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Voorwoord 
 

 
 
Onderzoek verrichten gaat altijd gepaard met het 
verleggen van grenzen: je eigen onderzoek vindt plaats 
aan de grenzen van het weten, grenzen die voortdurend 
bijgesteld zullen worden. Tijdens een aio-baan zul je je 
eigen grenzen leren kennen wat belastbaarheid, stress en 
geduld betreft, en ze menigmaal overschrijden. Wat mij 
betreft kwam er nog een grens bij, de Nederlands-Duitse 
grens. Een Duitse in Nederland, dat is misschien een 
paradox aan zich, aehh, op zich, maar dat heeft een 
ongelofelijk mooie en leuke tijd gelukkig niet in de weg 
gestaan. Op deze plek wil ik daarom iedereen bedanken, 
die dit op de één of andere manier voor mij mogelijk 
gemaakt heeft !  
 
          

           
Sonja 
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Transport of solutes in the third domain of life 
 

 

1. Introduction 
 

Since the description of the first 
archaeon in 1972, Sulfolobus acidocaldarius 
(Brock et al., 1972), the number of known 
microorganisms that belong to this group has 
increased steadily. Many of these archaea thrive 
in very extreme environments in which the 
physical parameters such as temperature, 
salinity, pH or pressure, were previously 
thought to be hostile to any form of life. 
However, in the meantime, it has become 
evident that archaea are widespread over the 
whole world and are also present in quite 
‘common’ ecological niches. In 1990, Woese et 
al. proposed, based on studies on 16S rRNA, 
that archaea constitute a domain separate from 
bacteria. Ever since, evidence has accumulated 
which supports the distinct position of archaea 
in the tree of life (Fig. 1A). While archaea share 
the overall structural organization of bacterial 
cells, differences are found in the transcriptional 
and translational apparatus (which are more 
similar to eukaryal systems), metabolic routes 
and the membrane lipids. The analysis of the 
genome sequences of many different archaea, 
starting with Methanococcus jannaschii, 
Methanobacterium thermoautotrophicum and 
Archaeoglobus fulgidus (Bult et al., 1996; 
Smith et al., 1997)(e.g., see 
http://www.tigr.org/) shows that two third of 
archaeal genes have no homologues in bacteria 
and eukarya, which emphasizes their genetically 
distinct position. Nevertheless, it has been 
shown recently that extensive lateral gene 
transfer has occurred not only between different 
archaeal species, but also between bacteria and 
archaea (DiRuggiero et al., 2000; Nelson et al., 
1999; Olendzenski et al., 2000). 

The domain of the archaea is subdivided 
into the subdomains euryarchaeota and 
crenarchaeota (Fig. 1B). The subdomain 
euryarchaeota consists of methanogens, extreme 

halophiles, (hyper)thermophiles (Fiala and 
Stetter, 1986), and extremely acidophilic 
thermophiles (Schleper et al., 1995). 
Methanogens live in the whole temperature 
range where life is found: in cold 
(psychrophiles) (Nichols and Franzmann, 1992), 
moderate (mesophiles) (Kandler and Hippe, 
1977) and extremely hot environments (extreme 
thermophiles) (Kurr et al., 1991). Crenarchaeota 
comprise the most thermophilic organism 
known to date. Such as Pyrolobus fumarii 
(Blöchl et al., 1997) and the intensively studied 
extreme thermoacidophile Sulfolobus 
acidocaldarius and S. solfataricus (Brock et al., 
1972; Zillig et al., 1980). The only 
psychrophilic crenarchaeote discovered until 
now is Cenarchaeum symbiosum, which 
symbiotically inhabits tissue of a temperate 
water sponge (Preston et al., 1996). This 
organism grows well at 10oC, which is more 
than 60oC below the growth temperature of all 
other crenarchaeota found so far. 

 
2. The genus Sulfolobus 
 

Many Sulfolobus strains have been 
found in terrestrial hydrothermal situations in 
different parts of the world as USA (Brock et 
al., 1972), Italy (Zillig et al., 1980), Japan 
(Yeats, et al., 1982), and Iceland (Zillig et al., 
1994). They have been isolated mainly from 
solfataric fields, hot waters, mud pots and from 
the upper layer of soils with temperatures from 
60 oC to 90 oC and a pH from 1 to 5. All 
Sulfolobales are obligate aerobes and either 
facultative chemoheterotrophs or strict 
lithoautotrophs. S. solfataricus is a thermo-
acidophile growing optimally at temperatures 
ranging from 70 to 90 oC and pH values from 2-
4. It can grow either litoautotrophically by 
oxidizing sulfur (Brock et al., 1972) or 
chemoheterotrophically on reduced carbon 
compounds (Grogan, 1989). 
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Fig. 1. Tree of life. A: Phylogentic tree of the three domains of life based on 16S rRNA sequences. 
B: Phylogenetic tree of the achaea. The two archaeal subdomains, Crenarchaeota and 
Euryarchaeota are indicated. Sequenced archaeal genomes are indicated by +. 
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3. The cytoplasmic membrane 
 

Biological cells are surrounded by a 
cytoplasmic membrane. This membrane func-
tions as a barrier between the cytoplasm and the 
extracellular environment. An impermeable 
barrier is essential for maintaining optimal 
internal conditions for metabolism and energy 
transduction in cells. Membranes are very 
complex structures and consist of a bi- or 
monolayer of lipid molecules, which form a 
matrix for various membrane proteins. To 
mediate the specific passage of solutes, 
transport proteins are present in the membrane 
and the activity of these proteins allows 
metabolism to proceed.  

The membrane lipids in bacteria and 
eukarya are mainly composed of two acyl 

chains bound via an ester linkage to glycerol 
(Fig. 2A). These lipids are organized in a 
bilayer in which the polar head-groups stick into 
the water phases while the carbon chains are 
directed towards the inner side of the 
membrane. In contrast, archaeal lipids consist of 
two phytanyl chains that are linked via an ether 
bond to glycerol or other alcohols such as 
nonitol. Such C20 “diether” lipids also form 
bilayer membranes just as the ester lipids. In 
extreme thermophiles and acidophiles 
membrane spanning (bolaform amphiphilic) 
tetraether lipids are found (De Rosa et al., 
1991). These lipids have C40 isoprenoid acyl 
chains, which can be ether-linked at both sides 
to alcohols. These lipids span the entire 
membrane and form a monolayer (Relini et al., 
1996) (Fig. 2B). S. acidocaldarius membranes 

Fig. 2. Lipids from archaea and bacteria. A: bilayer forming lipids in bacteria: Phosphatidylethanolamine 
(PE). The acyl chain is straight (not in all cases: some bacterial lipids have a methyl branch, or a cyclohexyl 
group, at the end of the acyl chain, other lipids have one or more unsaturated bonds). The connection of the 
acyl chain to the glycerol is via an ester linkage. B: Monolayer forming lipids in thermoacidophilic archaea: 
Main glycophospholipid (MPL) of Thermoplasma acidophilum. The phytanyl chain contains isoprenoid-like 
branches. The connection of the phytanyl chain with the headgroup is via an ether linkage. Archaeal 
membranes also contain bilayer forming diether lipids. C: Hydrophobic core of a tetraether lipid from S. 
solfataricus containing cyclopentane rings. 
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contain nearly 100% tetraether lipids 
(Langworthy and Pond, 1986). Freeze fracturing 
of lipid membranes revealed that both leaflets of 
the membrane can be cleaved in a lipid bilayer, 
but not in tetraether monolayer membranes. In 
tetraether membranes therefore, the water facing 
sides of the membrane are connected and can 
not be separated (Beveridge et al., 1993; 
Choquet et al., 1992; Elferink et al., 1992). 
Tetraether lipids are much more stable at high 
temperature and more resistant to oxidation than 
ester lipids. Moreover, tetraether lipids are not 
susceptible to degradation at alkaline pH, 
enzymatic degradation by phospholipases 
(Choquet et al., 1994) and are more tolerant to 
high salt concentrations. Liposomes composed 
of archaeal tetraether lipids are more stable than 
those of bacterial lipids and have a lower proton 
permeability at a given temperature (Elferink et 
al., 1994; Van de Vossenberg et al., 1995; Van 
de Vossenberg, et al., 1998). 
  
 In prokaryotes, up to 60 % of the 
membranes is formed by proteins. A lot of 
information has been gathered from archaea 
about the features of their lipids and their role in 
growth under extreme conditions (Van de 
Vossenberg, et al., 1998). However, only 
limited data is available of proteins, which 
catalyze the transport of solutes and precursors 
of extracellular proteins across the membranes 
of archaea. Membrane proteins involved in 
energy transduction such as bacteriorhodopsin 
(Michel and Oesterhelt, 1980), cytochrome 
oxidases and ATPases, have been described and 
reviewed (Schafer, et al., 1999). Different types 
of solute transport and the possible mechanisms 
of protein export in archaea will be discussed. 
 
4. Transport of solutes in archaea 
 
 Solute transport systems in bacteria and 
archaea can be classified in five groups 
depending on the molecular architectures of the 
transport proteins and the driving force of 
transport: (i) channels (Fig. 3A); (ii) secondary 
transporters which make use of electrochemical 
gradients of protons or sodium ions to drive 

transport of substrates across the membrane 
(Fig. 3B); (iii) binding-protein-dependent 
secondary transporters (TRAP transporters), 
which consist of a periplasmic binding protein 
and a membrane translocator. These systems 
use the proton motive force (PMF) or the 
sodium motive force (SMF) to drive uptake of 
solutes (Fig. 3C); (iv) primary transporters, 
which use the chemical energy of ATP or of 
other energy-rich compounds to drive substrate 
translocation. Well-studied examples are ion 
transducing respiratory chains, bacterio-
rhodopsin and the ABC- (ATP-binding 
cassettes) transporters. The latter systems 
consist of two transmembrane proteins that form 

Fig. 3. Different classes of solute transporters. A, 
channel; B, secondary transporter; C, binding-
protein-dependent secondary transporter (also 
named tripartite ATP-independent transporter, TRAP-
T); D, binding-protein-dependent ABC transporter; E, 
phosphoenol pyruvate dependent phosphotrans-
ferase system (PTS). CM, cytoplasmic membrane. 
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Table 1. Characteristics of described solute transporters in archaea. 
 

ABC-transporter Substrate Km for uptake 
(nM) 

Kd for solute 
bindinga 

(nM) 

Reference 

     
T. litoralis  maltose/trehalose 22/17 160 Xavier et al., 1996; Horlacher 

et al., 1998 
S. solfataricus  glucose 2000 480 Albers et al., 1999 
 cellobiose + cello-oligomers -b - Elferink et al., 2001 
 trehalose - -       “ 
 maltose/maltotriose - -       “ 
 arabinose - 130       “ 
P. furiosus  cellobiose + cello-oligomers 175 45 Koning et al., 2001 
 maltose/trehalose          “ 
 maltotriose/ maltodextrins          “ 
H. volcanii  glucose (anaerobic) - - Wanner et al., 1999 
 molybdate - -        “ 
 inorganic anions - -        “ 
A. fulgidus glycine betaine,proline betaine  - - Holtmann et al., 2000 
M. thermoautrophicum  phosphate  25 - Krueger et al., 1986 
 

a Binding constant; b not determined 
 
 
Secondary transporter Substrate Km for uptake 

(µµµµM) 
Coupling 

ion 
Reference 

     

H. volcanii  glucose  -a Na+ Tawara and Kamo, 1991 
H. halobium  glutamate  - Na+ Kamo et al., 1988 
 all amino acids except cysteine and aspartate - Na+ Greene and MacDonald, 1984 
a not determined 
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the translocation pathway, and two ATP-
binding proteins (Higgins, 1992). ABC 
transporters, which are involved in the uptake of 
solutes contain in addition a high-affinity 
periplasmic binding protein (Fig. 3D); (v) the 
group translocation system phospho-
enolpyruvate (PEP) dependent phospho-
transferase system (PTS), which couples the 
transport of a sugar to phosphorylation (Fig. 
3E). 
 
