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The archaeal domain as a distinct branch of the phylogenic tree of life has been 

separated from bacteria based on sequence analyses of the small subunit (ss) rRNA gene. In 

1977 Woese and co-workers presented a revolutionary idea about the division of the organisms 

living on this planet (Woese and Fox, 1977). They were especially interested in methanogenes 

and their relation to bacteria and eukaryotes. Based on this phylogenetic analysis it became clear 

that methanogens are actually not closely related to any of the two other groups, and they were 

proposed constitute a separate kingdom to be called: archaeabacteria. The initial analysis was 

based on a few sequences, but later on the idea was confirmed as more and more rRNA 

sequences of different species became available. Currently, the phylogenetic tree is divided into 

three branches: eukaryotes, bacteria and archaea (Introduction, Figure 1). The archaea are 

found to be the closest to the root of the phylogenetic tree, and it has been suggested that they 

are the oldest species living on the Earth closest to LUCA, the last universal common ancestor. 

Because of their unique phylogenetic position, the archaea have been studied very 

intensively. They are unusual in many aspects. They are found at different places of the world 

that are not habitable for any other form of life, such as volcanic fields, solid ice or saturated 

salty water. Previously, archaea were considered to be part of the bacterial world. 

Morphologically archaea share the appearance of bacteria. Surprisingly, studies on the 

replication, transcription and translation machinery showed that the archaeal processes are more 

similar to those described in eukaryotes. Reversibly, the transcriptional regulators are in most of 

the cases bacterial-like. There is a large number of genes in archaeal genomes which seem to be 

unique for this group and their function needs to be resolved.  

The domain of archaea is divided into the kingdoms crenarchaeota, euryarchaeota, and recently 

described thaumarchaeota, korarchaeota and nanoarchaeota (Allers and Mevarech, 

2005;Brochier-Armanet et al., 2008). Generally, but mistakenly, archaea are also co-called 

extremophiles, considering that some inhabit extreme niches. However, it is now clear that there 

are also mesophilic archaea that e.g. play an important role in the nitrogen cycle and thus the 

term extremophiles is no longer valid to describe this group of organisms. In the crenarchaeota, 

several organisms are known to survive and to thrive in extremely hot and acidic environments, 

such as Sulfolobus solfataricus, which is the subject of the studies presented in this thesis. But 

crenarchaeota are also found as symbionts in oceanic sponges (Hallam et al., 2006). 

Euryarchaeota are forming more diverse group to which belong thermophiles, methanogenes and 

halophiles, such as Pyrococcus or Thermococcus. The existence of korarchaeota has been proven 

only by sequence analysis of ss rRNA conducted on the samples taken from hot springs of the 

Yellowstone – korarchaeota still cannot be cultivated in the laboratory (Barns et al., 1996). 

Thaumarchaeota is a group of mesophilic archaea (Brochier-Armanet et al., 2008), whereas 

Nanoarchaeum equitans, the smallest member of the archaeal domain, is the only cultured 
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member of the nanoarchaeota. N. equitans was discovered in a hydrothermal vent in Iceland as a 

parasite on the crenarchaeote Ignicoccus (Huber et al., 2002;Huber et al., 2003).  

 

To be able to survive in the extreme niches archaea developed structures only specific for their 

group. The archaeal cell envelope composition, protein stability and DNA protection is unique 

when compared to other organisms.  

Sulfolobus solfataricus, the organism we have studied, is an aerobe and thrives in extreme 

surroundings: the optimal temperature for growth is 80 ºC and pH of 3. Besides these features it 

also survives high concentrations of sulphuric acid and low concentration of carbon sources. 

Sulfolobus can grow chemoautotrophically where it can use sulphur as an energy source. 

However, it can utilize different carbon sources such as sugars (glucose, arabinose, maltose or 

sucrose) or amino acids (Elferink et al., 2001;Grogan, 1989).  

