarya, which are involved in the 

intrinsic mode of termination. A variety of archaeal genomes code for homologues of these 

proteins, although only one archaeal NusA protein has been crystallized together with its target 

RNA sequence. Bacterial NusA proteins possess a S1 RNAP interacting domain and two RNA-

binding domains (Shibata et al., 2007). Archaeal NusA homologues are shorter: they only have 

two RNA-binding-like domains and are similar to those from bacteria in terms of secondary 

structure and the domain arrangement (Worbs et al., 2001). Archaeal NusA has been shown to 

bind to a pyrimidine-rich sequence around the termination signal on mRNA (Shibata et al., 2007), 

but the exact role of this protein in the termination process still needs to be determined. 

 

Gene regulation 

 

Cells should not produce all the proteins encoded by a genome all the time, but rather regulate 

their production depending on demand. This regulation occurs on different levels: transcription 

(initiation, elongation), mRNA processing or translation. The regulation may have global effects, 

as already shown in case of UV radiation, heat shock, or metabolic pathways. Our insights in the 

regulatory mechanisms in archaea are still in its early stages. Only a small number of regulators 

have been identified so far. Since the archaeal transcriptional machinery resembles the eukaryal 

one, it is surprising to find, that most of the transcriptional regulators are homologous to 

bacterial proteins and only small number appears eukaryal-like. Because of the availability of a 

large number of sequenced archaeal genomes, many proteins with a DNA-binding motif have 
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been identified that cannot be classified within a known group of regulators. Obviously, archaea 

posses a unique set of regulatory proteins, not present in any of the other domain of life.  

 

Global regulation 

 

Catabolite repression 

Already in the early sixties, it was observed that E. coli prefers glucose as a carbon source over 

other carbon sources. The presence of glucose in media prevents the expression of genes 

involved in utilization of for instance lactose. The mechanism of switching on and off of the 

lactose operon has been described in detail by Jacob and Monod (Jacob and Monod, 1996) and 

termed the ‘glucose effect’. After the realization that similar mechanisms exist for repressing 

genes involved in the metabolism of other carbon sources, this phenomenon was termed 

‘catabolite repression’. Some organisms instead of sugars prefer to utilize organic acids, and this 

is termed ‘reverse catabolite repression’ (Inui et al., 1996;O'Gara et al., 1989;Collier et al., 

1996;Lubelska et al., 2006;Brouns et al., 2006).  

Catabolite repression is a poorly described phenomenon in archaea, although in recent years 

some data has become available. The characteristic features of catabolite repression are transient 

repression by glucose, a carbon source hierarchy and a global mode of regulation. All of these 

were observed in archaea. The coordinate regulation of enzyme expression, e.g. of α-

glucosidase, β-glycosidase and α-amylase, involved in carbohydrate utilization has been shown. 

Moreover, the expression of the corresponding genes was found to be modulated by the 

presence of selective group of amino acids in the media. This led to the identification of a gene 

termed car, which was showed to encode a factor that acts positively on the expression of β-

glycosidase and α-amylase (Brouns et al., 2006;Haseltine et al., 1999a;Haseltine et al., 

1999b;Hoang et al., 2004). In Sulfolobus solfataricus, the glucose ABC transporter is expressed 

constitutively, whereas the arabinose ABC transporter genes are induced only upon addition of 

arabinose to the medium (Lubelska et al., 2006). Also enzymes involved in the arabinose pentose 

oxidation pathway are switched on upon the addition of arabinose, as evidenced by microarray 

and proteomic analyses. All upregulated genes contain the consensus sequence AACATGTT which 

might play a role in binding of a regulator (Brouns et al., 2006). Sulfolobus seems to contain an 

inverted catabolite repression system: expression of the arabinose ABC transport genes is 

downregulated by addition of amino acids into growth media, which strongly suggests preference 

of amino acids over arabinose (Chapter 2).  

