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Structural and biochemical characterization of 
GlcV, the ATPase of the glucose ABC transporter 

of the archaeon Sulfolobus solfataricus 
 

Sonja-Verena Albers, Grégory Verdon, Andy-Mark W.H. Thunnissen, and Arnold 
J.M. Driessen 

 

Summary  
 
Glucose uptake in the thermoacidophilic archaeon Sulfolobus solfataricus is 
mediated by a binding protein-dependent ABC transporter encoded by the glcSTUV 
genes. GlcV, the ATP-binding protein was cloned and produced in Escherichia coli. 
The purified protein hydrolyzes ATP optimally at 70 °C and pH 6.5 with a Km value of 
280 µµµµM and a turnover of 0.08 s-1. ADP and vanadate are strong competitive 
inhibitors of the ATPase activity, whereas NEM and azide were ineffective. GlcV was 
crystallized and its crystal structure was solved at 1.7 Å resolution. The protein 
shows a very conserved ATP-binding domain and a C-terminal domain, which has a 
partial OB-fold like organization. In analogy to E. coli MalK, this domain might also 
in S. solfataricus be involved in regulation of gene expression.  
 
Introduction 
 

ABC (ATP-binding cassette) 
transporters are an important class of 
transporters, which are widely distributed across 
all kingdoms of life (Higgins, 1992). These 
systems are able to conduct the ATP-dependent 
uptake or excretion of a wide range of different 
substrates, such as sugars, amino acids, ions, 
drugs and polysaccharides. Structural features 
shared by all of these transporters are: an 
integral membrane domain, which is thought to 
function as the substrate-conducting pore, and 
cytoplasmic ATP-hydrolyzing subunits that 
provide the energy needed for the translocation. 
In eukaryotes, the membrane and ATP-binding 
domains are fused in a single polypeptide, while 
in bacteria, the system can consist of different 
subunits. 

The maltose transporter of E. coli and 
the histidine transporter of Salmonella 
typhimurium are well-studied examples of 
bacterial binding-protein dependent ABC 
transporters. These systems contain an 

additional subunit, i.e. a periplasmic binding 
protein that binds the substrate in the periplasm 
of the cell and transfers it to the permease. Both 
maltose and histidine transport systems have 
been purified and functionally reconstituted into 
proteoliposomes. The catalytic and energetic 
aspects of the uptake mechanism have been 
studied in detail (Ehrmann et al., 1998). 
Recently, the crystal structure of HisP, the ATP-
binding protein of the histidine transporter of 
Salmonella typhimurium has been solved (Hung 
et al., 1998). 

Genomic information (Paulsen et al., 
2000) which in some cases is supported by 
experimental data (Elferink et al., 2001), 
indicate that Archaea, in particular 
(hyper)thermophiles mainly rely on ABC-type 
transporter for sugar uptake. The enzymological 
features of these systems in Archaea have 
hardly been studied. A maltose/trehalose 
binding-protein-dependent ABC-transporter has 
been described for the hyperthermophilic 
archaeon Thermococcus litoralis (Horlacher et 
al., 1998). The ATP-binding protein of this
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                                                 Walker A 
Ec MalK  ---MASVQLQNVTKAWG--EVVVSKDINLDIHEGEFVVFVGPSGCGKSTLLRMIAGLETI 55 
Tl MalK  ---MAGVRLVDVWKVFG--EVTAVREMSLEVKDGEFMILLGPSGCGKTTTLRMIAGLEEP 55 
GlcV     ---MVRIIVKNVSKVFKKGKVVALDNVNINIENGERFGILGPSGAGKTTFMRIIAGLDVP 57 
HisP     MMSENKLHVIDLHKRYG--GHEVLKGVSLQARAGDVISIIGSSGSGKSTFLRCINFLEKP 58 
   
 
 
 
Ec MalK  TSGDLFIGEK---RMNDT------PPAERG------VGMVFQSYALYPH
Tl MalK  SRGQIYIGDK---LVADPEKGIFVPPKDRD------IAMVFQSYALYPH
GlcV     STGELYFDDR---LVASNGK-LIVPPEDRK------IGMVFQTWALYPN
HisP     SEGAIIVNGQNINLVRDKDGQLKVADKNQLRLLRTRLTMVFQHFNLWSH
 