In bacteria, the transport of sugars occurs via three pathways: (1) PTS systems in which the 

uptake and phosphorylation of the sugars are coupled events employing phospho-enolopyruvate 

(PEP) as a phosphorous donor; (2) secondary transport, wherein the transport of sugars is 

coupled to proton and Na+ ions; and (3) ABC transport, in which uptake of sugars is coupled to 

the hydrolysis of ATP. In archaea, PTS systems are absent. Secondary transporters have been 

identified in archaea based on the sequence analyses, but in Sulfolobus so far mostly evidence 

has been obtained for an involvement in the uptake of anorganic substrates (Koning et al., 

2002). ABC transporters are widely distributed among archaea and sequence analysis suggested 

that a lot of these function in the sugar transport. It has, however, become increasingly clear 

that these systems not only function in sugar uptake but that some are involved in uptake of 

peptides or other organochemical substrates. The studies described in this thesis are focused on 

the function and regulation of two high affinity binding-protein-dependent ABC transporters that 

mediate glucose and arabinose uptake in hyperthermophilic archaeon Sulfolobus solfataricus 

(Albers et al., 1999). Both transporters are encoded by four genes (glcSTUV and araSTUV, 

respectively) that are organized in operons. These four genes encode the following proteins a 

sugar binding protein, two permeases and an ATPase which forms a functional homodimer 

(Albers et al., 1999;Elferink et al., 2001) (Figure 1).  

The preference of microorganisms for one carbon source over another one is widely known in 

bacteria. For the first time, this phenomenon was described by Jacob and Monod in the early 

sixties. In this respect, the description of the lactose operon in E. coli started a series of new 

investigations on the hierarchy in sugar metabolism, uptake and regulation. In order to efficiently 

utilize substrates from the environment, cells employ a mechanism termed catabolite repression. 

Catabolite repression, also known as glucose effect means that the expression of the operons 
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involved in the carbon source utilization depend not only on inducer and regulator availability 

(lactose operon in E. coli), but strongly relates to the presence of glucose.   

In previous reports, this phenomenon was also shown for S. solfataricus (Haseltine et al., 

1996;Haseltine et al., 1999a). The presence of glucose in the growth medium prevents the 

induction of the genes encoding enzymes linked to the utilization of substrates other than 

glucose, such α-glucosidase, β-glycosidase, α-amylase. Several characteristic features of 

catabolite repression were observed: the transient repression by glucose, carbon source 

hierarchy and a global mode of regulation. Besides sugars also amino acids play an important 

role: some of these show repressing effects on the expression of the enzymes involved in sugar 

metabolism (Haseltine et al., 1999a). However, although sugar metabolism has been intensively 

studied in S. solfataricus (Albers et al., 2004;Haseltine et al., 1996;Haseltine et al., 1999a), 

remarkably little is known about how sugar metabolism and transport are regulated and 

coordinated in these organisms and in archaea in general. Archaeal gene regulation resembles 

either bacterial or eukaryal strategies, while some systems show unique features (for more 

details see Chapter 1). The mechanisms of replication, transcription (which resembles 

polymerase II type), and translation, are eukaryal-like (Thomm, 1996;Grabowski and Kelman, 

2003;Bell and Jackson, 2000b;Bell and Jackson, 2001). In contrast, the regulation of gene 

expression in most of the described cases appears similar to the mechanisms found in bacteria 

(Chapter 1). 

S. solfataricus can grow on glucose or arabinose as an energy and carbon source. The 

expression of the arabinose transporter and metabolism genes occurs when arabinose is present 

in the growth medium (Lubelska et al., 2006), whereas glucose transport and metabolism 

appears constitutive. In Chapter 2 we have examined the expression patterns of the glucose 

and arabinose ABC transporters. Addition of glucose to the growth medium repressed the 

expression of the arabinose transport genes. Moreover, the expression of the arabinose 

transporter genes is down-regulated by addition of a selective set of amino acids to the medium. 

Mapping of the transcriptional start site for the arabinose operon using primer extension revealed 

the presence of transcriptional start upstream of the araS gene. Because of different transcripts 

levels (araS was higher when compared to araTUV) we expected presence of araTUV promoter, 

but its existence was not confirmed by primer extension. Further analysis of the araS promoter 

activity using araS promoter-lacS fusions, mRNA and protein levels in S. solfataricus cells grown 

on different carbon sources showed that the expression of the arabinose transporter gene cluster 

is highly regulated and dependent on the presence of arabinose in the medium. 
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In contrast the expression of the glucose transporter genes appeared not to be affected by 

addition of different sugars nor amino acids. As mentioned above a selected group of amino acids 

down-regulated the expression of the arabinose transporter genes (Chapter 2). It is likely that 

cells prefer to use amino acids because they can be utilized in catabolic reactions as well as 

building blocks for polypeptides/proteins. Concluding, Sulfolobus utilizes amino acids as a carbon 

source and prefers them over sugars. This phenomenon shows that sugar and nitrogen 

metabolism are coordinated and our findings confirm the presence of catabolite repression-like 

system in Sulfolobus.    