 Members of each of the classes of 
transporters have been identified in archaea 
(Table 1), except for the PTS systems. In none 
of the completed archaeal genomes homologues 
to PTS-systems could be identified. Strikingly, 
these systems are also absent in the 
hyperthermophilic bacteria Thermotoga 
maritima (Nelson et al., 1999) and Aquifex 
aeolicus (Deckert et al., 1998). It thus seems 
that PTS-systems are restricted to mesophilic 
bacteria, perhaps indicating that they evolved 
relatively late.  
 The study of transport processes in archaea 
is greatly hampered by the lack of a suitable 
membrane vesicle system. The isolation of such 
membrane vesicles is complicated by the 
presence of S-layers. Only for Halobacteria 
functional membrane vesicles have been 
isolated and these have been used for amino 
acid uptake studies (Greene and MacDonald, 
1984). Another approach, which can be used to 
study archaeal transport proteins, is to express 
these proteins in mesophiles and study their 
properties in membrane vesicles of these 
organisms. So far, it has only been 
demonstrated in two cases that archaeal 
transport proteins can be expressed 
heterologously in an active state. 
Bacteriorhodopsin is a well studied example 
and also, the complementation of a Mg2+-uptake 
null mutant of Salmonella enterica serovar 
typhimurium by a CorA homologue of 
Methanococcus jannaschii (Smith et al., 1998) 
has been demonstrated.  
  
4.1. ABC transporters  
 

 In all three domains of life ABC 
transporters have been found to transport a wide 
variety of different substrates (Boos and 
Shuman, 1998; Higgins, 1992). Archaeal ABC 
transporters described so far require a 
periplasmic solute-binding protein that binds the 
substrate with high affinity (see 4.1.1) (Fig. 
3D).  The components of these transporters 
share a number of typical consensus sequence 
motifs with their bacterial counterparts. The 
membrane domains exhibit the 
EAAAx3Gx9IxLP motif, which is thought to be 
involved in the interaction with the ATP-
binding subunit (Dassa and Hofnung, 1985). 
The ATP-binding proteins contain the typical 
Walker sequences, linker region and the 
recently identified h-motif (see 4.1.2) (Linton 
and Higgins, 1998).  

Most ABC transporters characterized so 
far in archaea are involved in sugar uptake. One 
of the three ABC transporters described for 
Haloferax volcanii, which is essential for nitrate 
respiration, also specifies a glucose transporter 
(Wanner and Soppa, 1999). A whole range of 
sugar ABC transporters have been found 
recently in S. solfataricus and P. furiosus 
(Chapters 2 and 4) (Koning, et al., 2001). These 
transporters fall into two groups: (i) the glucose, 
arabinose, trehalose-systems of S. solfataricus 
and the maltose/trehalose and maltotriose 
systems of P. furiosus, which are homologous 
to the sugar ABC transporters of bacteria. These 
systems consist of a solute-binding protein, two 
membrane domains and a homodimer of an 
ATP-binding protein.  (ii) The cellobiose 
transporters of both organisms and the 
maltose/maltotriose transporter of S. 
solfataricus exhibit the highest similarity with 
bacterial di/oligopeptide transporters, which 
very often contain two different ATP-binding 
proteins. This latter observation is surprising 
since this family of transporters was so far 
restricted to di/oligopeptide and Ni2+ transport. 
In all sequenced genomes of archaea and the 
thermophilic bacteria T. maritima and A. 
aeolicus, a large number of ABC transporters 
can be identified that belong to the class of  
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di/oligopeptide transporters. T. maritima, for 
example, contains eleven members of this 
family, nine of which are located in operons 
with genes encoding enzymes involved in sugar 
metabolism. To explain this curious link to 
sugar metabolism, it was postulated that peptide 
and sugar degradation are coordinately 
regulated (Nelson et al., 1999). The findings in 
S. solfataricus, however, suggest that most of 
these ABC transporters are involved in the 
uptake of sugar-oligomers instead of peptides. 
In the recently completed genome of 
Thermoplasma acidophilum, one of the ABC 
transporters (Ta1325-Ta1329) was assigned as 
an oligopeptide transporter OPP1 (Ruepp et al., 
2000). This system is, however, highly 
homologous to the maltose transporter of S. 
solfataricus (Elferink et al., 2001). 
 
4.1.1. Solute-binding proteins  
 
 The solute-binding proteins (SBP) bind the 
substrate with high affinity in the space external 
of the membrane. Although these SBPs exhibit 

a low similarity at the amino acid sequences, 
their three-dimensional fold is strikingly similar. 
The binding site is formed by a cleft between 
two lobes that are connected by a flexible hinge. 
Upon binding of the ligand, the two lobes come 
together and enclose the ligand (Quiocho and 
Ledvina, 1996). Such a mechanism is called a 
“venus flytrap”. The binding of carbohydrates is 
mostly mediated via aromatic residue stacking 
and co-operative hydrogen bonds (Vyas, et al., 
1991), which contribute to the high specificity 
of substrate binding. Peptides are bound via 
hydrogen bonds and salt bridges (Sleigh et al., 
1999) and in binding of longer peptides even the 
outer surface of the binding protein is involved 
(Lanfermeijer et al., 2000; Detmers et al., 
2000). All characterized archaeal binding 
proteins exhibit a very high binding affinity for 
their substrates, which can be in the nanomolar 
range (see Table 1). This is partly achieved by 
more pronounced hydrogen bonding between 
the substrate and the protein, while apolar 
contacts are reduced (Diez et al., 2001; 
Evdokimov et al., 2001). This may reflect an 

Fig. 4. Anchoring modes of solute-binding proteins. In Gram-negative bacteria solute binding proteins 
(SBP) float freely in the periplasm. SBPs of Gram-positive bacteria are anchored to the membrane via a 
fatty acid, which is attached to the N-terminus. Archaeal SBPs are most probably inserted into the 
membrane via an transmembrane segment. The N-terminal transmembrane segment could extend into the 
‘periplasmic’ space between S-layer and cytoplasmic membrane. (S/T)n, linker region with high percentage 
of hydroxylated amino acids (mainly serine and threonine). 
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adaptation to the low concentrations of these 
compounds in the natural, extreme 
environments of archaea so that effective 
scavenging of the substrates from the 
environment can be realized. 
 Bacterial SBPs float freely in the periplasm 
(Gram-negative) or are attached to the 
cytoplasmic membrane by a lipid anchor, which 
is bound to the binding protein after cleavage of 
the signal peptide (Gram-positive) (Fig. 4) 
(Gilson et al., 1988). There are even examples 
where the binding protein is fused to the 
membrane domain of the transporter (Van der 
Heide and Poolman, 2000). In archaea, the 
binding proteins also need to be anchored to the 
cytoplasmic membrane, as the pores in the S-
layer (4 to 5 nm in S. solfataricus (Koenig, 
1988)) are sufficiently large to allow free 
diffusion of these proteins. Consistently, 
archaeal binding proteins need to be extracted 
with detergent from the cytoplasmic membranes 
(Chapter 2 and 4) (Horlacher et al., 1998; 
Koning et al, 2001). Some SBPs in archaea may 
be bound to the membrane by means of a lipid 
anchor as in Gram-positive bacteria. The 
trehalose/maltose binding protein (TMBP) of 
Thermococcus litoralis contains a typical fatty 

acid attachment site, which follows directly 
after an N-terminal hydrophobic domain 
(Gilson et al., 1988). Since the N-terminal 
sequence of the mature TMBP could not be 
determined, it remains to be seen if the protein 
is actually lipidated (Horlacher et al., 1998). 
Sequence and hydropathy analysis of binding 
proteins of S. solfataricus and CbtA from P. 
furiosus suggest that a hydrophobic domain, 
perhaps a transmembrane segment, may act as 
an anchor of these proteins to the membrane 
(Fig. 3,4) (Chapters 2 and 4) (Koning et al., 
2001). 
 Archaeal binding proteins are glycosylated 
(Chapters 2 and 4) (Koning et al., 2001). These 
proteins bind to a Concavalin A column, which 
selectively binds glycosylated proteins. The 
hydrophobic segment of these proteins is 
followed or preceded (Figs. 3, 4) by a stretch of 
up to 30-60 amino acid residues, which are rich 
in hydroxylated amino acids. This region is also 
found in other extracellular proteins of S. 
solfataricus, such as a putative thermopsin 
(SSO2194) or a periplasmic protease 
(SSO1141). This region may function as a 
flexible linker region. It may also be the site of 
glycosylation as shown for other achaeal 
proteins, such as S-layer proteins, cytochrome 
b5565 and pullulanase (Erra-Pujada et al., 1999; 
Hettmann et al., 1998; Sumper et al., 1990). 
Glycosylation is not essential for substrate 
recognition as some proteins can be functionally 
expressed in E.coli (Horlacher et al., 1998; 
Koning et al., 2001), where glycosylation does 
not occur. However, glycosylation might 
enhance the stability of SBPs at higher 
temperatures. 
 A remarkable difference between the sugar 
and di/oligopeptide cluster of binding proteins is 
the occurrence of a very short and unusual 
signal sequence in the former group. This signal 
sequence was first observed in the glucose-
binding protein of S. solfataricus and is very 
similar to the signal sequences of archaeal 
flagellines (Chapter 5). These signal sequences 
are homologous to the signal peptides from type 
IV pilins (see below) (Faguy et al., 1994).  