 
 
                                        Signature motif   
Ec MalK  LKLAGAKKEVINQRVNQVAEVLQLAHLLD-RKPKALSGGQRQRVAIGRT
Tl MalK  LKLRKVPRQEIDQRVREVAELLGLTELLN-RKPRELSGGQRQRVALGRA
GlcV     LTNMKMSKEEIRKRVEEVAKILDIHHVLN-HFPRELSGGQQQRVALARA
HisP     IQVLGLSKHDARERALKYLAKVGIDERAQGKYPVHLSGGQQQRVSIARA
         
 
 
           D-Loop                   Switch 
Ec MalK  EPLSNLDAALRVQMRIEISRLHKRLGRTMIYVTHDQVEAMTLADKIVVL
Tl MalK  EPLSNLDAKLRVRMRAELKKLQRQLGVTTIYVTHDQVEAMTMGDRIAVM
GlcV     EPFSNLDARMRDSARALVKEVQSRLGVTLLVVSHDPADIFAIADRVGVL
HisP     EPTSALDPELVGEVLRIMQQLAE-EGKTMVVVTHEMGFARHVSSHVIFL
         
 
 
 
Ec MalK  LELYHYPADRFVAGFIGSPKMNFLPVKVTAT-AIDQVQVELPMPNRQQV
Tl MalK  DEVYDKPANTFVAGFIGSPPMNFLDAIVTEDGFVDFGEFRLKLLPDQFE
GlcV     EDLYDNPVSIQVASLIG--EINELEGKVTNEGVVIG-SLRFPVSVS---
HisP     EQVFGNPQSPRLQQFLKGSLK----------------------------
         
  
 
 
Ec MalK  GANMSLGIRPEHLLPSDIADVILEGE------VQVVEQLGNET-QIHIQ
Tl MalK  GREVIFGIRPEDLYDAMFAQVRVPGENLVRAVVEIVENLGSER-IVHLR
GlcV     SDRAIIGIRPE---DVKLSKDVIKDDSWILVGKGKVKVIGYQGGLFRIT
HisP     -------------------------------------------------
                                                          
 
 
 
Ec MalK  QNDVVLVEEGATFAIGLPPERCHLFREDGTACRRLHKEPGV 371 
Tl MalK  SE--SRVREGVEVDVVFDMKKIHIF--DKTTGKAIF----- 372 
GlcV     TYSDHPIHSGEEVLVYVRKDKIKVFEKN------------- 353 
HisP     ----------------------------------------- 

 

  

 
Fig. 1. Alignment of ATP-binding proteins belonging to the ABC-type o
transporters. Secondary structure elements are as for GlcV and numbere
binding motifs are indicated. Ec MalK, E. coli; Tl MalK, T. litoralis; HisP, Salm
solfataricus. 
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system, MalK, has been expressed, 
characterized and its crystal structure has been 
solved (Greller et al., 1999; Diederichs et al., 
2000). In the thermoacidophilic archaeon S. 
solfataricus, sugars such as glucose, trehalose 
and arabinose are transported by typical sugar 
ABC transporters, while oligosaccharides such 
as cellobiose and maltose/maltotriose are 
transported by systems that are homologous to 
the family of di/oligopeptide ABC transporters 
(Albers et al., 1999; Elferink et al., 2001). 
Interestingly, the ATP-binding proteins of sugar 
ABC transporters in S. solfataricus contain a 
similar C-terminal extension as observed in 
MalK of T. litoralis (Fig. 1). In the E. coli and 
Salmonella  typhimirium MalK, this domain is 
involved in regulation of the mal genes. 
Previously, it was observed that null mutants of 
MalK resulted in total loss of the regulation of 
the mal genes resulting in constitutive 
expression of the mal genes (Hofnung, et al., 
1974; Schwartz, 1967). Mutations in the C-
terminal domain do not influence ATP 
hydrolysis, but abolish the inactivation of MalT 
(Kuhnau et al., 1991; Panagiotidis, et al., 1998). 