The issue of catabolite repression has also been studied extensively in Pyrococcus. The 

expression of the genes encoding enzymes linked with the carbohydrate metabolism, β-

glucosidase and divergently oriented β-1,3-endoglucanase and two alcohol dehydrogenases, has 
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been examined (Voorhorst et al., 1999). An elevated expression pattern has been observed upon 

addition of different β-linked glucose polymers, when compared with media containing maltose, 

pyruvate or peptides. The identification of a palindromic sequence and a number of inverted 

repeat sequences suggests a possible involvement of a transcriptional regulator.  

Recently, DNA microarray analysis has been developed for Pyrococcus (Lee et al., 2006;Schut et 

al., 2003). Addition of maltose to the media induces the expression of the required transport 

systems, enzymes linked with amino acid biosynthesis, citric acid cycle intermediates and three 

enzymes linked with glycolytic pathway. Addition of peptides to media induced the expression of 

the enzymes synthesizing energy conservation products, such as acyl, aryl acids and 2-ketoacids, 

and three enzymes unique to gluconeogenesis. It was shown that activities of 16 highly regulated 

metabolic enzymes correlate with DNA microarray data. Starch grown cells express different 

transport systems and metabolic enzymes compared to the expression pattern of cells grown on 

maltose or peptides as a primary carbon source. The data suggests the coordinate regulation and 

adaptation of Pyroccocus to different carbon sources.  

Also the trehalose/maltose and maltodextrin ABC transporters expression pattern of 

Thermococcus litoralis and Pyrococcus furiosus shows features of catabolite repression (Lee et 

al., 2003;Lee et al., 2005). In vitro, TrmB, a transcriptional repressor controlling expression of 

the trehalose/maltose ABC transporter operon in Thermococcus and Pyrococcus, is released from 

binding to the specific promoter regions after addition of maltose or trehalose to the reaction 

mixture. Moreover, TrmB of Pyrococcus, releases expression of gene cluster encoding the 

maltodextrin ABC transporter genes, upon addition of sucrose or maltodextrins (Lee et al., 2005). 

The trehalose/maltose ABC transporter gene clusters are organized like the maltose operon 

genes found in E. coli. In this bacterium, the expression of the maltose operon is dependent on 

activation by MalT, which, like TrmB, is a transcriptional regulator. Its action depends on binding 

to the regulatory domain of MalK, an ATPase of the maltose ABC transporter (Chen et al., 

2003;Panagiotidis et al., 1998). It has been shown that the C-terminal domain of MalK and MalT 

of E. coli physically interact (Panagiotidis et al., 1998). Similar attempts to show an interaction 

between MalK and TrmB of Thermococcus were not successful (Lee et al., 2003). GlcV and AraV 

are the ATPase domains of the glucose and arabinose ABC transporters of S. solfataricus. These 

show sequence and structural homology with MalK. The crystal structure of GlcV confirms the 

predicted two domain organization: an N-terminal part, which is involved in ATP binding and 

hydrolysis and a C-terminal extension, which consists of an OB-like fold and which is likely 

involved in regulatory events (Verdon et al., 2003). C-terminal domains of AraV and GlcV are 

likely involved in the regulation of gene expression, but the identity of the binding partner has 

remained obscure as S. solfataricus does not contain a MalT homolog.                                                         
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Compacting of the genetic information  

All the genetic information of the organism has to be well compressed to fit into the cell or its 

compartments. For genome compacting most of the organisms (if not all) developed several 

proteins responsible for this packaging. In higher eukaryotes nucleosomes are the structures of 

which the function is to pack DNA to fit into the nucleus and not allow the RNAP to accessing the 

promoter regions when it is not required. Nucleosomes are made of DNA and four pairs of 

proteins – histones, containing a histone fold (HF). C- and N-terminal extensions of histones take 

part in further polymerization of nucleosomes into chromatin and chromosomes and regulatory 

events. Enzymes modifying histones, such as deacetylases, methyltransferases or 

acetyltransferases are identified as activators or repressors of eukaryal gene expression in a 

process that is termed epigenetics. A nucleosome core, which consists 2 turns of DNA around the 

core, contains (H3+H4)2 tetramer. On each side of the tetramer H2A+H2B dimers bind to 

complete the structure. The octameric form of eukaryal nucleosome induces negative 

supercoiling of DNA, which in eukaryotes is wrapped around the nucleosome in the positive or 

negative supercoiling, which depends on a protein/DNA ratio and salt concentration. The linker 

DNA between two nucleosomes is bound by H1 or H5 histones, which do not possess the HF 

motif and that bear different structures. So, finally the whole complex looks like beads 

(nucleosomes) on a string (DNA).  

