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Abstract 

 

The Sulfolobus solfataricus GlcV and AraV are the ATPase subunits of the glucose and arabinose 

ABC transporter, respectively. These proteins are homologous with a similar predicted domain 

organization. The crystal structure of GlcV revealed a two-domain organization: an N-terminal 

ATP-binding region and a C-terminal domain of unknown function. This domain organization is 

similar to that of MalK, the ATPase of the maltose transporter from E. coli. The C-terminal 

domain of MalK binds MalT, the mal operon transcriptional activator. Based on the homology in 

both sequence and structure of GlcV and AraV to MalK we assume that these ATPases might also 

be involved in regulatory circuits. However, the genome of Sulfolobus does not contain obvious 

homologues of MalT. To identify GlcV interacting partners we performed co-(immune) 

precipitation assays and employed the yeast two-hybrid method. In order to show the presence 

of a specific promoter-binding protein of the arabinose operon, electromobility shift assays have 

been performed.  

 

Introduction 

 

Sulfolobus solfataricus is an acidophilic hyperthermophile, which grows optimally at 80 °C and pH 

2 to 4. It is the most widely studied organism of the crenarchaeal branch of the archaea and is a 

model for research on mechanisms of the cell cycle and chromosomal integration, as well as DNA 

replication, transcription and translation in archaea. S. solfataricus can grow heterotrophically 

with a range of sugars. Most of these sugars enter the cell via binding protein-dependent ATP-

binding cassette (ABC) transporter (Elferink et al., 2001;Albers et al., 1999). The glucose ABC 

transporter is encoded by four genes organized in an operon: Sso2847 (glcS) encoding the 

glucose-binding protein, Sso2848 (glcT) and Sso2849 (glcU) – two permeases located in the 

cytoplasmic membrane, and Sso2850 (glcV) coding for the ATP-binding protein (Elferink et al., 

2001). GlcV forms a homodimer that associates with the membrane embedded subunits GlcT and 

GlcU. This complex associates with GlcS that transfers the glucose to the transporter. Uptake of 

glucose requires the binding and hydrolysis of ATP.  

The recently published three-dimensional structure of GlcV revealed a two-domain structure 

(Verdon et al., 2003) (Fig. 1.). The N-terminal region of GlcV contains the conserved nucleotide 

binding motifs such as the Walker A (P-loop), Walker B and a switch motif with ATP/Mg2+-binding 

properties as well as signature motif region and the helical domain for coupling ATP hydrolysis to 

transport (Schneider and Hunke, 1998). In addition, there is a C-terminal region with unknown 
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function. This domain consists of β-strands, which form an elongated barrel-shaped structure 

(Fig. 1).  

 

 

 

 

GlcV has a similar domain organisation as the MalK homologues of E. coli, Pyrococcus furiosus 

and Thermococcus litoralis (Chen et al., 2003;Diederichs et al., 2000;Lee et al., 2003) (Fig. 2). 

The E. coli MalK has been shown to interact physically via its C-terminal regulatory domain with 

the transcriptional activator of the maltose regulon, MalT. In the absence of maltotriose MalT 

interacts with MalK which stabilizes MalT in its inactive form (Panagiotidis et al., 1998). In the 

presence of effectors, i.e., maltotriose and ATP, MalT is released from the MalK requested state, 

self-associates and binds to the mal promoters as an oligomer . This in turn results in a 

transcriptional activation and the expression of the maltose transporter and the maltose 

metabolizing genes. In contrast, a similar type of mechanism of gene regulation has not been 

observed in Thermococcus and Pyrococcus. Rather these organisms contain a repressor, TrmB, 

of the expression of the trehalose/maltose ABC transporters while maltose and trehalose act as 

inducers (Lee et al., 2003;Schreiber and Richet, 1999;Lee et al., 2005). A direct interaction 

between MalK and TrmB has never been demonstrated. 

Based on the homology of GlcV and MalK it is assumed that the C-terminal domain of GlcV might 

be involved in regulatory and possibly interacts with an unknown regulatory protein(s). Homology 

search in the S. solfataricus genome did not reveal any clear candidates with homolog to MalT or 

Fig.1. Three-dimensional structure of GlcV, an ATPase from the glucose ABC transporter from S. solfataricus. The 

most conserved motifs are depicted as follow: WA – Walker A, WB – Walker B, Q – Q-loop, H – H-motif, and ABC – 

ABC signature motif 
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TrmB. Likewise, AraV, an ATPase of the ABC arabinose transporter (see also Chapter 3) contains 

a similar C-terminal region and unlike glucose transport, arabinose transport is tightly regulated 

and its presence requires arabinose in the growth medium. 