MalT is the activator of the mal operon (Richet 
and Raibaud, 1987) and binds to MalK. MalK 
therefore links sugar transport with 
transcriptional regulation of genes involved in 
the metabolism routes of the substrate.  

The molecular mechanism by which 
ATP drives the translocation of substrates 
across the membrane is unknown. Therefore, 
structural information is needed about ATP-
binding proteins and their conformational 
changes during the catalytic cycle. Here, we 
report the heterologous expression of GlcV, the 
ATP-binding protein of the glucose transporter 
of S. solfataricus. The recombinant GlcV was 
characterized biochemically and crystallized.  
 
RESULTS 
 
Cloning, Overexpression and Purification of 
GlcV  
 
GlcV, the ATP-binding protein of the glucose 
transporter of S. solfataricus (Chapter 2) was 
cloned by PCR from S. solfataricus P2 genomic 
DNA and ligated into an expression vector. This 
allowed high level over-production of GlcV in 
E. coli. GlcV was purified by three consecutive 
chromatographic steps, i.e., cation exchange, 
hydrophobic interactions, and dye-ligand 
affinity chromatography. About 16 g of cells 
(wet weight) yielded 40 – 50 mg of GlcV 
protein, which was estimated to be 98 % pure 
based on silver-stained SDS-PAGE. Dynamic 
light scattering analysis of GlcV samples 
demonstrated that the samples was highly 
homogenous suggesting a monomeric state of 
GlcV in the absence of substrate.  
 
Characterization of the ATPase activity of 
GlcV 
 
The purified GlcV protein actively hydrolyzed 
ATP. The optimal temperature for ATP 
hydrolysis was 70°C, and the activity sharply 
dropped at temperatures above 70°C (Fig. 2). 
The half-life at 70 °C was around 1 h, showing 
that the protein is highly thermostable. The pH 
optimum was found to be slightly acidic and 

Fig. 2. Temperature optimum of the ATPase activity 
of the purified GlcV. The protein was preheated for 
2 min at the indicated temperatures before the 
addition of ATP. ATP hydrolysis was measured 
after 3 min. 
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maximal activity is found at pH of 6.5 (Fig. 3). 
The Km for ATP hydrolysis was 288 µM and 
the Vmax was about 0.12 µmol/min . mg protein 
at 70 °C and pH 6.5. The latter value 
corresponds to a turnover of about 0.08 s-1. In 
addition to ATP, GTP was hydrolyzed albeit 
with lower affinity (Km about 1.2 mM). CTP 
and UPT were unstable at 70°C and could 
therefore not be used. Hydrolysis of ATP was 
dependent on the presence of Mg2+, whereas 
Mn2+ could substitute 90 % and Co2+ still 80% 
of activity (Fig. 4). Zn2+, Ba2+ and Str2+ did not 
support the ATPase activity of GlcV. ADP and 
ATP-γ-S were both competitive inhibitors of 
ATP hydrolysis with a Ki value of about 130 
µM. This implies that the catalytic product ADP 
is a strong competitive inhibitor of the GlcV 
ATPase. A series of known ATPase inhibitors 
were tested for their effect on the ATPase 
activity of GlcV. N-ethylmaleimide (NEM) (up 
to 1 mM) and azide (up to 1.5 mM) had no 
effect on the ATPase activity of GlcV, while 2 
mM vanadate reduced activity to about 50 %. 
The ATPase activity was not stimulated in the 
presence of the substrate, glucose, of the 
transporter in contrast to observations with the 
ATP-binding subunit (MglA) of the galactose 

transporter of Salmonella typhimurium 
(Richarme, et al., 1993). Finally, addition of 
various amounts tetraether lipids of S. 
acidocaldarius had no effect on the ATPase 
activity of GlcV. 
 