First archaeal histones have been found in methanogens and further in other eury-, cren- and 

Nanoarchaeum (Cubonova et al., 2005;Brochier et al., 2005). In hyperthermophiles histones 

were lost during evolution and replaced by archaeal chromatin proteins, such as Sul7d, Sul10a, 

and Sul10b (Alba). They bind unspecifically to the DNA and possess a HF. Archaeal histones, in 

analogy with eukaryotic histones form homodimers only in the presence of DNA. However, in the 

species possessing multiple histone-like proteins also heterodimers can be formed. DNA wraps 

around the histone in a positive or negative supercoiling. Interestingly, the amount of the genes 

coding for different histones does not correlate to the genome size.  

The role of archaeal histones appears similar to those described for histones in eukaryotes. They 

stabilize the genome, compact archaeal genomic DNA and are involved in the regulation of gene 

expression by number of the modification reactions, like for instance acetylation (Alba) or 

methylation/annealing of complementary ssDNA (Bell et al., 2002). Alba, a chromatin associated 

protein, when acetylated does not bind DNA and makes a free space for PIC. When it gets 

deacetylated by a specific enzyme, Sir2, it binds DNA with a high affinity and represses 

transcription. ALBA and Sir2, archaeal homologues of eukaryal proteins, were extensively studied 

in S. solfataricus.  
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Global regulatory events have been also described for Halobacterium, where different TBP and 

TFB are differently used depending on environmental changes (discussed in ‘TATA-binding 

protein’ and ‘Transcription factor B’ sections).  

 

Gene specific transcriptional regulation 

 

Five archaeal genomes have been analyzed for the presence of DNA-binding proteins (Fig. 7). 

Unexpectedly, this revealed that bacterial- and archaeal-type of regulators coexist in conjunction 

with the eukaryal-like transcriptional machinery. The majority of the regulators are bacterial-like 

(Aravind and Koonin, 1999). Moreover, there is also a group of unique proteins predicted to 

possess different types of DNA-binding motifs. Furthermore, the majority of archaeal HTH (helix-

turn-helix) – containing proteins are predicted to be gene/operon-specific transcriptional 

regulators. About one-third of the HTH proteins are predicted to carry distinct domain 

architectures. It has been postulated that besides DNA-binding, these regulators may also fulfill 

other functions, like protein-protein interactions. Besides HTH proteins, archaea also encode 

regulators bearing DNA-binding domain of Arc/MetJ type, which were found in bacteria. When 

compared to bacteria archaea posses a large number of Zn-ribbon motif regulators common in 

eukaryotes (Aravind and Koonin, 1999). 

 

 

 

Fig.7. Comparison of the distribution of proteins possessing HTH, Zn-ribbon and Arc/MetJ DNA-binding motifs in 

bacteria and archaea (Aravind and Koonin, 1999). Mj – M. jannaschii; Mta – M. thermoautotrophicum; Af – A. 

fulgidus; Ph – P. horicoshii; Aae – A. aeolicus; Bs – B. subtilis; Mtu – M. tuberculosis; Ec – E. coli. Black bars – 

MetJ/Arc; light grey – Zn-ribbon; dark grey – HTH 
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Although there is not much information available about transcriptional regulation in archaea some 

gene-specific transcriptional regulators have been studied. Both inducers and repressors have 

been identified. Several examples will be discussed below (Table. 3). 