 

 

 

Fig.2. Alignment of ATP-binding proteins belonging to the ABC-type of binding-protein dependent transporters: GlcV, 

AraV, MalK (Escherichia coli) and MalK (Thermococcus litoralis) 
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The goal of this study was to identify and characterize possible regulatory proteins using a 

biochemical and genetic approach with the C-terminal region of GlcV as a bait in order to identify 

interacting proteins. In addition, to identify a possible regulator of the arabinose operon 

chromatography of crude cell lysate in combination with EMSA (Electromobility gel shift assays) 

was employed. The data suggests the presence of (the) DNA-binding protein(s) in a cell extract 

isolated from Sulfolobus cells cultivated on arabinose. However, attempts to identify the 

protein(s) by further purification were unsuccessful.  

 

Materials and methods  

 

Expression and purification 

S. solfataricus P2 was cultivated in minimal media supplemented with 0.4% glucose as a sole 

carbon source (Brock et al., 1972). Cell extract was separated from the membranes as described 

before (Lubelska et al., 2006). GlcV and the ATPase mutant Gly144Ala (termed GlcV(G144A) 

were overexpressed as described before (Verdon et al., 2002). This mutant is able to bind ATP, 

but is defect in ATP hydrolysis (Pretz et al., 2008). 

 

Biochemical assays 

Co-immune precipitation. Protein A beads (Amersham) were incubated for 15 minutes with 

polyclonal antibodies raised against GlcV (Agrisera). Purified GlcV or GlcV(G144A) were incubated 

for 15 minutes with a biotinylated cell extract (20 µg per sample). Beads coupled with anti-GlcV 

were combined with the protein samples and incubated for another 30 minutes. Samples were 

washed five times with buffer (100 mM TrisCl pH 7.5 and 150 mM NaCl). Next, samples were 

heated in sample buffer for 5 minutes, spun down and analyzed both on 12% SDS-PAGE and by 

Western blotting using streptavidin-AP conjugate (Roche) together with CDP-star (Roche).  

 

Co-precipitation. A cell extract (20 µg per sample) isolated from S. solfataricus cells grown on 

glucose was biotinylated using biotin. Next, purified GlcV was added to the samples, and the 

suspension was incubated with GlcV antibodies (Amersham) coupled to NHS-sepharose affinity 

beads. Complexes were washed five times with buffer (100 mM TrisCl pH 7.5 and 100 mM NaCl), 

heated with sample buffer for 5 minutes, spun down and analyzed on 12% SDS-PAGE that was 

stained with colloidal coomassie (Bio-Rad).  

Glutamate dehydrogenase (GDH-2) was cloned with an N- or C-terminal histidine tag. Activity 

assays of glutamate dehydrogenase were performed at 60oC in the presence of α-ketoglutarate, 

ammonium and NADH. Upon the reaction, which was measured spectophotometrically at 340 

nm, active GDH-2 should produce glutamate, water and NAD. 
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Two hybrid system 

The matchmaker GAL-4 based yeast two-hybrid system provides a transcriptional assay for 

detecting protein-protein interaction in vivo (developed by Clonetech). Assays were performed 

according to the manufacturer’s manual (Clonetech Laboratories). In short, glcV and glcV(G144A) 

were cloned into the bait plasmids resulting in a chimeric protein together with first 147 amino 

acids of GAL4 protein which functions as a DNA-binding domain (DNA-BD). The bait was tested 

for interaction against a S. solfataricus genomic library (gift from S. Bell, UK) with inserts of 300 

to 900 base pair long. In this library, the translated parts of proteins will form chimeras with the 

activation domain (AD) of the GAL4 protein which corresponds to amino acids 768-881. An 

interaction between the bait and library protein results in functional reconstitution of the GAL4 

and an activation of lacZ transcription that can be read out as β–galactosidase activity.  