Preliminary structure analysis of GlcV 
 
In the absence of ATP or ATP analogues, GlcV 
readily forms crystals that diffract up to 1.7 Å 
resolution (for further details see: Verdon et al, 
2001). GlcV crystallized in the spacegroup 
P2,2,2 with one molecule in the asymmetric 
center and thus is present as a monomer. The 
protein shows to two distinct domains, an ATP-
binding domain and a C-terminal extension that 
connects with the ATP binding domain by 
means of a structurally organized linker region 
(Fig. 5). The ATP-binding domain is divided 
into two regions, the first one forming a shell-
like structure, which is involved in the binding 
of ATP (Hung et al., 1998) and underneath a 
layer of α-helices. The shell is formed by a 
parallel β-sheet and an antiparallel β-sheet 
enclosing helix 1. The connection between 
strand 3 and helix 1 is the P-loop, which 
contains the Walker A motif (Walker et al., 

Fig. 3. pH dependency of the ATPase activity of 
GlcV at 70°C. ATP hydrolysis was measured for 3 
min. Buffers used were acetic acid, pH 4 and 5, 
MES, pH 6 and 6.5, HEPES, pH 7 and 8, and 
diethanolamine, pH 9 and 10. 

Fig. 4. Cation dependency of ATPase activity. 
The activity of GlcV in the presence of Mg2+ was 
taken as 100%. In the other samples, Mg2+ was 
substituted for the indicated cations. 
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1982), that is highly conserved in ATP-binding 
proteins (Fig. 1). This region is known to be 
involved in the binding of the phosphate 
moieties of the ATP (Hung et al., 1998). The 
signature motif is situated in helix 4 (Fig. 1). 
Salmonella typhimurium MalK, mutated in this 
motif, fails to incorporate into an active 
transport complex, but is active in ATP 
hydrolysis (Schmees et al., 1999). Moreover, 
Hunke et al. (2000) demonstrated that V114 and 
V117, which are found in the vicinity of the 
signature-motif, could be crosslinked to MalGF. 
The crosslinking of the V114 position to MalGF 
is ATP-dependent. Both valine residues are 
conserved in GlcV, suggesting that the α-helices 
of the helical regions are in contact with the 

permeases (bottom of Fig. 5). Taken together 
the folding of the ATP-binding domain is highly 
similar to MalK (Diederichs et al., 2000), HisP 
(Hung et al., 1998) and Rad50 (Hopfner et al., 
2000).  
 The ATP-binding domain connects to 
the C-terminal part via two short α-helical 
elements. The C-terminal domain itself consists 
mainly of β-strands and is very similar in 
overall fold to the C-terminal domain in MalK 
of T. litoralis (Diederichs et al., 2000). Only 
two short α-helices present face the site of the 
ATP-binding domain. The upper part is an 
antiparallel β-sheet, whereas the lower part 
shows some structural similarity with the 
oligonucleotide/oligosaccharide binding (OB)-

Fig. 5. Ribbon model of the crystal structure of GlcV. The ATP-binding domain is located on the left 
hand site, which is connected via two short α-helices to the C-terminal domain. The C-terminal 
domain contains mainly β-strands. Helices are depicted in grey and β-strands in black. 
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fold (Murzin, 1993).  
 
DISCUSSION 
 
Here we describe a biochemical and structural 
characterization of GlcV, the ATP-binding 
protein of the glucose ABC transporter of the 
thermoacidophilic archaeon S. solfataricus. The 
protein is highly thermostable, and exhibits an 
endogenous ATPase activity comparable to 
MalK, the ATP binding subunit of the 
maltose/trehalose ABC transporter of T. 
litoralis (Greller et al., 1999).  
   

In the absence of nucleotide ligands, 
GlcV crystallizes as a monomer. The structural 
analysis shows a two-domain organization: i.e. 
an ATP-binding domain and a C-terminal 
extension. The folding of the first is highly 
identical to other characterized ATP-binding 
proteins like HisP (Hung et al., 1998), Rad50 
(Hopfner et al., 2000) and MalK (Diederichs et 
al., 2000). All typical elements of the ATP 
binding site can be identified. Since the protein 
was crystallized in the absence of a nucleotide 
ligand and Mg2+, the ATP binding site is empty.  