 

 
Name  Species Cellular process Mode of regulation  References 

 

Bacterial-like regulators 

Bat Halobacterium sp. NRC-1 Bacteriorhodopsin 

synthesis 

Activator (Baliga et al., 

2001;Gropp and 

Betlach, 1994;Leong 

et al., 1988) 

CopT S. solfataricus  Copper homeostasis Repressor (Ettema et al., 2006) 

GvpD Halophiles Gas vesicle formation Repressor – anti-

activation 

(Englert et al., 

1992;Gregor and 

Pfeifer, 

2001;Hofacker et al., 

2004;Horne et al., 

1991;Kruger et al., 

1998;Zimmermann 

and Pfeifer, 2003) 

HrsM M. voltae Se-free hydrogenases Repressor (Muller and Klein, 

2001;Sun and Klein, 

2004) 

LrpA Pyrococcus furiosus Unknown  Repressor – blocks 

RNAP from binding 

(Brinkman et al., 

2000;Dahlke and 

Thomm, 2002) 

Lrs14 S. solfataricus Unknown  Repressor – blocks 

TBP from binding 

(Bell and Jackson, 

2000a;Napoli et al., 

1999) 

LysM S. solfataricus Lysine (and perhaps 

arginine) biosynthesis 

Activator (Brinkman et al., 

2002) 

Mdr1  Archaeoglobus fulgidus ABC transport Repressor – blocks 

RNAP from binding 

(Bell et al., 1999a) 

NrpR Methanococcus maripaludis Nitrogen assimilation Repressor – blocks 

RNAP from binding 

(Cohen-Kupiec et al., 

1995;Cohen-Kupiec 

et al., 1997;Kessler et 

al., 1998;Lie et al., 

2005;Lie et al., 2007) 

Phr P. furiosus Heat shock response Repressor – blocks 

RNAP from binding 

(Liu et al., 

2007;Vierke et al., 

2003) 

Table.3. Gene specific regulators identified in archaea. 
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Ptr2 M. jannaschii Rubredoxin 2 and 

ferredoxin A  

Activator – 

stimulates TBP 

binding 

(Ouhammouch et al., 

2003;Ouhammouch 

et al., 

2005;Ouhammouch 

and Geiduschek, 

2005) 

Sa-Lrp  S. acidocaldarius Unknown Repressor (Enoru-Eta et al., 

2000) 

Ss-Lrp  S. solfataricus Unknown Repressor  (Enoru-Eta et al., 

2002) 

Ss-LrpB  S. solfataricus Pyruvate synthase subunits Repressor (Peeters et al., 

2004;Peeters et al., 

2006) 

Sta1 S. solfataricus  

S. islandicus 

Unknown  Activator (Kessler et al., 2006) 

TrmB P. furiosus ABC transport Repressor – 

prevents TBP 

binding 

(Lee et al., 2005) 

TrmB Tharmococcus litoralis ABC transport Repressor -  

prevents TBP 

binding 

(Lee et al., 2003) 

TrpY 
Methanothermobacter 

thermautotrophicum 

 

Tryptophan biosynthesis  Repressor – blocks 

RNAP or TBP from 

binding 

(Xie and Reeve, 

2005) 

Eukaryal-like regulators 

GvpE Halophiles Gas vesicle formation Activator  See  GvpD section  

Tfx M. thermoautothropicum Methanogenesis  Activator  (Hochheimer et al., 

1999) 

 

 

Positive regulation of gene expression 

Positive regulators found in archaea are either bacterial or eukaryal-like. The mechanisms of 

action of some of these regulators have been described in detail. LysM is an activator of S. 

solfataricus, that belongs to the bacterial Lrp family (Brinkman et al., 2002). It is involved in the 

regulation of lysine, and possibly also arginine biosynthetic genes encoded by the lys cluster (Fig. 

8. A.). LysM binds directly upstream of the BRE site and this binding is the strongest in the 

absence of lysine. Possibly also other co-factors are involved in lysM activation. However, the 

exact mechanism still remains to be elucidated.  
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Ptr2 is an activator of Methanocaldococcus jannaschii (Ouhammouch et al., 2003;Ouhammouch 

et al., 2005). It binds to an upstream activation site (UAS) and activates the expression of 

rubredoxin 2 (rb2) and ferredoxin A (fdxA) through direct recruitment of TBP. Ptr2 is a Lrp/AsnC 

family homologoue in Methanothermococcus thermolithothropicus and Methanococcus 

maripaludis (Ouhammouch and Geiduschek, 2005). These two proteins are interchangeable as 

activators in gene expression; although Mma Lrp shows significantly less activity than Mth Lrp. 