 

Electromobility Gel Shift assays 

The araS promoter was amplified by PCR (forward primer 145 5’- 

cccccatatgttagagatgaagcttagaagatc-3’ and reverse 146 5’-

cccccgaattcgccatggtctcgggtacttttatgacctaac-3’), which resulted in 241 bp DNA fragment. The 

promoter region was γ32P-ATP end-labeled using T4 polynucleotide kinase according to the 

manufacturer’s protocol (New England Biolabs). EMSA reactions were performed in a total 

volume of 20 µl per sample in the binding buffer (20 mM MES pH 6.5, 25 mM MgCl2, 75 mM KCl, 

1 mM DTT, 10% glycerol). To each reaction, 100 ng poly(dIdC) was added as an unspecific 

competitor. Cell extracts used in the EMSA assays were separated from membranes according to 

Fig.3. Co-purification assay for proteins that associated with GlcV. Cell extract proteins isolated from the cells grown 

on glucose, tested for binding either to GlcV wt or GlcV(G144A) mutant, with or without ATP addition. As a control 

samples with GlcV and GlcV mutant eluted from the beads as well as cell extract and purified proteins were loaded on 

a gel. In all the GlcV containing samples four specific bands were visible with molecular masses of 25, 36, 45 and 55 

kDa, respectively. 
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the procedure described before (Lubelska et al., 2006). Reactions were incubated at 48 oC for 10 

minutes, analyzed on 6% polyacrylamide gel in TBE running buffer.  

 

Results 

 

Pull-down assays 

In order to identify interacting partners of GlcV co-immunoprecipitation assays were performed. 

GlcV antibody coupled protein A beads were incubated with samples of purified GlcV that were 

preincubated with a cytoplasmic extract of glucose grown cells in the absence or presence of ATP 

(Fig. 3). To be able to detect the low amounts of possible interacting partners, cytoplasmic 

proteins were biotinylated prior to the interaction assay. As compared to the control that lacked 

the purified GlcV, the GlcV containing samples showed the presence of two extra protein bands 

with molecular masses of 55 and 45 kDa. Similar results were obtained when ATP was added to 

the samples. Unfortunately, the levels of the protein bands were too low for detection by MALDI-

TOF mass spectrometry (data not shown).   

Next, the NHS-sepharose beads were used to immobilize the purified GlcV and GlcV(G144A) 

proteins via free NH2 groups. This affinity column was used in co-precipitation assay. Beads were 

incubated together with biotinylated cell extract and antibodies directed against GlcV. Slurry 

bound complexes were washed and analyzed on colloidal coomassie stained SDS-PAGE. In all the 

GlcV containing samples four specific bands were visible with molecular masses of 25, 36, 45 and 

55 kDa, respectively. Similar results were obtained when the co-precipitation was performed in 

the presence of ATP. The proteins were excised from the gel, subjected to the tryptic digestion 

and analyzed by MALDI-TOF mass spectrometry. Protein bands 1, 3 and 4 could not be assigned, 

while band 2 was identified as glutamate dehydrogenase (Gdh-2). gdh-2 was cloned with a C and 

N terminal 6xHis-tag, both proteins were overexpressed in E. coli and purified using  Ni-NTA 

affinity chromatography. Gdh-2 was confirmed to be thermostable and active. Tagged Gdh-2 was 

immobilized on His-tag beads and checked for interaction with GlcV. However, neither GlcV nor 

GlcV(G144A) were found to bind Gdh-2.  

 

Yeast two-hybrid 

The yeast two-hybrid system is a molecular genetic tool that can be used to identify  interactions 

between proteins in vivo. In order to search for GlcV interacting partner(s), we used GlcV and 

GlcV(G144A) as bait against a partial S. solfataricus genomic library. In short, the yeast GAL4 

protein is split into two parts - the activating domain and the DNA binding domain. The split 

protein is not functional unless the two parts are brought together. The DNA binding domain was 

fused to full length GlcV or GlcV(G144A) and expressed in cells that contain a library of the 
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activation domain fused to short protein fragments of Sulfolobus. An interaction between GlcV 

and a library protein will result in the formation of a functional GAL4 protein and thus in 

activation of a chromosomally located lacZ promoter that drives the transcription of β-

galactosidase. The activity of the enzyme can be visualized as the formation of blue colonies 

upon incubation with the colorless substrate, X-gal (5-bromo-3-indoyl-β-D-galactopyranoside) 

that is converted by β-galactosidase into a blue product. In a first round of selection, two 

possible binding partners were identified, i.e., the MCM (mini chromosome maintenance, 

Sso0774) protein and an asparaginase (Sso2350). A second round of selection confirmed the 

interaction of the asparaginase with GlcV and GlcV(G144A). Next, the asparaginase gene was 

cloned with either a C- or N-terminal 6x His tag, but the protein could not be overexpressed in E. 

coli which precluded the further analysis of its interaction with GlcV.   