Fig. 5. Domain organization of the two groups of 
archaeal sugar-binding proteins. A: sugar-cluster. 
B: di/oligopeptide-cluster. SS, signal peptide; S/T 
rich, linker region with high percentage of 
hydroxylated amino acids (mainly serine and 
threonine). 
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4.1.2. ATP-binding domain 
 
 The ATP-binding protein transduces the 
energy for substrate transport. It is not 
understood how the release of free energy of 
ATP hydrolysis is utilized to drive transport 
through the translocation path formed by the 
integral membrane domains. Recent structural 
information has provided further insight into 
this problem. The three-dimensional structures 
of MalK, the ATP-binding protein of the 
maltose transporter of T. litoralis, and of GlcV, 
the ATP-binding protein of the glucose 
transporter of S. solfataricus, have been solved 
(Chapter 3) (Diederichs et al., 2000). These 
proteins consist of two domains: (i) the ATP-
binding domain that is very similar to HisP, the 
ATP-binding protein of the S. typhimirium 
histidine transporter (Hung et al., 1998), and (ii) 
a unique domain at the C-terminus showing 
predominantly β-sheets organized in a OB 
(oligonucleotide/oligosaccharide binding)-fold-
like structure. This C-terminal extension is 
found in several bacterial and archaeal ATP-
binding proteins, and in the E. coli MalK. It 
interacts with MalT (Panagiotidis, et al., 1998), 
the transcription activator of the mal operon 
(Richet and Raibaud, 1987). It has been shown 
that null mutants of MalK result in constitutive 
expression of components of the mal operon 

(Hofnung, et al., 1974; Schwartz, 1967). 
Mutations in the C-terminal domain can 
interfere with its regulatory activity while the 
transport activity of the ABC-complex is not 
affected (Kuhnau et al., 1991). On the other 
hand, one mutation in the ATP-binding domain 
(Gly137 to Ala resulting in MalK941) of MalK 
abolishes ATP hydrolysis, but does not interfere 
with ATP binding and even enhances the 
binding of MalT (Panagiotidis et al., 1993). 
This protein may represent the form of MalK in 
the inactive wild-type transporter, which 
contains bound ATP and represses the 
transcription of the mal operon by effective 
binding of MalT (Panagiotidis et al., 1993). 
This would imply that the maltose transporter 
itself signals the availability of maltose and 
maltose-oligosaccharides to the cell and thereby 
regulates the expression of genes involved in 
maltose metabolism. MalK is also able to accept 
regulatory signals from different transport 
systems. Upon interaction with 
unphosphorylated EIIAGlc, the effector of the 
glucose PTS system of E. coli, maltose uptake 
is inhibited (Van der Vlag and Postma, 1995).  
 The two domains in MalK of T. litoralis 
(Diederichs et al., 2000) and GlcV of S. 
solfataricus (Chapter 3), the ATP-binding site 
and the regulatory domain, appear as 
independent modules. It is tempting to speculate 
that upon ATP binding the C-terminal domain 

Table 2. Distribution of primary and secondary transporters in the genome 
sequences of extremophiles  
 

 
  Number of predicted 
Organism Secondary transporter ABC-type transporter 
T. maritima                 25(10)a 55 
A. aeolicus                 26(3) 14 
M. jannaschii                 24(2) 14 
M. thermoautotrophicum                 19(3) 15 
P. horikoshii                 34(12) 23 
A. fulgidus                 38(17) 25 
E. coli                 194(180) 74 

a In parenthesis is indicated the number of putative secondary organic transporters out of the total number of 
predicted secondary transporters 



Chapter 1 

18  

becomes available for the binding of a regulator, 
whereas a repositioning of the C-domain takes 
place during or after ATP hydrolysis, which 
makes binding of an effector impossible. Such 
relocation movements have been demonstrated 
for the bacterial elongation factor EF-Tu 
(Polekhina et al., 1996). The signal for ATP 
hydrolysis could be given by the channel 
opening of the membrane proteins, which is 
induced by the binding of the periplasmic 
binding protein. It is important to stress that the 
effector molecules have not yet been identified 
in archaea. The domain structures of the ATP-
binding subunits, however, suggest that archaea 
use a similar signaling pathway as bacteria and 
that the expression of the transport systems and 
enzymes depend on the availability of their 
substrates.  
 
4.2. Distribution of transporters 
 
 All sequenced genomes of archaea and the 

thermophilic bacteria, T. maritima and A. 
aeolicus (the majority of sequenced genomes 
from extremophiles are from hyperthermophilic 
organisms), contain a large number of genes 
which encode putative transport proteins (Table 
2) (Smith et al., 1997). Many of these systems 
specify ABC transporters, and transport studies 
and sequence comparisons indicate that these 
systems are mainly involved in the uptake of 
organic solutes. For instance, T. maritima 
possesses 25 putative secondary transporters of 
which only 10 may function in the transport of 
organic solutes, while the other systems 
function in inorganic ion transport (Paulsen et 
al., 2000). In contrast, in E. coli secondary 
transporters are predominantly involved in the 
uptake of organic solutes. On the other hand, T. 
maritima contains 55 ABC-type transporters. 
Some of these systems have been implicated in 
the uptake of maltose, maltotriose and trehalose 
only (Wassenberg et al., 2000) (Table 1 and 2).  
 Like in T. acidophilum (25%) 

Table 3. Distribution of numbers of transmembrane  
segments in predicted membrane proteins of S. solfataricus 
 
Number of TMsa Number of predicted ORFs 

TM 1 64 

TM 2 31 

TM 3 29 

TM 4 336 
a TM transmembrane segment 

Table 4. Distribution of primary and secondary transporters in  
S. solfataricus as deduced from the genome sequence 
 

Type of transporter Number of predicted ORFs 
1. ABC type transporter 19 
2. Secondary transporter 70 
    Multidrug efflux 19 
    Amino acid uptake 20 
    Antiporters 3 
    Major facilitator family 18 
    Hypothetical 10 

a In italics the predicted number of the 70 secondary transporters belonging to specific 
 classes 



Introduction 

19 

(http://www.biochem.mpg.de/baumeister/geno
me/) a great portion of the S. solfataricus 
genome encodes for membrane proteins 
(~15%). S. solfataricus contains 19 ABC 
transporters and 70 ORFs coding for secondary 
transporters. The majority of the secondary 
transporters (18) belongs to the major facilitator 
superfamily (MFS) and could therefore be 
involved in organic solute uptake. Interestingly, 
19 ORFs show a high homology to multidrug 
efflux proteins. This group of transporters is 
also abundant in T. acidophilum (25 ORFs). T. 
acidophilum and S. solfataricus are both 
thermoacidophiles and have a very high pH 
gradient across their membranes. For these 
organisms, secondary transporters could be an 
attractive mode of uptake. The members of the 
MFS of S. solfataricus are most likely involved 
in the uptake of amino acids, which are released 
in their natural habitat upon the degradation of 
plant material. Most of the ABC transporters are 
involved in the uptake of primary energy 
sources such as sugars. 
 The preference of (hyper)thermophiles  for 
ABC-type transporters could be important for 
the survival strategy in their natural habitat. In 
nutrient-poor environments, such as 
hydrothermal vents or sulfuric hot springs, in 
which these organisms thrive, ABC transporters 
have the advantage that they can scavenge 
solutes at very low concentrations due to the 
high binding affinities (Kd < 1 µM) of their 
binding proteins. Furthermore these transporters 
can catalyze transport at a high rate and high 
internal concentrations of solutes can be 
achieved. In contrast, secondary transport 
systems exhibit binding affinities in the micro 
or millimolar ranges, which makes these 
systems less suitable for growth in oligotrophic 
extreme environments.  
 
5. Objectives of this thesis 
 
 As described above, S. solfataricus is an 
extreme thermoacidophilic organism, capable of 
living in hot environments with low pH. Due to 
the unusual lipid composition of its cytoplasmic 
membrane (see section 3.) (Elferink et al., 1994; 

Van de Vossenberg, et al., 1998), it can 
maintain a ∆pH of up to 4 pH units across its 
membrane at high temperature. To avoid a too 
large proton motive force this high ∆pH is 
compensated by a reversed ∆ψ (inside positive) 
yielding a proton motive force of normal values.  
 The unusual membrane lipids of the 
cytoplasmic membrane of S. solfataricus makes 
it possible to thrive in extreme environments, an 
aspect that has been studied extensively in our 
laboratory (Elferink et al., 1993; Elferink et al., 
1994; Van de Vossenberg et al., 1995). Growth 
of this organism under these harsh conditions 
requires membrane proteins that are extremely 
stable and equipped with special features. S. 
solfataricus was chosen to study archaeal solute 
transport proteins. The presence of a significant 
high proton motive force across its membrane 
suggests that this organism relies preferentially 
on transporters that can be driven by this form 
of energy (see section 5). However, proton 
motive force driven systems are certainly not 
the only class of transport systems, other energy 
sources such as ATP can be used as well. We 
identified a binding-protein dependent ABC 
transporter for glucose (Chapter 2). The ATP-
binding protein of this transporter was 
overexpressed and characterized biochemically 
and structurally (Chapter 3). In addition to the 
glucose transporter, binding-protein dependent 
ABC transporters were identified for the sugars 
arabinose, trehalose, cellobiose/cello-oligomers 
and maltose/maltotriose (Chapter 4). Three of 
these binding proteins (glucose, arabinose and 
trehalose) exhibited an unusual signal sequence 
at their amino-terminus. This signal sequence, 
which so far was only found for archaeal 
flagellins, is homologous to bacterial type IV 
pilin signal peptides (Chapter 5). The existence 
of such signal peptides implies that archaea also 
contain a special type IV pili peptidase for 
cleavage of these signal peptides (Chapter 7). 
An assay was set up to trace this peptidase in S. 
solfataricus (Chapter 6). 
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Glucose transport in the extremely 
thermoacidophilic Sulfolobus solfataricus 

involves a high-affinity membrane-integrated 
binding protein 

 
Sonja-V. Albers, Marieke G.L. Elferink, Robert L. Charlebois, Christoph W. Sensen, Arnold J.M. 

Driessen and Wil N. Konings 
 
Summary 
 
The archaeon Sulfolobus solfataricus grows optimally at a temperature of 80°°°°C and a 
pH of 2.5-3.5 on carbon sources such as yeast extracts, trypton and various sugars. 
Cells rapidly accumulate glucose. This transport activity involves a membrane-bound 
glucose-binding protein that interacts with its substrate with very high affinity (Kd of 
0.43 µµµµM) and retains high glucose affinity at very low pH values (up to pH 0.6). The 
binding protein was extracted with detergent, and purified to homogeneity as a 65-kDa 
glycoprotein. The gene coding for the binding protein was identified in the S. 
solfataricus P2 genome by means of the amino-terminal amino acid sequence of the 
purified protein. Sequence analysis suggests the protein to be anchored to the 
membrane via an amino terminal transmembrane segment. Neighbouring genes 
encode two membrane proteins and an ATP-binding subunit that are transcribed in 
the reverse direction, whereas a homologous gene cluster in Pyrococcus horikoshii 
OT3 was found to be organised in an operon. These data indicate that S. solfataricus 
utilizes a binding-protein-dependent ATP-binding cassette (ABC) transporter for the 
uptake of glucose. 
 