Compared to the E. coli HisP, GlcV 
contains 95 additional amino acids at its 
carboxyl-terminus, which is typically observed 
for ATP-binding subunits of sugar ABC uptake 
systems. For the E. coli MalK, this region has 
been shown to interact with MalT, the regulator 
of the mal operon (Panagiotidis et al., 1993). 
Like in the T. litoralis MalK protein, this region 
in GlcV has a well-defined structure consisting 
mainly of β-strands. In analogy to MalK this 
region in GlcV likely contains a binding site for 
a regulator, but the identity of this regulator is 
unknown. In this respect, MalK of E. coli and 
Salmonella typhimurium has been studied in 
great detail. Besides fueling the transport 
process with energy by ATP-hydrolysis, MalK 
plays additional important roles: (1) it is 
required for the proper assembly of the 
membrane components (Lippincott and Traxler, 
1997; Panagiotidis et al., 1993); (2) it is the 
target of inducer exclusion by IIAGlu of the PTS 
system (van der Vlag and Postma, 1995); (3) 

and most intriguing, it is involved in the 
regulation of mal gene expression. MalK 
deletion results in constitutive expression of the 
mal operon (Schwartz, 1967). MalT, the 
activator of the mal operon, can bind to MalK 
and thereby looses its inducing capacity 
(Panagiotodis et al., 1998). Several mutations in 
the carboxyl-terminal domain are known to 
abolish the ability of MalK to repress the 
expression of mal genes (Hunke, et al., 2000; 
Kuhnau et al., 1991; Lippincott and Traxler, 
1997). Moreover, two highly homologous ABC 
subunits, UgpC and LacK, can substitute for 
MalK in the transport activity, but lack the 
regulatory activity (Hekstra and Tommassen, 
1993; Schmees and Schneider, 1998). MalK 
indirectly “senses” the availability of substrate 
and by interaction with MalT regulates gene 
expression. The presence and similarity of the 
well-structured domain at the C-terminus of 
GlcV from S. solfataricus and MalK from T. 
litoralis suggests, that in archaea a similar 
mechanism of regulation may exist. However, 
MalT homologues have not been identified in 
these organisms.  

In their functional state, ABC-type 
ATPases are thought to function as dimers. In 
most sugar ABC transport systems this involves 
a homodimer, whereas in the class of 
oligopeptide ABC transporters mainly 
heterodimers are found. MalK, HisP and Rad50 
have been crystallized in a dimeric form, but the 
spatial organization of each of these dimers 
differs considerably (Diederichs et al., 2000; 
Hopfner et al., 2000). GlcV is unique as it 
crystallized as a monomer. To further 
understand the functional consequences of 
changes in the quaternary structure, further 
studies will be focused on identifying 
conditions that result in dimerization of GlcV. 
 
EXPERIMENTAL PROCEDURES 
 
Cloning and Plasmid Construction 
 
Chromosomal DNA from S. solfataricus was prepared by 
CsCl-bouyant density centrifugation (Schleper et al., 
1995). Oligonucleotide primers for the amplification of 
glcV were designed on basis of the genome sequence of S. 
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solfataricus (ORF assignment she0442_032/SSO2850) 
(http://niji.imb.nrc.ca/sulfolobus/). The forward primer 
(5'-CGCGCCATGGTTAGGATTATTG) and reverse 
primer (5'-CGGCGGATCCTTATTTTTTTTCAA) 
contained an NcoI and BamHI endonuclease restriction 
site, respectively. The digested PCR product was ligated 
into the expression vector pET15b (Novagen, The 
Netherlands), downstream from a T7 RNA polymerase 
promoter yielding pET2150. 
 