Interestingly, replacing with mutagenesis the corresponding patch of Mma Lrp surface-exposed 

residues, possibly an activation domain, by their Mja Ptr2 counterparts, makes Mma Lrp as much 

active as Mja Ptr2. 

Bacteriorhodopsin is a membrane protein of halobacteria that contains retinal as chromophoric 

group. It works as a proton pump: the retinal captures light and uses this to change the 

conformation of bateriorhodopsin whereupon it moves protons across the membrane. The proton 

gradient is used to synthesize ATP. The transcriptional regulation of bacteriorhodopsin has been 

studied in Halobacterium species NRC-1 (Baliga et al., 2001). Bacteriorhodopsin is composed of 

two protein parts: bacterio-opsin and retinal, encoded by bop and brp, respectively. Expression of 

bop depends on expression of Bat, which is a transcriptional activator encoded by bat, and which 

is transcribed together with brp (Fig. 8. B). After stimulation with oxygen and light, Bat stimulates 

the expression of divergently oriented bop, encoding the bacterio-opsin (Gropp and Betlach, 

1994;Leong et al., 1988). The TATA-box and UAS sequence are important elements for this 

activation (Baliga and Dassarma, 1999). Moreover, Bat is involved not only in activation of bat, 

Fig.8. Scheme of positive transcriptional regulation in archaea. A – S. solfataricus LysM, B – Halobacterium Bat. 
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but also for the expression of other genes involved in the synthesis of the retinal cofactor and 

these possessing UAS sequences in the close proximity of their promoter regions (Baliga et al., 

2001).  

Recently a novel regulatory protein was found in S. islandicus, i.e., Sta1, which was shown to 

activate the transcription from two viral promoters (Kessler et al., 2006). The method used was a 

pull-down assays, in which Sta1 was shown to bind to two specific palindromic binding sites on 

rudivirus SIRV1 promoters. This binding was independent of co-factors, RNAP, TBP or TFE. Sta1 

facilitates transcription at limiting TBP and TFB, suggesting it belongs to a novel class of archaeal 

transcriptional activators.  

 

Archaeal genomes show an abundance of eukaryotic type of regulators (Aravind and Koonin, 

1999). Up until now only two gene-specific eukaryal type of activators have been described for 

archaea. Tfx is a transcriptional activator of Methanobacterium thermoautotrophicum 

(Hochheimer et al., 1999). The expression of tfx itself is induced by molybdate. This gene is 

located upstream of the fmdECB operon, coding for a molybdenum formylmethanofuran 

dehydrogenase. Tfx activates the expression of the fmd cluster by binding to the fmdECB 

promoter region, which lacks inverted repeats. The activator is composed of two domains: a C-

terminal region comprising the HTH motif and an N-terminal acidic domain possibly involved in 

sensing.  

The formation of gas vesicles in halophiles depends on growth phase and salt concentration in 

the medium (Roder and Pfeifer, 1996). Fourteen gvp genes, grouped in two divergently 

transcribed clusters: gvpDEFGHIJKLM and gvpACNO have been identified to be involved in the 

formation of gas vesicles in Haloferax mediterranei and other halophilic archaea (Hofacker et al., 

2004;Horne et al., 1991;Zimmermann and Pfeifer, 2003). These two sets of genes are under a 

control of two promoters: pgvpD and pgvpA, which in turn are controlled by two regulators: GvpD 

and GvpE.  GvpE is an activator of gas vesicle synthesis, and possess a basic leucine zipper, a 

DNA-binding motif found also in eukaryotes (Kruger et al., 1998). GvpD and GvpE regulate the 

expression of gvpACNO (Gregor and Pfeifer, 2001;Kruger et al., 1998;Englert et al., 1992). GvpE 

is a regulator which binds to the promoter DNA, whereas GvpD represses the action of GvpE 

through direct protein-protein interaction (Zimmermann and Pfeifer, 2003).          