Introduction 
 
Glucose is one of the most important carbon 
sources for many living organisms. It is mostly 
metabolized via a mechanism that involves 
catabolite repression. Such a “glucose effect” has 
also been described for the extreme 
thermoacidophilic archaeon Sulfolobus 
solfataricus (Haseltine et al., 1996). The 
pathways of glucose metabolism in this archaeon 
have been well-characterised (Schönheit and 
Schäfer, 1995). However, little is known about 
the mechanism by which glucose is taken up by 
S. solfataricus. In bacteria, glucose transport 
occurs often via the phosphoenolpyruvate-
dependent sugar phosphotransferase transport 
system (PTS). In Archaea, a PTS most likely is 
absent, since the available archaeal genome 

sequences do not give any indications for the 
presence of such systems (Sensen et al., 1998). 
An alternative way for uptake of glucose is ion-
symport. In bacteria mostly H+/glucose 
symporters are found, whereas in eukaryotes 
Na+/glucose symporters are more common. Most 
of the bacterial sugar symporters belong to a 
well-characterised family, the major facilitator 
superfamily (MFS) (Pao et al., 1998). A third 
mechanism described for sugar uptake is via a 
binding-protein dependent ATP-binding cassette 
(ABC) transporter. A well-studied ABC 
transporter is the maltose transport system of E. 
coli (Boos and Shuman, 1998). It comprises a 
binding protein in the periplasm, two inner 
membrane components and two identical 
domains, which catalyze the hydrolysis of ATP, 
the energy source for this transport system. 
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external pH (Fig. 1). The uptake rate is highest at 
pH 3.0, strongly decreased above pH 4.0, and is 
no longer detectable at pH values of 5.0 and 
above. At higher pH values, the ∆pH, and also the 
internal pool of ATP, rapidly diminishes (Moll 
and Schäfer, 1988) causing a transient glucose 
uptake or no uptake at all. The apparent Km for 
glucose uptake was found to be 1.9 µM at pH 3.0 
and 60oC with a Vmax of 0.9 nmol min-1 (mg 
protein)-1. A 10-fold excess of galactose and 
mannose significantly inhibits uptake of glucose, 
while 2-deoxyglucose only marginally affected 
uptake (Fig. 2A). A 100-fold excess of 2-
deoxyglucose decreased the glucose uptake only 
by 50%. Fructose, sucrose and maltose had no 
effect on glucose uptake (data not shown). These 
data suggest that S. solfataricus cells take up 
glucose and most likely also galactose and 

 
 
 

  
 
 
 

Fig. 1. pH-dependence of glucose uptake by S.
solfataricus cells. Uptake assays were performed at
60°C and 1 µM [14C]glucose at pH 3 (●), pH 4 (□), pH
5 (■) or pH 6 (◊). 
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 A binding-protein-dependent ABC-
transporter for trehalose/maltose has been 
described for the archaeon Thermococcus 
litoralis (Horlacher et al., 1998). This system is 
equipped with a binding protein that has an 
exceptionally high substrate binding affinity 
(Xavier et al., 1996). We have analysed the 
mechanism of glucose transport in the extremely 
thermoacidophilic S. solfataricus. Our data 
indicate that glucose is taken up via a high 
affinity binding-protein- dependent ABC-
transporter. The binding protein is a secreted 
glycoprotein that is anchored to the cytoplasmic 
membrane by a membrane-spanning domain and 
that shows a very low pH optimum for glucose 
binding. 
 
Results  
 
Sugar transport in S. solfataricus cells  
 
Sulfolobus solfataricus can grow on various 
sugars as sole carbon and energy source (Grogan, 
1989). Uptake of glucose, galactose, fructose, 
sucrose and maltose occurs at a high rate. 
Glucose is transported most rapidly and was 
therefore studied in greater detail. The rate of 
glucose uptake is steeply dependent on the 

mannose in an energy-dependent manner by 
means the same high affinity transport system. 
 
Isolated membranes of S. solfataricus bind 
glucose with high affinity  
 
To further characterise glucose transport in S. 
solfataricus, membrane vesicles are the preferred 
model system for uptake studies as they are 
devoid of substrate metabolising activities and the 
energy-supply for transport across the membranes 
of these vesicles can be well controlled. 
However, attempts to construct closed membrane 
vesicles from S. solfataricus have so far been 
unsuccessful, partly due to the difficulty to 
remove the membrane-anchored S-layer. 
Membranes derived by French Press treatment of 
Sulfolobus cells form vesicle-like structures, 
which are, however, leaky for protons and small 
ions and thus are unable to maintain a proton-
motive force. These membranes show a distinct 
glucose-binding activity, which was strongly pH 
dependent (Fig. 3A) with an optimum at pH 1.5. 
At this pH value, binding occurred most rapidly.  
 Glucose binding in membranes could not 
be inhibited by the addition of the ionophores 
valinomycin and nigericine nor was it affected by 
the presence of the detergent Triton X-100. 
Moreover, in a total membrane protein extract  
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obtained after detergent solubilization, the same 
pH-dependency of glucose binding was observed 
as for the intact membranes (data not shown). 
Therefore, it is concluded that the S. solfataricus 
membranes harbour a glucose-binding activity.  
 
Glucose binding is mediated by a membrane-
bound 65-kDa glycoprotein 
 
To identify the glucose-binding protein, the 
protein was purified to homogeneity from S. 
solfataricus membranes using the binding activity 
to monitor the purification. The activity appeared 
to be tightly associated with the membranes as it 
resists treatment of the membranes with 
chaotropic agents like urea or Na2CO3, pH 10. 
Extraction of the protein from the membrane 
required a high concentration of the detergent 
Triton X-100 (2 %). Initially, the protein was 
further purified by FPLC Mono Q 
chromatography using the glucose-binding assay 
to monitor the activity. Activity appeared to be 
related to a 65-kDa polypeptide in SDS-PAGE 
(Fig. 4A). A glycoprotein specific stain indicated 
that this binding protein is glycosylated (Fig. 4B). 
This enabled a larger scale purification by means 
of Con A sepharose affinity chromatography.  

Con A sepharose binds specifically the α-
glucosyl- and α-mannosyl side chains of 
glycoproteins. By increasing the concentration of 
methyl-α-D-mannopyranoside, 5 to 7 glyco-
proteins could be eluted from the Con A 
sepharose column after loading with a total Triton 
X-100 extract of S. solfataricus membranes. The 
protein was subsequently purified to homogeneity 
with FPLC Mono Q. The purified 65-kDa protein 
retained the ability to bind [14C]glucose on a 
native PAGE-gel (Fig. 4C). Moreover, the same 
activity-staining technique reveals the presence of 
a single band in the total membrane extracts that 
corresponds to the purified glucose-binding 
protein (Fig. 4C). The isolated glucose-binding 
protein (GBP) exhibited the same pH optimum 
curve as was found in membranes or solubilized 
membrane proteins (Fig. 3B). The optimal pH 
value was around 1.5, but significant binding 
activity could even be detected at a pH of 0.6 
(Fig. 3B). The KD for glucose binding was 
determined to be 430 nM at pH 2 and 60oC. The 
substrate specificity was tested by adding non-
labelled sugar to the binding assay. As with 
glucose transport activity in intact cells, binding 
of glucose to the purified binding protein was  

Fig. 2. Glucose uptake by S. solfataricus cells (A) and 
binding of glucose to purified GBP (B) in the presence 
of competing substrates. Uptake and binding assays 
were performed at 60°C and 1 µM [14C]glucose in the 
presence of the indicated concentration of mannose 
(black), 2-deoxyglucose (grey), and galactose (white). 
Cells were preincubated 30 s with non-labelled 
sugars in medium pH 2.5 without carbon source and 
uptake was stopped after 10 s. GBP was 
preincubated for 1 min with non-labelled sugars in 
buffer pH 2 and the binding reaction was stopped 
after 2 min. 

Fig. 3. pH-dependence of glucose binding to S. 
solfataricus membranes (A) and purified GBP (B). 
Binding assays were performed at 60°C in the 
presence of 1 µM [14C]glucose. The buffers used for 
the different pH values were 250 mM HCl (pH 0.6) 
(○[only in panel B]), 50 mM HCl (pH 1.5) (●), 50 mM 
glycine HCl (pH 2 [□] and 3 [■], and 50 mM citric acid 
NaOH (pH 4 [∆] and 5 [▲]). 
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 strongly inhibited by galactose and mannose, but, 
not by 2-deoxyglucose (Fig. 2B). We were unable 
to detect any significant level of [3H] 2-
deoxyglucose binding to the membrane vesicles 
or purified binding protein (data not shown).  
Taken together, these data demonstrate that 
glucose binding by S. solfataricus cells is 
mediated by a membrane-bound glycoprotein 
with an apparent molecular mass of 65-kDa. 
 
Genetic characterisation of glucose-binding 
protein 
 
To identify the gene coding for the glucose-
binding protein, the amino-terminal amino acid 
sequence of the purified protein was determined. 
A stretch of 31 amino acid residues could 
unequivocally be determined (Fig. 5A), and this 
sequence was used to design two degenerated 
primers to amplify part of the gene by PCR. The 

 

 

 

Fig. 4. Purification of the glucose-binding protein
from S. solfataricus membranes. Coomassie 
brilliant blue (A) and glycoprotein (B) staining of 
SDS-PAGE of Triton X-100 solubilized membrane 
proteins (lane 1), glycoprotein fraction eluting from
the ConA Sepharose column (lane 2), and the 
purified binding protein after FPLC MonoQ (lane 3). 
Positions of the molecular mass standards are 
indicated. (C) [14C]glucose staining of native gel
electrophoresis of purified glucose binding protein 
(lane 1) and solubilized membrane proteins (lane 
2). 
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A 

SS P2   ACG CAG ATA GCA GTA ATA GTA GCA GTA ATC GTA ATA GTG ATA ATA ATA 
SS P1   ACA CAA ATA GCA GTA ATA GTA GCA GTA ATC GTA ATA GTG ATA ATA ATA  
              * 
        T   Q   I   A   V   I   V   A   V   I   V   I   V   I   I   I 
    
      5'                   3' 
         
        ACA CAA ATA GCA GT 
          C   G   C   C 
          G       T   G 
          T           T 
 
 
SS P2   GGA GTA GTA GCA GGT TTC GTC TTC ACC AAG GG 
SS P1   GGA GTA GTA GCA GGT TTC GTC CTC ACC AAG GG 
                                    * 
        G   V   V   A   G   F   V   L   T   K   G 
                            
                           3'                      5' 
 
                            TTT GTA CTA ACA AAG GG 
                              C   C T C   C   A 
                                  G   G   G 
                                  T   T   T 
 

B 
                    ↓ 
MKRKYPYSLAKGLTSTQIAVIVAVIVIVIIIGVVAGFVLTKGPSTTAVTTTVTSTFTTTTTIPSTTTSTPSNTVVFYTWWGGGDGGEALSQIIPA 

VKQYAGLQMQTYSIPGAGGTNAKYAILALIQAGKPPAAFQVHYGPEMISYVEAAPNGIHTFVNMTPYLIQWGLLNNAVYAVLQAGAYNGTLLSVPI 

NVHRGAVLYVNTQLLREYNLPFPYNFSTLVYDTVQLANHGVSPWIIPGGDGGWDQFNVWEDIFLYLAGPQLYNELIYGTLNFSNPTVQKLINETNY 

WFLNFTSYNYPGWQSMSWEQAFALIAQGKVAFQANGNWVTNYASYINVTVYPPLPQYISNSSVSVVETPFPGTQHYYALVIDTIGIPVGPQEQQAL 

QLAHFWSSYQGQEVWTKYKAVTYYKNGTDWYAQPAQWYDYQQLINTSEQNFVYQLSDGGVFDDVFAQIDSGLLTLQQVGKVGLSAWNSTLVSSMQQ 

EQNEWLAAAKLGLGYLGFPGHPFAGYYPPWVTNPSAYGLTNNTQKTSNSVMLFLLPFLALPLAIASIDNKYYLLK 

 