 

Electromobility shift assays 

Electromobility shift assays (EMSA) were used to identify DNA-binding proteins in the cell extracts 

isolated from S. solfataricus cells cultivated on arabinose that specifically bind to the promoter of 

the arabinose transport operon. A DNA fragment corresponding to the araS promoter was 

incubated with cell extract isolated from cells cultivated on arabinose in the absence or presence 

of unspecific competitor DNA (Fig. 4. B and C, respectively). In both cases, an upshifts of the 

promoter DNA were observed. To check for the specificity of this interaction, the ara promoter 

was incubated with cell extract isolated from the cells grown on glucose in the presence of an 

unspecific competitor. In this case no upshift was observed (Fig. 4D), which suggests the 

presence of specific DNA-binding proteins, of which the expression gets activated when arabinose 

is used as a carbon source for Sulfolobus. The observed interaction occurred only at high protein 

concentrations of cell extract suggesting the presence of a specific araS promoter binding protein 

present in low abundance.  

 

 

 

Fig.4. EMSA assay of protein binding to a DNA fragment corresponding to the araS promoter. A – araS promoter; B – 

araS promoter, binding buffer, cell extract isolated from cells grown on arabinose, no unspecific competitor; C – araS 

promoter, binding buffer, cell extract isolated from cells grown on arabinose, specific competitor - poly(dI.dC) added; 

D - araS promoter, binding buffer, cell extract isolated from cells grown on glucose, specific competitor - poly(dI.dC) 

added 
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Fig. 5A-H shows a titration with arabinose cell extract tested in the EMSA assay in the presence 

of unspecific competitor (Lane A contains the highest total protein concentration). With 

increasing protein concentration, more of the DNA shift was observed. Fig. 5, lanes I-O, 

represents a similar experiment but in the absence of an unspecific competitor.  

For identification, DNA-binding proteins were isolated by heparin column chromoatography 

followed by gel filtration (data not shown). DNA binding activity to the araS promoter was 

detected in specific eluted fractions, but the EMSA assays appeared unspecific as the upshift was 

competed by unspecific DNA (data not shown).  

 

 

 

Discussion 

 

Sugar metabolism has been extensively studied in the thermoacidophilic archaeon Sulfolobus 

solfataricus. Analysis of the central metabolism has revealed unique adaptations to the extreme 

environment, for instance, the conversion of glucose proceeds via a non-phosphorylating Entner-

Doudoroff pathway, instead of commonly used glycolysis or the pentose phosphate pathway. The 

various sugars enter the cell via high-affinity binding protein dependent uptake systems that 

belong to the family of ABC transporters (Albers et al., 1999;Elferink et al., 2001). Remarkably 

little is known how sugar metabolism and transport are regulated and coordinated in archaea. 

Except for glucose utilization, the expression of specific sugar transport components requires the 

presence of the respective sugars in the medium (Lubelska et al., 2006). Catabolite repression by 

glucose as described before for bacteria has also been suggested for S. solfataricus (Haseltine et 

al., 1996;Haseltine et al., 1999a;Hoang et al., 2004;Lubelska et al., 2006) but the mechanistic 

details have remained unclear. 

Fig.5. Protein concentration dependence of protein binding to a DNA fragment corresponding to the araS promoter. 

A-H. araS promoter in a binding buffer, unspecific competitor poly(dIdC) added, decreasing amounts of cell extract 

isolated from the cells grown on arabinose loaded from the left to the right (A: 20 mg/ml protein to H 0.5 mg/ml 

protein); I-O araS promoter in binding buffer without the addition of unspecific competitor with the same amounts of 

cell extract as in A-H; as a control araS promoter has been loaded.  
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In S. solfataricus glucose and arabinose transport is mediated by a high-affinity binding 

protein-dependent ABC transporters. The recently solved a three-dimensional structure of S. 

solfataricus GlcV, the ATPase subunit of the glucose ABC transporter showed some surprising 

features: it revealed a unique two domain organization of the protein (Verdon et al., 2003). 