 

Negative regulation of gene expression 

All the repressors found in archaea show similarity to the bacterial-type of regulators. There is a 

large group among the transcriptional regulators identified so far related to the bacterial Lrp 

family. Besides regulating their own expression, for none of these proteins the target genes are 

known. LrpA of P. furiosus has been described to bind to its own promoter and specifically 
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inhibits its transcription. It is proposed to be a negative autoregulator (Brinkman et al., 

2000;Dahlke and Thomm, 2002).  

 

 

 

 

The mode of negative autoregulation by Lrs14 of S. solfataricus has been studied in more detail 

(Bell and Jackson, 2000b;Napoli et al., 1999). The lrs14 transcript is the most abundant in the 

late growth stages. Lrs14 has been shown to bind to its own promoter and its action appears 

ligand independent (Fig. 9. A). Upon binding to multiple binding sites within the lrs14 promoter, 

overlapping with the TATA-box and BRE site, it prevents TBP and/or TFB to recognize specific 

sequences within lrs14 promoter region. This suggests that Lrs14 and TBP/TFB compete for the 

same binding site within a promoter DNA.  

Two other highly homologous repressors, Ss-Lrp and Sa-Lrp, have been described in S. 

solfataricus and S. acidocaldarius, respectively (Enoru-Eta et al., 2000;Enoru-Eta et al., 2002). 

They also bind to their own promoter regions covering a relatively large region. It is proposed 

that these proteins use the same mechanism of autorepression as it was described for Lrs14.  

Fig.9. A scheme showing action of regulators by repression. A. S. solfataricus Lrs14, B. A. fulgidus Mdr1 
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Ss-LrpB is an another Lrp-like autorepressor and described in S. solfataricus (Peeters et al., 

2004). Ss-Lrp monomers bind cooperatively to three regularly spaced and similar boxes of the 

operator within the Ss-LrpB promoter, but with different affinities (Fig. 10. A). The working model 

of Ss-LrpB is that it switches from positive autoregulation, when the concentration of the protein 

is low (Fig. 10. B), to repression of transcript production when the concentration is high (Fig. 10. 

C). Under those conditions, it affects the DNA conformation by bending (Peeters et al., 2006). 

Based on in silico analysis of the promoter regions, the genes have been identified of which the 

expression is possibly controlled by Ss-LrpB (E. Peeters, PhD Thesis, Brussel, 2007). The most 

promising target for Ss-LrpB is porDAB operon, coding for pyruvate synthase delta, alpha and 

delta chains, respectively. The por gene cluster is divergently transcribed to the adjacent and 

downstream located ss-lrpB gene. Other genes, like mtaP (Sso2343), Sso2146, Sso0049 encoding 

conserved hypothetical protein, Sso2126 – L-lactate permease and Sso2127 – permease, have 

been identified using an in silico analysis, but Ss-Lrp role in their regulation of expression remains 

to be demonstrated.  

TrmB homologues found in T. litoralis and P. furiosus are repressors that are involved in the 

regulation of ABC transporters expression. They inhibit the transcription process by preventing 

TBP from binding (more detailed explanation in ‘Catabolite repression’ section).  

Fig. 10. ‘Switch model’ for Ss-LrpB autoregulation 



Chapter 1 

 

37 

 

There is a group of repressors identified in different archaeal species of which the mechanism is 

based on blocking of RNAP recruitment. In these cases, TBP and TFB might already be bound to 

the promoter region and upon the presence of metals, gene expression of the metal importing 

transporter might be initiated faster compared to a case where TPB/TFB first need to be 

recruited. Mdr1 (metal-dependent repressor) of A. fulgidus regulates the expression of 

polycistronic transcription unit containing its own gene and a metal-importing ABC transporter. 