Fig. 5. Amino acid sequence of the glucose-binding protein. (A) Sequence of the amino-terminus of the purified  
protein. Also indicated are the nucleotide sequences of the PCR primers used to clone the gene encoding GBP.  
An asterisk indicates differences in the nucleotide sequence of S. solfataricus P1 and P2. (B) Complete amino  
acid sequence of the binding protein derived from the nucleotide sequence found in the S. solfataricus genomic  
bank. The sequenced amino-terminal fragment is framed, the positions of the putative transmembrane segments  
are shadowed grey, and putative glycosylation sites are shaded black.  
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acids were lacking in the purified protein. One 
possibility is that the protein is truncated as a 
result of a proteolytic degradation. The other 
possibility is that the protein is processed after 
synthesis and before transport over the 
cytoplasmic membrane (Chapter 5). 
 Databank searches revealed that the GBP 
shares 24 % (40 % similarity) and 19 % (30 % 
similarity) identical residues with the products of 
the P. horikoshii PH1214 (accession 
no.g3915507) and PH1039 (accession no. 
g3915490) genes, respectively. It shares 15 % (29 
% similarity) with the product of the bxlE gene of 
Streptomyces lividans (accession no. g3941369), 
that corresponds to a putative sugar-binding 
protein. Downstream of PH1214 of P. horikoshii, 
two other ORFs are located in the same 
transcription direction, PH1215 (accession no. 
g3915506) and PH1216 (accession no. 
g3915506) (Fig. 6). These two ORFs code for 
integral membrane proteins that are homologous 
to sugar permeases bearing the inner membrane 
Fig. 6. Organisation of the genomic region around 
the glucose-binding protein (GBP) of S. solfataricus 
and its homolog, PH1214, of Pyrococcus horikoshii 
OT3. Homologous genes are indicated by the same 
shading pattern. ORF34, ORF35, PH1215, and 
PH1216 code for putative membrane proteins, and 
ORF32 encodes an ATP-binding protein belonging to 
the ABC superfamily. 
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primers allowed the PCR of an 80 base-pair DNA 
fragment when either S. solfataricus P1 or P2 
chromosomal DNA was used as template. The 
translated nucleotide sequence of the PCR 
product corresponded to the short amino-terminal 
sequence of the purified glucose-binding protein 
(Fig. 5A,B), and allowed the identification of the 
complete open reading frame (accession code 
c42_036) in the genomic database of S. 
solfataricus P2 (Fig. 6B). This gene codes for a 
protein of a molecular mass of 61 kDa. The size 
difference with the purified protein (~65 kDa) is 
most likely due to the glycosylation of the mature 
protein. The protein contains eleven possible 
glycosylation sites (Fig. 5B), while hydropathy 
analysis revealed a strong hydrophobic region at 
the amino-terminus and at the carboxyl-terminus 
of the protein. Both may form a transmembrane 
segment that anchors the protein to the 
cytoplasmic membrane. 
 The amino-terminal amino acid sequence 
of the purified glucose-binding protein 
completely matched the predicted sequence from 
the DNA database, except that the first 12 amino 

component signature typical for binding-protein-
dependent-transport systems. Further analysis of 
the DNA sequence surrounding the glucose-
binding protein gene of S. solfataricus revealed 
three upstream genes, i.e., ORF32, ORF34 and 
ORF35 that are transcribed in the reverse 
direction (Fig. 6). ORF34 and ORF35 show 
homology to binding-protein-dependent sugar 
permeases, while ORF32 is similar to several 
ATP-binding proteins (Fig. 7). Furthermore, 
ORF34 and PH1215 (28 % identity, 51 % 
similarity), and ORF35 and PH1216 (24 % 
identity, 54 % similarity) are homologous (Fig. 
6). This genetic organisation suggests that the 
GBP is a subunit of an ABC-transporter. 
 
Discussion 
 
In this study we have investigated the mechanism 
of glucose transport in Sulfolobus solfataricus. 
Transport of glucose is mediated by a high 
affinity binding-protein-dependent system that is 
specific for glucose, galactose, and mannose were 
unable to detect any 2-deoxyglucose binding to 
the membrane vesicles and to the purified binding 
protein. Moreover, 2-deoxyglucose is a very poor 
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inhibitor of glucose binding and transport. This 
implies that a hydroxyl group at the C2 position 
of the sugar is critical for binding of the substrate, 
but there is no discrimination between C2 and 
C4-epimers of glucose. Studies of Cusdin et al. 
(Cusdin et al., 1996) suggest that 2-deoxyglucose 
is transported in S. solfataricus (DSM 1616) by a 
glucose/galactose/mannose transporter albeit with 
a 15-fold lower affinity than glucose. In our 
study, the difference in affinity between 2-
deoxyglucose and glucose appears even larger. 
The exact reason for this discrepancy is not clear, 
but could relate to differences in the used strains. 
Nevertheless, both studies show that 2-
deoxyglucose is a poor substrate for this 
transporter. 
 A transporter with affinity for glucose and 
galactose has previously been identified in 
Brucella abortus (Essenberg et al., 1997). This 
system presumably catalyses a sugar/H+ symport 
reaction. Energetically such a mechanism would 
also be favourable for S. solfataricus, since it 
maintains a very large ∆pH across its membrane 
(Moll and Schäfer, 1988). Uptake of glucose by 
S. solfataricus could possibly be mediated by a

 binding protein that is associated with a 
secondary transport system (Jacobs et al., 1996; 
Shaw et al., 1991), but the gene encoding the 
glucose-binding protein is located adjacent to 
genes encoding two integral membrane proteins 
and one ATPase subunit that are typical for ABC 
transporters. Since these three genes are 
transcribed in the reverse direction relative to the 
binding protein, a direct link is not immediately 
obvious. However, homologues of these genes in 
the genome of Pyrococcus horikoshii OT3 
(Kawarabayasi et al., 1998) are contained in a 
single operon-like structure.  
 Moreover, the two integral membrane 
proteins, ORF34 and ORF35, are also 
homologous to many other sugar permeases 
belonging to an ABC transporter. We therefore 
conclude that the glucose-binding protein is a 
subunit of an ABC transport system. The 
binding-protein-dependent maltose/trehalose 
transporters of Thermococcus litoralis (Horlacher 
et al., 1998) and S. shibatae (Yallop and 
Charalambous, 1996), and the

PH0203   : MVEIKLENIVKKFGN--FTALNNINLKIKDGEFMALLGPSGSGKSTLLYTIAGIYKPTSGKIYFDE :  64 
MsiK     : MATVTFDKATRVYPGSTKPAVDGLDIDIADGEFLVLVGPSGCGKSTSLRMLAGLEDVNGGAIRIGD :  66 
AF084104 : MADIQLKNIYKIYDG-DVTAVTDFNLDIKDKEFIVFVGPSGCGKSTTLRMIAGLEDISKGDLYIGD :  65 
ORF32    : MVRIIVKNVSKVFKKGKVVALDNVNINIENGERFGILGPSGAGKTTFMRIIAGLDVPSTGELYFDD :  66 
                                                ********* 
PH0203   : KDVTE-----LPPKDRNVGLVFQNWALYPHMTVYKNIAFPLELRKAPREEIDKKVREVAKMLHIDK : 125 
MsiK     : RDVTH-----LPPKDRDIAMVFQNYALYPHMSVADNMGFALKIAGVNKAEIRQKVEEAAKILDLTE : 127 
AF084104 : RRVND-----VAPKDRDIAMVFQNYALYPHMNVYENMAFGLKLRKFKKDEIDRRVRDAAKILGLEA : 126 
ORF32    : RLVASNGKLIVPPEDRKIGMVFQTWALYPNLTAFENIAFPLTNMKMSKEEIRKRVEEVAKILDIHH : 132 
                                                                                    
PH0203   : LLNRYPWQLSGGQQQRVAIARALVKEPEVLLLDEPLSNLDALLRLEVRAELKRLQKELGITTVYVT : 191 
MsiK     : YLDRKPKALSGGQRQRVAMGRAIVREPQVFLMDEPLSNLDAKLRLSTRTQIASLQRRLGITTVYVT : 193 
AF084104 : MLDRKPKAMSGGQRQRVALGRAIVRDPQVFLMDEPLSNLDAKLRVQMRAEITKLHKRLQTTTIYVT : 192 
ORF32    : VLNHFPRELSGGQQQRVALARALVKDPSLLLLDEPFSNLDARMRDSARALVKEVQSRLGVTLLVVS : 198 
                   ================    +++++ 
PH0203   : HDQAEALAMADRIAVIREGEILQVGTPDEVYYKPKYKFVGGFLGNPPMNFVEAKVEDGKLVITEKS : 257 
MsiK     : HDQVEAMTMGDRVASSRTVCSRQVDSPRNMYDKPANLFVAGFIGSPAMNLVEVPITDGGVKFGN-S : 258 
AF084104 : HDQTEAMTMATRIVIMKDGFIQQVGTPKDVYDNPENVFVGGFIGSPSMNFITGKIEGDYFKVGD-V : 257 
ORF32    : HDPADIFAIADRVGVLVKGKLVQVGKPEDLYDNPVSIQVASLIG--EINELEGKVTNEGVVIGS-- : 260 
                                                                                    
PH0203   : KLPIPKQYVEIVKETG--ITEVIIGFRP---HDAEIVKGEGE---GIVGEVYSFEPLGREQ-IVTV : 314 
MsiK     : VVPVNRDALKAASDKG--DRTVTVGVRPEHFDVVELNGGAAKTLSKDSADARPASRSR-------- : 314 
AF084104 : TVKVPAGKLSVLRDKGYMNKEIILGIRPEDIHDELLFIESSP-ETKLTAEIDVAELTGAET-VLYS : 321 
ORF32    : ----LRFPVSVSS-----D-RAIIGIRP---EDVKLSKDVIKDDSWILVGKGKVKVIGYQGGLFRI : 313 
                                                                                
PH0203   : SVN-------DS-------IVKVFAPEGEHFSFGEKVTIKVKEELLVLFDKKTEKALEFSKL : 362 
AF084104 : SVN----G--QA------FVARIDSRT--DIEGGQSLDLAFDMNKSHFFDAETELRIRP--- : 366 
ORF32    : TITP-----LDS-------EEEIFTYSDHPIHSGEEVLVYVRKDKIKVFEKN---------- : 353 
 

Fig. 7. Alignment of ORF32 of the ABC operon of S. solfataricus with other ATP-binding proteins. (PH0203 
of Pyrococcus horikoshii, MsiK of Streptomyces lividans, and AF084104 of Bacillus firmus). The ABC 
transporters family signature is underlined double and the Walker A (*) and Walker B (+) motif of the 
nucleotide binding site are indicated. Residues, which are conserved in all four proteins, are shaded black 
and the ones only found in three of the four aligned proteins are shaded grey. 
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 glucose transporter of S. solfataricus, exhibit 
very high affinities for their sugar substrates, i.e., 
in the submicromolar concentration range. The 
high affinity of the binding protein allows these 
archaeal cells to efficiently utilise carbon sources 
in substrate poor environments such as the 
hydrothermal vents in the deep sea or the hot 
sulphuric pools.  
 We noted that a short amino-terminal 
sequence of 12 amino acids is not present in the 
purified GBP whereas it is predicted on basis of 
the nucleotide-sequence. Similar observations 
have been made for the flagellin proteins in 
methanogenes (Kalmokoff and Jarrell, 1991). 
This suggests that these proteins may use a 
similar mechanism of processing and possibly 
even secretion (Chapter 5).  
 Another unusual aspect of the glucose-
binding protein is its extreme acid resistance. The 
protein exhibits a very low pH optimum, i.e., 
around pH 1.5, which is comparable to that of 
pepsin in the stomach (Fox and Whitaker, 1977). 
In this respect GBP differs from two other 
extracellular enzymes of Sulfolobus that have 
been analysed, i.e., α-glucosidase (Rolfsmeier et 
al., 1998) and an esterase (Huddleston et al., 
1995), which exhibit a pH optimum of 4.5 and 6, 
respectively. The purified GBP in detergent 
solution appeared somewhat more acid 
susceptible than the membrane-bound enzyme 
(compare Fig. 3 A and B). 
 In Gram-negative bacteria, binding 
proteins exist in a soluble form in the periplasm. 
S. solfataricus lacks an outer membrane, and is 
instead surrounded by an S-layer. This 
hexagonal-paracrystalline-proteinaceous structure 
contains large pores of 4-5 nm (König, 1988) to 
allow contact with the external medium. It is 
thought, that this structure serves as a molecular 
sieve, but it is not known if it can act as a barrier 
for proteins that are present in the space between 
the cytoplasmic membrane and the S-layer. The 
transmembrane segment(s) of GBP most likely 
serve as an anchor to the membrane, like the lipid 
moiety that retains binding proteins at the 
cytoplasmic membrane of Gram-positive 
bacteria. Although the exact membrane topology 
of the protein is not yet known, it is most likely 

that the major part of the protein is located 
outside where it is glycosylated and where it can 
perform its function as a binding protein. Future 
experiments will address the membrane topology 
of this protein. 
 