Besides the well-conserved N-terminal ATP-binding domain, the presence of a C-terminal 

extension that is homologous to the MalT binding domain of MalK, the ATPase subunit of the E. 

coli maltose transporter or (Chen et al., 2003;Diederichs et al., 2000). A similar domain is present 

in AraV, the ATPase of the arabinose transporter. For this reason, it was anticipated that GlcV 

and AraV C-terminal regions are also involved in protein-protein interaction(s) possibly with 

unknown regulatory proteins. The genome of S. solfataricus does not contain any obvious MalT 

or TrmB homologues. 

In order to identify GlcV interacting partner(s) we employed two approaches: a 

biochemical, co-precipitation method, and genetic method, the yeast two-hybrid system. With 

both methods wild-type GlcV and an ATPase mutant was used. In the latter, Gly144 was replaced 

by Ala. The GlcV(G144A) mutant is analogous to MalK941 in which Gly137 was changed into Ala. 

This resulted in a stable protein that retains the ability to bind ATP (Panagiotidis et al., 1998), but 

that is defective in both ATP hydrolysis and maltose transport. With this mutant the mal genes 

cannot be transcribed. In the biochemical approach, four proteins were found to interact with 

GlcV or GlcV(G144A), but only one could be identified as glutamate dehydrogenase (Gdh-2). 

Gdh-2 may provide a link between carbon and nitrogen metabolism. Gdh catalyses a reversible 

oxidative deamination of glutamate to produce 2-oxoglutarate and ammonia, using NAD+ or 

NADP+ as coenzymes. In archaea these enzymes are involved both in ammonia assimilation and 

glutamate catabolism. However, in direct biochemical tests no interaction between GlcV and Gdh-

2 could be demonstrated. Since Gdh-2 is an abundant enzyme, the observed interaction possibly 

reflects a non-specific event. In the yeast two-hybrid screen an interaction between GlcV and 

asparaginase was observed. When aspartate is not present in the growth media, cells can 

produce this amino acid through hydrolysis of L-asparagine into aspartic acid and ammonia. 

Unfortunately, direct biochemical tests to access the interaction between GlcV and asparaginase 

failed as the protein could not be produced heterologously in E. coli. 

Previously, we have demonstrated that sugar and amino acid metabolism are coordinated 

(Lubelska et al., 2006). Both, glutamate deydrogenase and asparaginase are important in the 

pathways that balance carbon and nitrogen metabolism. Since these pull down assays turned out 

to be unsuccessful, future studies should focus on the construction of a S. solfataricus GlcV 

deletion strain that can then be analyzed by DNA microarray analysis. Since malK null mutants 

are devoid of transport activity and are constitutive for the MalT-dependent mal gene expression 

(Kuhnau et al., 1991), we may expect a deregulation of the expression of potential target genes 
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in the S. solfataricus ∆glcV strain providing possible leads on the regulatory mechanisms and 

putative regulators involved.  

Since we proved that expression of the arabinose ABC transporter is enhanced upon addition of 

arabinose to the growth media (Lubelska et al., 2006), we employed EMSA assays to screen for a 

specific arabinose metabolism associated DNA binding protein. We tested cell extracts isolated 

either from cells grown on arabinose or glucose for binding to the araS promoter region (Fig. 4). 

When the araS promoter was mixed with the arabinose cell extract an upshift of DNA is 

observed. Reversibly, when araS promoter was incubated with a glucose cell extract no binding 

was observed. This experiment suggests the presence of DNA binding protein(s) in cells grown 

on arabinose that specifically bind to the araS promoter region. We also incubated different 

amounts of proteins of arabinose cell extract and incubated with araS promoter. With increasing 

protein concentration, an increased gel shift can be observed. Furthermore, arabinose cell extract 

has been fractionated using anion exchange chromatography is order to identify binding proteins 

(data not shown). Unfortunately, in most of the fraction we could observe only an unspecific DNA 

upshift. Further studies should therefore be focused on the DNA-binding proteins identified in the 

DNA microarray analysis described in Chapter 3 in order to reveal if they bind specifically to the 

araS promoter region. 

 

 

 

 