Expression and purification of GlcV 
 
E. coli strain C43(DE3) (Miroux and Walker, 1996) was 
co-transformed with pET2150 (Ampr) and pSJS1244 
(Spcr), that produce three tRNA genes (ileX, argU, lys) to 
overcome differences in codon usage between E. coli and 
S. solfataricus (Kim et al., 1998). Transformants were 
inoculated into 5 ml of LB+ medium (LB medium + 5 g/l 
of yeast extract) supplemented with carbenicillin and 
spectinomycin (80 µg/l each) and incubated for 8 hrs at 
30°C. Two ml of the culture was diluted into 1 l of LB+ 
medium, grown overnight at 30 ºC, and further grown in a 
biofermentor in a final volume of 10 l of LB+. For 
induction of glcV, 0.8 mM isopropyl β-D-
thiogalactopyranoside (IPTG) at an OD600 of 1, and 
growth was continued for an additional 6 h. Cells were 
harvested by centrifugation (about 80 g of wet weight) 
and stored at –80 °C. 

 
Purification of GlcV 
 
After thawing, 16 g of cells were resuspended in 75 ml of 
lysis buffer (20 mM MES, pH 6.5, 100 mM NaCl, 20% 
glycerol, 10 mM MgCl2, and 1 mM DTT) supplemented 
with a protease inhibitor cocktail (EDTA, EGTA, 
phenylmethylsulfonylfluoride and benzamidine, each at 2 
mM concentration). Cells were disrupted by sonication, 
and the lysate was cleared by centrifugation for 45 min at 
30.000 x g. The resulting supernatant was diluted 3 times 
with buffer A (20 mM MES, pH 6.5, 20 % glycerol, 10 
mM MgCl2, and 1 mM DTT) and loaded on a column 
containing 50 ml of SP Sepharose Fast Flow media 
(Pharmacia) equilibrated in buffer A. After extensive 
washing with the same buffer, GlcV was eluted with 600 
ml of linear gradient of 0 to 0.6 M NaCl in buffer A. 
Fractions were analyzed for the presence of GlcV protein 
by SDS-PAGE and pooled (about 150 ml). Next, the 
NaCl concentration was increased to 2.3 M, and the 
sample loaded on a Butyl Sepharose Fast Flow media 
(Pharmacia; volume of 75 ml) equilibrated in buffer B (50 

mM NaH2PO4, pH 7.0, 5 % glycerol, and 1 mM DTT) 
supplemented with 2.3 M NaCl. The column was washed 
with buffer B, and GlcV was eluted with 800 ml of a 
linear gradient of 2.3 to 0 M NaCl in buffer B. Fractions 
containing GlcV were pooled (about 300 ml), diluted four 
times with Milli-Q water and applied on 40 ml of Red-
Dye agarose (Reactive red 120 type 3000 CL, Sigma) 
equilibrated in buffer C (20 mM TrisCl, pH 7.5, 20 % 
glycerol, 10 mM MgCl2, and 1 mM DTT) supplemented 
with 0.3 M NaCl. The column was subsequently washed 
with 160 ml of buffer C, and 200 ml of a gradient of 0.3 
to 0.9 M NaCl in buffer C. GlcV was eluted with 160 ml 
of buffer C supplemented with 2.3 M NaCl, and the GlcV 
containing fractions were pooled (about 150 m) and 
concentrated with Macrosep and Microsep devices 
(PALL FILTRON) in a stabilizing buffer (20 mM MES, 
pH 6.5, 150 mM NaCl, 10 mM MgCl2, 1 mM DTT, and 2 
mM EDTA). The protein was stored at -80 °C. All 
chromatographic steps were performed at 4 °C. 

 
Structural analysis 
 
Growth conditions for crystals of GlcV and the structure 
analysis by X-ray crystallography will be described 
elsewhere (Verdon et al, 2001).  