Materials and Methods  
 
Organisms and growth conditions 
 
Sulfolobus solfataricus P1 was obtained from W. Zillig 
(Martinsried, Germany) and S. solfataricus P2 (DSM 1617) 
from the Deutsche Sammlung von Mikroorganismen und 
Zellkultur GmbH (Braunschweig, Germany). Cells were 
grown aerobically at 80°C using the mineral base of Allen 
as modified by Brock et al. (Brock et al., 1972) 
supplemented with 0.1 % yeast, 0.2 % trypton and 0.5 % 
sucrose or 0.5 % glucose as a sole carbon source at pH 3.  
 
Uptake experiments 
 
Cells grown in 50-ml cultures were harvested at an OD 660 
of 0.5-0.8. The cells were washed twice in medium without 
carbon source, resuspended at 10 mg protein/ml, and pre-
incubated for 15 min at 60EC. Subsequently, 10 µl of this 
cell suspension was added to 90 µl pre-warmed medium 
without carbon source containing different concentrations 
radio-labelled sugars (specific activities: [14C]glucose, 291 
mCi/mmole; [3H]glucose, 13 Ci/mole (Amersham, The 
Netherlands)). At different time intervals the reaction was 
stopped by adding 2 ml of ice cold 0.1 M LiCl, and the 
mixture was rapidly filtered through 0.45 µm nitro-cellulose 
filters BA 85 (PROTRAN, Schleicher & Schuell, 
Germany). Filters were washed with 2 ml 0.1 M LiCl and 
dissolved and counted in 2 ml scintillation fluid (Packard, 
The Netherlands). For the determination of the kinetic 
parameters Km and Vmax of glucose uptake in cells, 
incubation was stopped after 10 s. Data were analysed with 
the direct linear plot. 
 
Preparation of membranes of S. solfataricus 
 
Cells were suspended in 20 mM Bis-Tris propane, pH 6.5, 
containing a small amount of DNase I, and subsequently 
passed through a French pressure cell at 800 lb/in2. 
Unbroken cells were removed by a low spin at 3,000 x g for 
20 min at 4oC, and membranes were collected from the 
supernatant by centrifugation (100,000 x g for 45 min at 
4oC). To remove peripheral membrane proteins, the pellet 
was resuspended in 20 mM Bis-Tris propane, pH 6.5, and 6 
M urea at a protein concentration of 5 mg/ml. After 30 min 
on ice, the suspension was centrifuged (100,000 x g for 45 
min at 4oC), and the membrane pellet was resuspended in 
20 mM Bis-Tris propane, pH 6.5, and stored in liquid 
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nitrogen. Alternatively, membranes were extracted with 22 
mM Na2CO3 for 40 min at 45°C (Grogan, 1996). 
 
Binding assays 
 
Binding of radiolabeled substrates to membranes or 
solubilized protein was assayed as described by Richarme 
and Kepes (1983). Basically, 10 µl of membranes (10 
mg/ml) or purified protein (0,3 mg/ml) were added to 90 µl 
of 50 mM glycine/HCl, pH 2, and preincubated for 5 min at 
60oC. [14C]Glucose was added at various concentrations, 
and the suspension was incubated at 60oC. At various time 
intervals, the reaction was stopped by the addition of 2 ml 
of a chilled 70% saturated ammonium sulphate solution, 
and the mixture was filtered through 0.2 µm nitro-cellulose 
filters BA 85 (Schleicher & Schuell, Germany), and washed 
once with 2 ml of the same solution. Filters were dissolved 
in 2 ml scintillation fluid and counted. Binding data were 
analysed according to Scatchard (Scatchard, 1949). 
 
Purification of glucose-binding protein (GBP) from 
membranes of S. solfataricus 
 
Membranes of S. solfataricus were solubilized in a buffer 
containing 20 mM Bis-Tris propane, pH 6.5, and 2 % Triton 
X-100. The suspension was incubated for 2 h at 37oC, and 
insoluble material was removed by centrifugation (100,000 
x g for 45 min). The supernatant was diluted with 20 mM 
Bis-Tris propane, pH 6.5, and 0.5 M NaCl to yield a final 
concentration of 0.05 % Triton X-100. Subsequently, the 
material was applied to a Con A Sepharose (Pharmacia, The 
Netherlands) column equilibrated with buffer A (20 mM 
Bis-Tris propane, pH 6.5, 0.5 M NaCl, 0.05 % Triton X-
100). The column was washed with 5-volumes of the same 
buffer, and bound glycoproteins were eluted with a linear 
gradient of 0 to 200 mM α-methyl-mannopyranoside in 
buffer A. Fractions were assayed for glucose-binding 
activity as described above. α-Methyl-mannopyranoside did 
not interfere with glucose binding, since the glucose-
binding assay was not influenced by the presence of a 100-
fold excess of α-methyl-mannopyranoside. Active fractions 
were pooled and NaCl was removed overnight by dialysis 
against 1000 volumes of buffer B (20 mM Bis-Tris propane, 
pH 6.5, 0.05 % Triton X-100). The dialysis buffer was 
replaced three times. The protein fraction was subsequently 
applied to a HR5/5 Mono Q column (Pharmacia, Sweden) 
pre-equilibrated with buffer B. Proteins were eluted with a 
linear gradient of 0 to 500 mM NaCl. The glucose-binding 
protein eluted at 120 mM NaCl and was subsequently 
dialysed against 1000 volumes of 50 mM glycine/HCl, pH 
2, 0.05 % Triton X-100 with 10% glycerol. Samples were 
routinely analysed by SDS-PAGE.  
 

Detection of binding activity in non-denaturating 
polyacrylamide gels 
 
Native PAGE was performed as described by Schägger and 
Jagow (1991). The glucose-binding activity in these gels 
was determined as follows: a gel strip was incubated at 
80oC for 20 min in 20 mM Bis-Tris propane, pH 6.5, that 
contained 1 µM of [14C]glucose (specific activity 291 
mCi/mmole). The gel strip was washed for 10 min in water 
and fixed for 5 min in 50 % (v/v) methanol, and 10 % (v/v) 
acetic acid. After washing with water for 5 min, the gel was 
dried and exposed to a high sensitivity X -ray film (Kodak).  
 
Cloning of the gene of the glucose binding protein 
 
Two degenerated primers (see Fig. 5A) were designed on 
the basis of the N-terminal amino acid sequence of the 
purified glucose-binding protein and used for a PCR 
reaction with genomic DNA isolated from S. solfataricus P1 
and P2. The resulting PCR product of 80 bp length was 
ligated in a pGEM-T-easy vector (Promega, The 
Netherlands) and subsequently sequenced. The obtained 
sequences were used to screen the S. solfataricus database 
P2 (http//niji.imb.nrc.ca/sulfolobus/) and genebank  
(http//www.ncbi.nlm.nih.gov/Entrez/nucleotide.html). 
 
Other techniques 
 
For the amino-terminal sequence analysis, purified glucose-
binding protein was transferred to a PVDF membrane. 
DNA and protein sequencing was performed by 
Eurosequence (Groningen, The Netherlands). Staining of 
glycoproteins in SDS-PAGE was performed as described by 
Wardi et al. (Wardi and Michos, 1972). Protein 
concentrations were determined with the DC Biorad Kit 
(BIORAD, The Netherlands). 
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GlcV, the ATPase of the glucose ABC transporter 
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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 
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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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Sugar Transport in Sulfolobus solfataricus is 
mediated by two families of binding protein 

dependent ABC transporters

Marieke G.L. Elferink, Sonja-V. Albers, Wil N Konings and 
Arnold J.M. Driessen 

 
 

Summary 
 
The extreme thermoacidophilic archaeon Sulfolobus solfataricus, grows optimally 
at 80oC and pH 3, and utilizes a variety of sugars as sole carbon and energy source. 
Glucose transport in this organism is mediated by a high-affinity binding protein-
dependent ATP-binding cassette (ABC) transporter. Sugar binding studies revealed 
the presence of four additional membrane-bound binding proteins for arabinose, 
cellobiose, maltose and trehalose. These glycosylated binding proteins are subunits 
of ABC transporters that fall into two distinct groups: i) monosaccharide 
transporters that are homologous to the sugar transport family containing a single 
ATPase and a periplasmic binding protein that is processed at an unusual site at its 
amino-terminus, ii) di- and oligosaccharide transporters that are homologous to the 
family of oligo/dipeptide transporters which contain two different ATPases, and a 
binding protein that is synthesized with a typical bacterial signal sequence. The 
latter family has not been implicated in sugar transport before. These data indicate 
that binding-protein-dependent transport is the predominant mechanism of 
transport for sugars in S. solfataricus. 

 
Introduction 
 
Sulfolobus solfataricus is an obligate aerobe that 
grows either lithoautotrophically or 
chemoheterotrophically in hot and acid 
environments. It originates from a solfataric 
field with temperatures between 75 and 90 °C 
and pH values of 1-3 (Brock et al., 1972). These 
environments contain decomposing materials of 
higher plants, among which cellulose and starch 
that can act as potential carbon sources. S. 
solfataricus has been reported to grow on a 
variety of reduced organic compounds as sole 
carbon and energy source (Grogan, 1989). 
Although the metabolic pathways for the 
degradation of various sugars has been studied 
in detail (Kengen, 1996; Schönheit and Schäfer, 
1995), little is known how these sugars are 
transported into the cell. An exogenous α-

amylase has been purified from S. solfataricus 
that catalyzes the hydrolysis of starch, dextrin 
and α-cyclodextrin into maltose and 
maltodextrins (Haseltine et al., 1996). These 
compounds can be hydrolyzed by a soluble 
cytosolic maltase (α-glucosidase) to release 
glucose in the cell (Rolfsmeier et al., 1998; 
Rolfsmeier and Blum, 1995). A β-glucosidase, 
initially described by Cubellis et al. (1990), was 
characterized by D’auria et al. (1996), but the 
native substrate for this enzyme is unknown. 
Recently, amylolitic activity that converts starch 
to trehalose was detected in the culture 
supernatant of S. solfataricus KM1 cells (Kato 
et al., 1996). This trehalose-producing activity 
appears to result from the cooperative action of 
two enzymes, a glycosyltransferase and an 
amylase (Kobayashi et al., 1996). The 
utilization of sugars as trehalose, maltose and 
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maltotriose necessitates the presence of uptake 
systems.  
 The availability of the partial sequence of the 
S. solfataricus P2 genome (Sensen et al., 1998) 
permits the rapid identification of transport 
systems in this organism. S. solfataricus 
contains a number of secondary transporters that 
belong to the major facilitator superfamily 
(MFS) and various binding-protein-dependent 
transporters belonging to the ATP-binding 
cassette (ABC)-family of transporters. On the 
other hand, phosphoenol-pyruvate-dependent 
phosphotransferase systems (PTS) appear to be 
absent in S. solfataricus and in other archaea. 
Glucose, galactose and mannose enter S. 
solfataricus cells via a binding protein-
dependent ABC-type transporter (Chapter 2). 
Such systems have been found also for the 
uptake of sugars in other archaea, as for 
instance, uptake of maltose and trehalose in the 
hyperthermophilic Thermococcus litoralis 
(Xavier et al., 1996). The genes encoding this 
system have been cloned and sequenced, and 
shown to be homologous to the maltose 
transporter of E. coli, MalEFGK (Horlacher et 
al., 1998). Recently three ABC transporters of 
Haloferax volcanii have been functionally 
characterized and shown to be essential for 
nitrate respiration (Wanner and Soppa, 1999). 