The ATPase of the arabinose and glucose transporters show some striking similarities to MalK, 

the ATPase subunit of the maltose transporter in E. coli which is also involved in the regulation of 

the expression of the mal operon. Furthermore, MalK is a part of the maltose regulon in E. coli 

involved in uptake and utilization of maltose and maltodextrins and by binding a regulator of mal 

genes plays a crucial role in their expression. The recently solved crystal structure of GlcV, the 

ATPase of the glucose transporter, showed a two-domain organization. Besides the N-terminal 

ATP-binding domain it also possesses a C-terminal extension bearing an OB-like fold with 

unknown function (Verdon et al., 2003). AraV, the ATPase of the arabinose transporter, shows 

the same domain organization. AraV and GlcV show sequence and structural homology with 

MalK, the ATPase of the maltose ABC transporter of E. coli, Thermococcus litoralis and 

Figure.1. Operon composition of the genes clusters encoding glucose and arabinose ABC transporters. 
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Pyrococcus furiosus (Chen et al., 2003;Bohm et al., 2002;Lee et al., 2003). The C-terminal 

domains of all those ATPases exhibit a barrel-like structure (Chen et al., 2003;Verdon et al., 

2003;Diederichs et al., 2000). In E. coli  in the absence of maltose in the medium the C-terminal 

domain of MalK binds MalT, the transcriptional activator of the mal operon (Joly et al., 2004). 

Upon maltose transport and binding of maltose to the maltose transporter, MalT is released from 

MalK and it can activate the expression of the mal operon genes (Panagiotidis et al., 

1998;Shuman, 1982). Based on the structural and sequence homology it is likely that the C-

terminal domain of AraV takes part in protein-protein interactions with unknown regulatory 

proteins and eventually in the regulation of the expression of the transporter genes and possibly 

other genes linked with arabinose metabolism, containing ‘ara-boxes’ in the promoter regions 

(see below) (Brouns et al., 2006). Apparently the genome of S. solfataricus does not code for any 

MalT homologues as assessed by BLAST analyses. Our attempts to identify regulatory proteins 

are described in Chapter 4. Proteins interacting with AraV where probed by pull-down assays 

and the yeast two-hybrid, but those experiments were unsuccessful and only yielded non-specific 

interactions. 

To identify possible regulatory proteins controlling the expression of the arabinose ABC 

transporter genes, and thus potential binding partners for the regulatory domain of AraV, we 

introduced a targeted gene deletion of Sso3069 (araV) gene (Chapter 3). Growth and uptake 

studies were performed to characterize the ∆araV strain in comparison to the wild-type strain. 

The ∆araV strain showed a delayed growth on arabinose, but cells were eventually able to 

duplicate. Transferring cells to a fresh medium containing arabinose resulted in an immediate 

growth of the culture which suggests the induction of an alternative arabinose transport system. 

Growth on tryptone and/or glucose was identical for the wild-type and knockout strain. The 

binding of arabinose and glucose to the membrane fractions isolated from ∆araV and wild-type 

strains cultivated on either arabinose or glucose was also investigated. The levels of glucose 

binding were the same in both strains when grown on either sugar. When cells were grown on 

arabinose the deletion strain showed a slightly decreased level of arabinose binding in 

comparison to the wild-type. In the uptake experiments we observed comparable glucose uptake 

activity in ∆araV strains when compared to wild-type, each of them cultivated either on glucose 

or arabinose. For unknown reasons, the uptake activity for arabinose could not be demonstrated 

experimentally. However, since the cells were able to grow on arabinose, we conclude that there 

must be an alternative arabinose uptake system next to the binding protein dependent ABC 

transporter. 

In order to identify differentially expressed genes, DNA microarray analysis was used on the 

∆araV strain compared with the wild-type strain when grown on arabinose.  By this method, a 

clue was obtained on the possible identity of this alternative arabinose uptake system. Previous 
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DNA microarray analysis, comparing the gene expression patterns on arabinose and glucose, 

revealed the expression of the arabinose ABC transporter as the only active arabinose uptake 

system (Brouns et al., 2006). In chapter 3 we show in the ∆araV strain the upregulation of 

Sso2113, another putative transporter, which belongs to the major facilitator superfamily. It is 

possibly that the upregulation of Sso2113 compensates for the inactive, AraV deficient, arabinose 

ABC transporter and further allows the cells to utilize arabinose. However, definite evidence 

awaits a functional analysis of this transporter. DNA microarray data also revealed the 

downregulation of other structural genes of the ABC arabinose transporter, and Sso3067, coding 

for arabinose-binding protein (AraS) and permease (AraT), in the deletion strain. However, this 

did not result in a major change in the protein levels, at least not for the AraS protein. 