 
Other Analytical techniques 
 
The ATPase activity of GlcV was determined as follows: 
GlcV (3 µg of protein) was pre-heated at 70 °C in 100 µl 
assay buffer (20 mM MES, pH 6.5, 150 mM NaCl, and 5 
mM MgCl2). After 2 min, 1 mM ATP was added and the 
incubation was continued for 5 min. Reactions were 
terminated by rapid freezing in liquid nitrogen, and the 
amount of released inorganic phosphate was determined 
calorimetrically (Lanzetta et al., 1979). Protein 
concentrations were determined with the DC Biorad Kit 
(BIORAD, The Netherlands).  
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Towards an in vitro assay system for glucose 
uptake of Sulfolobus solfataricus 

 

 

 

Introduction 
 
Glucose transport in the thermoacidophilic 
archaeon Sulfolobus solfataricus is mediated by 
a high affinity binding-protein-dependent ABC 
transporter. The glucose-binding protein (GlcS) 
has been characterized and the glucose 
transporter genes have been identified in the 
genomic database of S. solfataricus P2 (Chapter 
2). Upstream of GlcS two permeases (GlcT and 
U) and one ATP-binding protein (GlcV) are 
arranged in an operon-like structure. Transport 
studies in S. solfataricus cells were used for 
initial characterization of the transport process. 
However, further studies on the transport 
process are hampered by the lack of a functional 
vesicle system for S. solfataricus. By applying 
different methods attempts were made to 
develop a transport competent membrane 
vesicle system for S. solfataricus. However, 
transport activities in these membrane vesicles 
could not be observed. Therefore, for the studies 
of the kinetics of glucose uptake, the energetic 
requirements and the mechanism of glucose 
translocation in more detail, an in vitro assay is 
urgently needed. Previously three bacterial 
binding-protein-dependent ABC transporters 
have been expressed, purified by His-tag 
affinity chromatography and functionally 
reconstituted in liposomes (Van der Heide and 
Poolman, 2000; Davidson and Nikaido, 1990; 
Liu et al., 1997). A similar strategy was used for 
the purification of the glucose transporter of S. 
solfataricus. GlcV can be expressed and 
purified from E. coli in a functional state 
(Chapter 3). These positive results led us to 
express the entire glucose transport operon in E. 

coli for purification and functional 
reconstitution in tetraether lipids of S. 
acidocaldarius. 
 
Results and Discussion 
 
Preparation of membrane vesicles of S. 
solfataricus 
 
S. solfataricus cells are surrounded by an 
inflexible proteineous S-layer which has to be 
removed to allow proper forming of membrane 
vesicles. The cells were broken by grinding with 
alumina, which resulted in membrane vesicles 
with a right-side-out orientation but still 
containing the S-layer (Grogan, 1996). 
Subsequently, the outer S-layer protein was 
removed by incubation in 20 mM sodium 
carbonate, pH 10, for 20 min at 45oC. However, 
the resulting membranes were found to be leaky 
for protons. This proton leakage could be 
reduced by fusion of the membrane vesicles 
with different amounts of liposomes made from 
tetraether lipids of S. acidocaldarius. Across the 
membranes of the fused vesicles a ∆pH and a 
∆Ψ could be established by applying artificial 
gradients. However, ATP driven glucose 
transport into these membrane vesicles, when 
loaded with ATP, could not bedemonstrated. 
 
Expression in E.coli and purification of the 
glucose transporter  
 
The three genes glcT, glcU and glcV of the 
glucose transporter were cloned in the same 
order as found in the genome of S. solfataricus 
but placed under control of the trc promoter to 
ensure transcription initiation in E. coli. In 



Chapter 3 

38 

various constructs, glcT, glcU and glcV were 
cloned behind an N-terminal 6-His-tag in order 
to allow the purification of the complex by Ni+-
affinity chromatography (Fig. 1). Expression of 
the three genes from the resulting plasmids was 
tested in different E. coli strains such as SF100, 
SF120 or BL21. Expression could be detected 
via western blotting using monoclonal 
antibodies raised against the His-tag and 
polyclonic antibodies raised against GlcV. Only 
plasmid pET2143 (see Fig. 1) allowed 
production of low quantities of the various gene 
products which could be detected in western 
blots, provided that the cells were 
cotransformed with the plasmid pSJS1244 
(Spcr), that permits the constitutive expression 
of three tRNAs (ileX, argU, lys). These are rare 
in E. coli, but often used by S. solfataricus (Kim 