In this study, we have undertaken a 
systematic screening for the presence of sugar 
binding proteins in S. solfataricus. The data 
show that S. solfataricus utilizes binding 
protein-dependent ABC-type transporters for 
the uptake of a variety of sugars. Surprisingly, 
some of these systems belong to the family of 
oligo/dipeptide transporters that so far only have 
been implicated in peptide and Ni2+ transport. 
The physiological implications of these findings 
are discussed. 

 
Results 
 
Membrane-bound glycosylated sugar binding 
proteins in S. solfataricus 
 
S. solfataricus utilizes a number of sugars as 
sole carbon and energy source, among which 
arabinose, glucose, galactose, cellobiose, 
maltose, sucrose, trehalose, lactose, fructose and 
melibiose (data not shown). Recently, we 
reported the identification of a membrane-
bound binding protein that functions as a 
subunit of an ABC-type transport system for 
glucose, galactose and mannose (Albers et al., 
1999a). During the purification of this protein, 
Concanavalin A (ConA) affinity 
chromatography of detergent solubilized 
membranes was used to selectively purify 
glycosylated membrane proteins (Albers et al., 
1999a). Since this method allows the 
purification of a limited number of proteins 
within the molecular mass range of 30-300 kDa 
(Fig. 1), we tested this fraction for the presence 
of other glycosylated substrate binding proteins. 
Membranes isolated from cells grown on 
arabinose were solubilized with triton X-100, 
and subjected to ConA column chromatography. 
The protein fraction eluted with α-
methylmannopyranoside (Fig. 1, lane 3) was 
dialyzed and used for substrate binding assays 
using radiolabeled substrates. Binding activity 
could be detected for arabinose, fructose, 
xylose, glucose, galactose, cellobiose, maltose 
and trehalose. No binding activity was found for 
lactose, melibiose, citrate and the amino acids 
glutamate, leucine and alanine.  

Fig. 1. Coomassie Brilliant blue stained SDS-PAGE 
of ConA fractions of membrane proteins derived 
from cells grown on the substrates indicated. The 
identified binding proteins (BP) are indicated with 
an arrow: Oligo 1, unknown; CbtA, cellobiose-
binding protein; MalE, maltose-binding protein; 
AraS, arabinose-binding protein; GlcS, glucose-
binding protein; and TreS, trehalose-binding 
protein. 
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 To assess the number of individual binding 
proteins, the specificity of the various binding 
activities found in the ConA fraction was 
determined by measuring the binding of 
radioactive-labeled sugars in the absence and 
presence of a 10-fold excess of unlabeled sugar. 
Binding of radiolabeled arabinose (Fig. 2A), 
fructose (Fig. 2B) and xylose (Fig. 2C) was 
reciprocally inhibited by the unlabeled sugars 
indicating that these substrates share a common 
binding protein. The inhibition studies also 
confirmed our earlier report (Albers et al., 
1999a) showing that glucose (Fig. 2D) and 
galactose (Fig. 2E) share a common binding 
protein. Due to the higher maltose binding 
activity (Fig. 3), the ConA fraction derived from 
maltose-grown cells was used for the maltose 
(Fig. 2G) and cellobiose (Fig. 2F) binding 

inhibition experiment. Inhibition was observed 
only with the individual unlabeled substrate, 
suggesting the presence of distinct binding 
proteins for cellobiose and maltose. 
 The binding specificity was studied in further 
detail. D-[14C]-arabinose binding was strongly 
inhibited by a 10-fold excess of unlabeled D-
arabinose (88 % inhibition) and L-arabinose (95 
%), whereas ribose and xylose were without an 
effect. Apparently, the protein does not 
discriminate between the stereoisomers of 
arabinose in analogy to the E. coli arabinose-
binding protein (Quiocho and Vyas, 1984). We 
also noted that S. solfataricus grows both on D- 
and L-arabinose, in contrast to what has been 
reported before (Grogan, 1989). Binding of 
[3H]-cellobiose was not only strongly inhibited 
by a 10-fold excess of nonlabeled cellobiose (91 
%), but also by cellotriose (98.5 %), 
cellotetraose (99 %) and cellopentaose (99 %). 

Fig. 2. Substrate specificity of the sugar binding 
activity present in the ConA fraction of arabinose 
(A-E) and maltose (F and G) grown cells. Binding 
of 1 µM of the indicated radiolabeled sugars was 
determined in the presence and absence of a 10-
fold excess of unlabeled competitor substrate. A, 
arabinose; B, fructose; C, xylose; D, glucose; E, 
galactose; F, cellobiose; and G, maltose. The 
binding in the absence of the competitor was set 
to 100 %. The standard deviation shown is for two 
independent experiments. Different degrees of 
shading are used to indicate the substrate 
specificity of the binding activities. 

Fig. 3. Binding of sugars by the ConA fraction 
derived from cells grown on various substrates. 
ConA fractions were isolated from cells grown on 
trypton, glucose, arabinose, maltose or cellobiose. 
Binding of radiolabeled arabinose (A), cellobiose 
(B), trehalose (C), glucose (D) and maltose (E) 
was determined using a substrate concentration 
of 1 µM. The standard deviation shown is for two 
independent experiments. 
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The increase in inhibition with the polymer 
length indicates the presence of a cello-oligo 
binding protein. Binding of [14C]-maltose was 
strongly inhibited by a 10-fold excess of 
unlabeled maltose (76 %), weakly by 
maltotriose (44 %) and not at all by trehalose (0 
%). This binding activity is therefore specific 
for maltose/maltodextrin, it differs from the 
maltose/trehalose binding protein found in 
many other organisms (Xavier et al., 1996; 
Horlacher et al., 1998;Wassenberg et al., 2000). 
Since S. solfataricus can grow on trehalose as 
sole carbon and energy source, and [14C]-
trehalose binds to all examined ConA fractions 
(Fig. 3), an independent trehalose binding 

protein must be present in this organism. Taken 
together, the results suggest the presence of at 
least five distinct sugar binding proteins in S. 
solfataricus, i.e., 1) arabinose/fructose/xylose, 
2) galactose/glucose/mannose; 3) cellobiose and 
higher derivatives; 4) maltose/maltodextrin; and 
5) trehalose. 
 
Induction and identification of sugar binding 
proteins 
 
 To correlate the sugar-binding activities to 
specific proteins present in the ConA fraction, 
cells were grown on a variety of sugars. The 
respective ConA fractions were assayed for 
binding activity of each of the five binding 
proteins (arabinose, cellobiose, trehalose, 
glucose and maltose) (Fig. 3). Fig. 1 shows the 
specific polypeptide patterns of the ConA 
fraction after growth on the indicated sugars and 
trypton. In cells grown on arabinose, the 
prominent expression of a protein with a 
molecular mass of about 80 kDa was evident 
(Fig. 1, lane 3). The arabinose-binding activity 
(Fig. 3A) correlated with the relative abundance 
of the 80-kDa protein in the various fractions 
(compare Fig. 1 and Fig. 3A), suggesting it to 
be the arabinose-binding protein. The protein 
was partially purified from the arabinose ConA 
fraction, using anion-exchange chromatography, 
and found to bind D-arabinose with a KD value 

Fig. 4. Uptake of glucose (A) and maltose (B) by S. 
solfataricus cells grown on glucose (closed circles) 
and maltose (open circles). Radiolabeled glucose 
and maltose were added to a final concentration of 
1 µM. 

Fig. 5. Separation of the 
maltose and trehalose 
binding activity present in 
the maltose ConA fraction 
by MonoQ chroma-
tography. (A) SDS-PAGE 
and (B) binding of 
maltose (filled bars) and 
trehalose (open bars) by 
the eluted membrane 
protein fractions. MalE 
and TreS are indicated 
with arrows. 
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of 130 nM (data not shown). The 80-kDa 
protein was blotted on a PVDF membrane and 
the N-terminal amino acid sequence was 
determined. A BLAST search with the amino 
acid sequence ISRTAI against the S. 
solfataricus databank yielded a perfect match 
with an open reading frame (ORF) encoding for 

a 69,315 Dalton protein, which we now assign 
as AraS (See Fig. 6A). AraS shows homology to 
sugar-binding proteins, and like the glucose-
binding protein GlcS (Chapters 2 and 5), it lacks 
a typical signal sequence and appears to be 
processed in an unusual manner that results in 
the removal of the first nine amino acids.  