Mdr1 binds to three operator sequences downstream of the TATA-box. It allows TBP and TFB to 

bind to the core promoter elements, but blocks the subsequent recruitment of RNAP the TBP-TFB 

ternary complex (Bell et al., 1999a). The regulation of trpEGCFBAD expression, a tryptophan 

biosynthesis operon, has been studied in M. thermoautotropicus (Xie and Reeve, 2005). TrpY is 

located upstream of the trp operon and is divergently oriented. TrpY binds to the TRP boxes 

within the promoter regions. In the presence of tryptophan the transcription of either the trp 

gene cluster or individual trp genes is repressed by the regulator. Moreover, TrpY inhibits its own 

expression when tryptophan is absent. The mechanism of repression by TrpY is different for each 

promoter: it blocks RNAP recruitment to ptrpY, but in the case of ptrpE it prevents TBP from binding 

to the TATA-box. Apparently, the mode of regulation depends on the position of specific binding 

sites within the promoter region.  

A transcriptional regulator, PhR, controlling the heat shock response, has been characterized and 

crystallized (Liu et al., 2007;Vierke et al., 2003). During normal growth of P. furiosus the 

repressor was shown to negatively influence expression of its own gene, a small heat shock 

protein Hsp20 and an AAA+ ATPase by binding to multiple promoter sequences downstream of 

the TBP and TFB binding sites. Because of an overlapping with the transcriptional start, PhR 

blocks RNAP recruitment. Upon an increase in temperature, starvation and also general stress, 

the repressor is released allowing the expression of the heat shock response genes.  

 

HrsM, a lysR-type of repressor found in M. voltae has been shown to control the expression of 

two operons: frc and vhc, coding for selenium-free hydrogenases (Sun and Klein, 2004). 

Furthermore, it is proposed that the regulator also controls its own expression level by negative 

autoregulation mechanism upon binding to its own promoter region (Fig. 10. B). The 

hydrogenases gene clusters are only transcribed under selenium limitation: the repressor 

dissociates and a 55-kDa activator binds (Muller and Klein, 2001). Those two regulators recognize 

different sequences in the region between divergently transcribed frc and vhc (Sun and Klein, 

2004).  

A copper responsive transcriptional repressor, CopT, regulates expression of the cop gene cluster 

in S. solfataricus (Ettema et al., 2006). copT ORF is located upstream of the copMA operon, and 
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transcribed constitutively, whereas the polycistronic cop gene cluster expression is repressed by 

CopT binding to multiple binding sites upstream and downstream of pcopM. CopT consists of two 

domains: an N-terminal DNA-binding HTH domain and a C-terminal TRASH domain which binds 

Cu2+ ions.  

NrpR is a transcriptional repressor of nitrogen metabolism genes and was discovered and 

characterized in M. maripaludis (Lie et al., 2005). Moreover, NrpR homologues have also been 

found in different methanogenic archaea (Lie et al., 2007). NrpR represses expression of nif 

(nitrogen fixation) and glnA (glutamine synthetase) genes upon binding to the promoter 

sequences (Cohen-Kupiec et al., 1999). Th 

e repressor binds just downstream of the transcriptional start, and it is postulated to block RNAP 

recruitment. nif expression is repressed by ammonia and derepressed by dinitrogen gas, when 

the level of 2-oxoglutarate is high (Cohen-Kupiec et al., 1997;Kessler et al., 1998). 2-

oxoglutarate is an indicator of nitrogen deficiency and acts as an inducer via NrpR, decreasing 

the affinity of the repressor for the operators.   

 

Evolution of transcriptional machineries and regulatory proteins 

 

The discovery of an eukaryal-like transcriptional machinery in archaea should have resulted in the 

identification of a large group of eukaryal-like transcriptional regulators. Surprisingly, most of the 

regulators described up-to-date in archaea appear of bacterial origin (Aravind and Koonin, 1999) 

(Fig. 7). Only a minority of predicted gene regulators clearly shows features of eukaryal 

regulators. After analyses of sequences of five archaeal genomes it became clear that there is a 

large group of proteins predicted to possess DNA-binding motifs, which cannot be classified as 

neither eukaryotic nor bacterial origin. It might not be surprising that after the divergence, 

archaea developed a number of unique regulatory proteins which do not exist in any of the other 

domain of life. Moreover, the fact that the archaeal transcription apparatus has features of 

eukaryal and bacterial systems raises questions about the evolution of transcriptional machineries 

and transcriptional regulators. It is speculated that in LUCA – the last universal common ancestor 

–two types of transcriptional machineries coexisted together with bacterial type regulators.  