et al., 1998). Various conditions were tested for 
solubilization of the complex from E. coli 
membranes prepared from cells expressing the 
operon from pET2143. The proteins could be 
solubilized efficiently by incubation for 30 min 
at 4oC with 2 % dodecylmaltoside (DDM). 
Incubation of the solubilized membrane proteins 
at higher temperatures (up to 60 oC) to thermo-
inactivate and precipitate endogenous E. coli 
membranes proteins, resulted in the co-
aggregation of the S. solfataricus proteins, and 
could therefore not be used as a purification 
step. The precipitation could not be prevented 
by the additions of various concentrations of 
glycerol, detergents, or salt to the buffer. 
Various chromatographic purification steps 
were tested for their ability to bind and elute the 
proteins of the glucose transporter as a complex. 

Fig. 1. Cloning scheme of the glucose 
transporter. The original gene order in 
the S. solfataricus chromosome and 4 
different constructs are shown. The 
open arrows indicate the direction of 
transcription. Filled arrows indicate the 
histidine tagged components. 

 
 
 

 
 
 
 

 
 
 
 
 

Fig. 2. Purification of the glucose
transporter complex using Ni2+-affinity
chromatography. The coomassie
brilliant blue stained SDS-PAGE is 
shown at the top, with the panel below 
showing immuno-stained blots of the
elution fractions probed with the
indicated antisera. The position of the
subunits is indicated with arrows. The
protein profiles of the flow-through and 
wash step are indicated.  The numbered
fractions 1-3 signify the different elutions
steps from the Ni2+-affinity
chromatography column with increasing
concentrations of imidazole (i.e., 50, 100
and 150 mM). 
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The best results were obtained by binding the 
complex from solubilized crude inner 
membranes directly to a Ni2+-affinity resin (Fig. 
2). However, these conditions did not allow 
purification in one single step. Even extensive 
washing of the complex loaded onto the Ni2+-
affinity resin, before eluting the complex with 
imidazole, could not improve purification. 
Rebinding of the complex to Ni2+-affinity resin 
only resulted in significant losses of material. 
The eluted fractions from the column contained 
both the histidine-tagged membrane 
components GlcT and GlcV (the distal proteins 
of the operon), suggesting that all the three 
proteins of the transporter were expressed and 
eluted as a complex (Fig. 2). The purification of 
the complex suffers from the low expression 
level of the proteins in E. coli, and high levels 
of contaminating proteins are present in the 
solubilized complex.  
 
Reconstitution of the glucose transporter in 
tetraether lipids  
 
The fractions containing the enriched subunits 
of the glucose transporter were co-reconstituted 
with purified GlcS into detergent-destabilized 
liposomes (Knol et al., 1996) prepared from S. 
acidaldarius lipids (Fig. 2, lane 3). Since GlcS 
is inserted into the membrane via a 
transmembrane segment at the N-terminus, it 
was co-reconstituted with the other components 

to obtain a functional transporter. Reconstitution 
was verified by rhodamine labelling of the 
proteoliposomes and subsequent sucrose density 
centrifugation. Since rhodamine labels only 
lipids and the fluorescence in sucrose density 
centrifugation comigrates with GlcS and the 
other transport proteins, it could be concluded 
that the proteins are integrated into the 
liposomes. Subsequently, glucose transport 
studies at 60oC were performed with ATP 
loaded proteoliposomes under varying 
conditions. Due to the co-reconstituted binding-
protein high backround binding of glucose was 
observed, which was decreased by chasing the 
externally bound radioactive glucose with 
unlabeled glucose. However, transport activity 
could not be observed. Also attempts to measure 
glucose-stimulated ATPase activity of GlcV in 
the complex were negative.  
  
Taken together, it can be concluded that the 
entire transport operon has been expressed in E. 
coli and the complex can be partially. However, 
no evidence could be obtained that the 
heterologously expressed glucose transport 
system is functional. This relates presumably to 
the low expression levels and the difficulties to 
purify the complex from E. coli membranes. 
Further trials will therefore be aimed to improve 
the expression of the operon by using different 
combinations of expression vectors and hosts. 
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