Further DNA microarray data also revealed the high level expression of Sso3188 and the 

downregulation of Sso3061. BLAST analyses of those two genes showed that both may encode 

possible transcriptional regulators. The arabinose ABC transporter is present only in S. 

solfataricus, and not S. acidocaldarius or S. tokodaii. Interestingly, the two predicted regulators 

Sso3188 and Sso3061, are also missing in the latter two organisms which suggests that they may 

be directly involved in the regulation of sugar, most likely arabinose metabolism.  

Other genes were also found to be differentially regulated in the ∆araV knockout strain: 

for instance the downregulation of Sso3124 (araD), which is involved in the pentose oxidation 

pathway of S. solfataricus (Brouns et al., 2006). This suggests the activation of another pathway 

for arabinose degradation. Also Sso3053, coding for maltose-binding protein of the maltose gene 

cluster was found to be down-regulated. Possibly, this gene, which is located in the proximity to 

arabinose transporter, shares the same regulator as the genes involved in the arabinose 

utilization. Common feature of the genes involved in transport and utilization of arabinose is the 

presence of the ‘ara-boxes’, AACATGTT motif, within the promoter regions (Brouns et al., 2006). 

Among these clusters of genes are the araS and the genes encoding for enzymes involved in the 

pentose oxidation pathway. It is likely that the regulator binds to all the ‘ara-boxes’, but this 

hypothesis needs to be proven experimentally. 

In Chapter 2 we showed that the arabinose ABC transporter genes are downregulated by the 

addition of the selective amino acids to the growth media. DNA microarray of the ∆araV strain 

showed the downregulation of three genes linked with the lysine biosynthesis operon: Sso0159 

(lysX), Sso0160 (lysJ) and Sso5317, which shows sequence homology to lysW of Aeropyrum 

pernix  (Brinkman et al., 2002). Our result confirms the presence of the catabolite repression in 

S. solfataricus consistent with the proposed link between sugar and amino acid metabolism 

(Haseltine et al., 1996;Haseltine et al., 1999a;Lubelska et al., 2006). LysM belongs to the 

Lrp/AcnC family of regulators, which are widely distributed in bacteria and archaea. E. coli Lrp is 

a global regulator controlling expression of 75 genes (reviewed in Brinkman et al., 2003;Newman 
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and Lin, 1995). Studies on LysM in S. solfataricus showed that this constitutively expressed 

protein controls the expression of the lys gene cluster in the absence of lysine (Brinkman et al., 

2002). It is very likely that LysM also plays a more general role in Sulfolobus, perhaps by 

regulating the expression of ara or/and mal genes. Recently, a lysM knock-out strain has been 

constructed (personal communication, Eveline Peeters) to test this hypothesis.  

Based on the data presented above we can speculate about a possible mechanism of ara 

gene regulation and the role of AraV in this pathway. The expression of the arabinose transporter 

genes might be regulated in a similar manner as the maltose/trehalose transporter of Pyrococcus. 

When arabinose is absent in the medium, a regulatory protein may remain bound to the 

promoter region and repress the ara gene expression. In the presence of arabinose, the regulator 

may be released from the promoter regions and this would result in the de-repression of the ara 

gene expression. It is likely that such a regulator would control the expression from all ‘ara-box’ 

containing promoters. Possibly, the regulator may also bind to the putative regulatory domain of 

AraV but at this stage we can only speculate how this would affect gene regulation or 

alternatively, the activity of the arabinose transporter. One may hypothesize that in the mutant 

lacking AraV, the regulator remains bound to the araS promoter and other ‘ara-box’ containing 

DNA elements, thus repressing a subset of arabinose controlled genes. Importantly, in this 

scheme, the regulator does not interact directly with arabinose, but shuttles between an AraV 

bound and free state depending on the occupancy of the arabinose transporter with substrate. 

Obviously, the deletion of araV results in a deregulation of sugar transport and metabolism. 

However, to determine the significance of the C-terminal domain of AraV in these regulatory 

events it would be of interest to construct a mutant strain possessing only the N-terminal 

domain. Also it would be of interest to test as to whether the putative regulators identified by the 

DNA microarrays studies interact with the C-terminal domains of GlcV and AraV, and/or with the 

‘ara-boxes’. Finally, it would be important to construct gene deletions of Sso3188 and Sso3061 to 

access their roles in the regulation of sugar metabolism in vivo. 

 

 