The basal transcriptional machineries of archaea and eukarya are obviously related when 

compared with the bacterial system. It has been proposed to term the system eukaryal/archaeal 

(EA) transcriptional machinery. The EA machinery was likely established prior to the divergence 

of those two lineages. The same might be the case for regulatory proteins: it is suggested to 

name them instead of bacterial-like or eukaryal-like, bacterial/archaeal (BA) or eukaryal/archaeal 

(EA) regulators, respectively (Bell and Jackson, 2001). It is also likely that together with EA or BA 
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machineries, the BA type of regulators were present. After the divergence of bacteria, archaea 

and eukarya developed a group of EA regulators (Fig. 11).  

The archaeal transcriptional machinery is chimeric: together with a basal transcription apparatus 

which is homologues to the RNAPII system, bacterial type of regulators work in partnership. 

Knowledge about the mechanisms of functioning of the transcriptional machineries and their 

regulators in archaea is in its infancy. With an increasing number of archaeal genomes 

sequences, crystal structures of different building blocks of transcriptional machineries and 

eventually the development of functional genetic tools for archaea (gene disruption, gene knock-

out, homologous protein expression in a hyperthermophile) future studies will likely unravel the 

remaining issues (Jonuscheit et al., 2003;Worthington et al., 2003;Zolghadr et al., 

2007;Barthelme et al., 2007;Berkner et al., 2007).  

 

 

 

 

Scope of the thesis – introduction to the chapters 

 

Sulfolobus solfataricus, organism which we studied, represents the domain of extreme 

thermoacidophiles of archaea. Archaea are also so-called extremophiles, because they can 

survive under the conditions, which are not accessible for mesophiles (Chapter 1, Table 1). 

Archaea is also a unique group of organisms: they combine eukaryotic and prokaryotic features, 

Fig.11. Scheme showing a relationship between basal transcription machineries and regulatory proteins (Bell and 
Jackson, 2001) 
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for instance, as described in chapter 1, the processes, such as replication, transcription and 

translation have bacterial, eukaryal and unique, archaeal features.  

The aim of this thesis is obtain an insight in the regulation of the sugar uptake in Sulfolobus. 

Sugar uptake in Sulfolobus is mediated via different classes of transporters located in the plasma 

membrane. Our studies focus on expression and regulation of arabinose and glucose high-affinity 

binding protein dependent ABC transporters. In chapter 2 we characterize their expression 

pattern on the mRNA and protein levels. We show that expression of the glucose ABC transporter 

is constitutive, in contrast to the arabinose one – its expression is induced only when the 

substrate is present in the media. Additionally, the transcriptional start for arabinose operon has 

been mapped. Interestingly, the expression of the arabinose transporter components is repressed 

when the selective group of amino acids has been added to the media. This data supports recent 

reports of the existence of catabolite repression in Sulfolobus (chapter 2).  

AraV is an ATP-ase of the arabinose ABC transporter and its homologues in E. coli were shown to 

bind DNA-binding proteins. In order to point a transcriptional regulator of the arabinose operon 

araV deletion strain has been constructed (chapter 3). The DNA microarray data revealed two 

candidates for the transcriptional regulators of the ara operon. Chapter 3 also contains binding 

and uptake studies comparing wild-type and the mutant strains. Surprisingly, we observe an 

elevated uptake of glucose in the mutant cultured on arabinose.  

Chapter 4 describes our attempts to pull-down a transcriptional regulator using either purified 

ATPase or biotinylated araS promoter bound to the affinity beads.  

Chapter 5 summarizes the data presented in this thesis and adds suggestions for the future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