A 
                   ↓ 
GlcS : MKRKYPYSLAKGLTSTQIAVIVAVIVIVIIIGVVAGFVLTKGP---------STTAVTTT :  51 
AraS : ---MSRRRLYKAISRTAIIIIVVVIIIAAIAGGLAAYYSSSKPPATSTSLTSTSSSLSVT :  57 
sugar1 : MGRKGKKIDYKAISKTLVAVIIVVVIVIAIGGVYAFLSSQHSPAAPS----STTTSFTST :  56 
TreS : --------MRRGLSTTTIIGIVVAIVIIVIGAVAAVTLLSHKP-----------SQVVST :  53 
sugar2 : ---------MKALSTLAMAVIIIVVIAVVAAAAYLITSSSHHPSIS-----TTTTPIIAT :  46 
                                                                               
GlcS : VTSTFTTTTTIPSTT--------TSTPSNTVVFYTWWGGGDGG--EALSQIIP-AV :  96 
AraS : TSSTTSTLSSITTTT--------STASSYVVDFINPWGAEDP---VGLKWIGGNFS : 102 
sugar1 : TSSTTTSSVLNTSNPQALMQLVGISTPPSTPVTITVWNSYSTSENQAFNETLAQFE : 112 
TreS : TSPSTSQSATSTS-P---------SQVITITYFDDLSPSEAN---ITQKIIIPQFE :  96 
sugar2 : NTTAPITLTVVTFSG---------QSANFIQYAGNLFHQLHPN-VQVEVIQYPFSE :  92 
                    
 

B 
                                          ↓ 

oligo1 : ------MKRYKIISTIITVLMVISIGIFAMPILSQSTSVQPEGS :  39 
MalE : MNKKIKNVIGLTALILMALSAFMPFIISSRVVNSQSPQLNPAAS :  45 
CtbA : ----MRKELVLEVGVIFSISVMLFSISGIMIANSASSPFPSTLY :  41 
oligo2 : ------MSSLKGLALLSIMLIGIILPSLFLLQTSAQTSLTISPP :  39 
oligo3 : --MYSVLSIKDKKIISLLILVATAISPIFAIAQSASSSPASTAI :  43 
 
  

C 
 
oligo1 : LALHLVNQSVPEPWWYYTSQVPSSWYTSNDPFVYQTTTTTTTSTTTTTSTTTTSTTTSTVTTT: 656 
MalE : MSNAQEVAYTQAAWQDLLAFIYGKANTATPPSLLAMLQPST-S-----TVTQTSTSTSTVTTT: 672 
CtbA : ----------AL---------IDYWYAPLYESTIITTTTTSIS------TTITTTTTS---AT: 648 
oligo2 : -----------------------YYYNLMYYQPYTITISTSTS------TTSSTTTTT-LQTT: 672 
oligo3 : ---PGSYLLSVSAYSNTSILINPVTYTLVVLPSITTTTSTTTS------TTTTTSTTT-TTSV: 855 
 
                                                                               
oligo1 : SVSTTTSVSTSVSTTTATVTTTVTS---SSNTTLYAIIAVVVIIIVIIGVILGLR-R------: 709 
MalE : SASTSVTTTTSMSTT--SVTSTVST---SSGLSTGVIAGIIVVIIVIIAVVAYVVVR-R----: 720 
CtbA : TATTSVTTTTSVTTTS-ISTTTVTV---TSTSTIPIIIAIVIVIIVIIAAVAILMRR------: 692  
oligo2 : TTSIVFGGATNITTSVTSMTTTTSS---SSSTLIYAVIGIVIVIIIIVVAVVLLRGRGRGGPG: 725 
oligo3 : STSLSTTTITSVSTVISTVVSTIVSTVVSSASNIGYIAVIVVLIIIIIALAVLLFRR------: 905 

 
Fig. 6. Alignment of the amino acid sequences of binding proteins. (A) N-terminal region of binding proteins 
with homology to sugar binding proteins. (B) N-terminal region of binding proteins with homology to 
oligo/dipeptide binding proteins. (C) C-terminal region of binding proteins with homology to oligo/dipeptide 
binding proteins. Experimentally determined N-terminal sequences are underlined. Processing sites of the 
binding proteins are indicated by an arrow, putative transmembrane segments are highlighted in black, and 
the long hydrophilic stretch rich in hydroxylated amino acids is indicated in grey. 
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 The glucose-binding activity is expressed 
constitutively (Fig. 1 and 3), but is at its highest 
levels in cells grown on trypton. The abundance 
of the 65-kDa protein (Fig. 1) correlates with 
the glucose binding activities (Fig. 3D) in the 
various fractions. This protein is identical to 
GlcS that was purified to homogeneity (Chapter 
2). Like GlcS, the trehalose-binding protein is 
also expressed under all growth conditions (Fig. 
3C). The cellobiose (Fig. 3B) and to a lesser 

extent maltose (Fig. 2E) binding activities were 
increased when cells were grown on the 
respective substrates. Transport studies with 
glucose and maltose confirmed the results 
obtained with the binding assays. Both glucose- 
and maltose grown cells showed a substantial 
glucose uptake rate, but the activity was lower 
in the glucose-grown cells (Fig. 4A). On the 
other hand, maltose uptake rates were high in 
maltose-grown cells and low in glucose-grown 
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Fig. 7. Schematic representation of the gene organization of the ABC-operons derived from the S.
solfataricus database encoding sugar transporters. (A) sugar transport cluster. (B) oligo/dipeptide transport
cluster. The length of the arrow indicates relative sizes of the proteins. Binding proteins, permeases and
ATP-binding subunits are indicated in black, grey and white, respectively. The numbers in the arrows
indicate the respective ORFs that belong to the indicated contigs. (C) Clustering of sugar ABC operons and
genes related to sugar metabolism on contig 25. Hatched arrows indicate genes encoding a function in
sugar metabolism. 
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cells (Fig. 4). 
 To identify the other binding proteins, anion-
exchange chromatography was used to separate 
the maltose and trehalose binding activities in 
the ConA fraction of maltose-grown cells (Fig. 
5). Trehalose binding activity correlated with a 
protein of about 60-kDa (Fig. 1). The N-
terminal amino acid sequence LSTTTIIGIVV 
matched an ORF encoding a protein with a 
molecular mass of 53,264 Dalton that is 
homologous to sugar binding proteins. The 
mature trehalose binding protein, TreS, lacks 
the first 4 amino acids and is processed at the 
same site as GlcS and AraS (See Fig 6A). The 
maltose-binding activity correlated with a 
protein of about 100-kDa (Fig. 1). Repeated N-
terminal sequence analysis yielded ambiguous 
results. The best match with the obtained 
sequence [QY][SA][PFLN][QP] was QSPQ that 
corresponds to the amino-terminus of a mature 
protein (79,982 Dalton) synthesized with a 
typical bacterial signal sequence. This protein, 
tentatively named MalE is identical to the gene 
product of ORF1 that is localized next to the 
maltase (malA) gene on the S. solfataricus 
chromosome (Rolfsmeier et al., 1998). MalE is 
homologous to oligo/dipeptide binding proteins. 
Partial purification of the ConA fraction of 
cellobiose-grown cells revealed that the 
cellobiose binding activity correlated with a 
protein of about 97 kDa. The N-terminal 
sequence ASSPFP[SP]TLYL matches with the 
amino terminus of a 76,665 kDa protein that, 
like MalE, is synthesized with a typical signal 
sequence that belongs to the family of 
oligo/dipeptide binding proteins (Fig. 6C). This 
protein is referred to as CbtA. 
 Taken together, the identified sugar binding 
proteins can be divided into two clusters: i) 
proteins with a molecular mass ranging from 53 
to 70 kDa, that are homologous to sugar binding 
proteins and that are synthesized with an 
unusual amino-terminal signal, and ii) proteins 
with a molecular mass in the range of 76 to 100 
kDa that are homologous to oligo/dipeptide 
binding proteins and that are synthesized with a 
typical signal sequence.  

 

Further database searches identified 
another five binding proteins for which the 
substrate is unknown. Two are homologous to 
sugar binding proteins referred to as sugar 1 and 
2, while the other three belong to the 
oligo/dipeptide cluster referred to as oligo 1, 2 
and 3. Oligo 1 could be identified as the upper 
band of the oligo/dipeptide cluster in the 
arabinose Con A fraction (Fig. 1). N-terminal 
sequencing yielded the sequence QSTSVQPE 
that matches an ORF of 79,110 kDa. The N-
termini of the binding proteins of the first 
cluster are aligned in Fig. 6A and of the second 
cluster in Fig. 6B and C.  
 
Structural organization of sugar binding 
protein-dependent ABC transporters 
 

After identification of the different 
binding proteins in the S. solfataricus database, 
adjacent proteins were analyzed that allowed the 
identification of the complete operons for the 
respective transport systems (Fig. 6). In analogy 
to the binding proteins, the permeases and the 
ATPases can be divided into the same two 
categories, the sugar and oligo/dipeptide cluster. 
The respective operon structures (See Fig. 7A 
and B) and structural organization resembles 
that typically found in bacteria (Higgins, 1992), 
i.e., a binding protein, one or two separate 
integral membrane subunits, and one or two 
separate peripheral ATPase subunits. The 
integral membrane domains (sugar 2), or 
peripheral ATPases (MalK) may also occur as 
fused proteins (Fig. 7). 

 
Sugar binding proteins are mannose 
glycosylated 
 

 The molecular masses of the identified 
binding proteins appeared smaller than 
estimated from SDS-PAGE while the protein 
bands appear diffuse. This is most likely caused 
by the glycosylation of these proteins as they 
are selectively retained by ConA 
chromatography. To reveal the identity of the 
sugar residues present, binding proteins were 
analyzed with a digoxigenin glycan 
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differentiation kit that contains 5 different 
lectins, Galanthus nivalis agglutinin (GNA), 
Sambucus nigra agglutinin (SNA), Maackia 
amurensis agglutinin (MAA), peanut agglutinin 
(PNA) and Datura stramonium agglutinin 
(DSA). These lectins specifically discriminate 
between 5 types of glycosylations. The proteins 
of the arabinose ConA fraction were separated 
on SDS-PAGE, and transferred to 
nitrocellulose. Blots were treated with the 
different lectins to characterize the carbohydrate 
moieties. Each of the binding proteins could be 
detected with GNA, while with the other lectins 
no signal was obtained. GNA recognizes α(1-
3), α(1-6) and α(1-2) links to terminal mannose, 
indicating their presence in the carbohydrate 
moieties of the binding proteins. Total sugar 
analysis of AraS and the whole arabinose ConA 
fraction resulted in mannose, glucose, galactose, 
N-acetyl-glucosamine and a large unknown 
species (data not shown). The latter may 
represent 6-sulfoquinovose recently identified in 
the cytochrome b558/566 from S. acidocaldarius 
(Zahringer et al., 2000). 
 
Discussion 
 
By means of an integrated proteomic and 
genomic approach, we have identified a set of 
membrane-bound sugar binding proteins in 
Sulfolobus solfataricus. In addition to the 
previously described binding protein for 
glucose, galactose and mannose, GlcS (Chapter 
2), binding proteins could be identified for 
arabinose, fructose and xylose (AraS); 
cellobiose and higher derivatives (CbtA); 
maltose and maltodextrin (MalE); and trehalose 
(TreS). Each of these sugars can serve as sole 
carbon source for the growth of S. solfataricus. 
The gene of each of these binding proteins is 
contained in an operon that encodes the 
complete binding-protein-dependent ABC 
transporter. These transporters fall into two 
groups, the glucose, arabinose and trehalose 
transporters are homologous to sugar transport 
systems, while the maltose and cellobiose 
transporters are homologous to oligo/dipeptide 

transporters (Fig. 6 and 7). The latter 
observation is remarkable; such systems have so 
far been implicated in peptide transport only. 
MalE and CbtA both bind di- and 
oligosaccharides, and this recognition of 
oligomers may be a common feature of the 
members of ABC transporters of the 
oligo/dipeptide cluster. Binding of sugar 
oligomers likely requires a different structure of 
the substrate-binding pocket as compared to 
regular sugar binding proteins that bind 
predominantly monosaccharides. Also in other 
archaea, members of the oligo/dipeptide cluster 
appear to be involved in sugar transport. 
Recently, we identified a cellobiose transport 
system in the hyperthermophile Pyrococcus 
furiosus. This system also belongs to the 
oligo/dipeptide transporter family (S. M. 
Koning, personal communication). In P. 
horikoshii, genes encoding for the subunits of a 
putative oligo/dipeptide transporter were found 
to be associated with the sugar-degrading 
enzyme, ß-galactosidase (Kawarabayasi et al., 
1998). The complete genome sequence of the 
thermophilic bacterium Thermotoga maritima 
contains eleven members of the oligo/dipeptide 
transporter family, nine of which are present in 
operons that in addition contains genes involved 
in sugar metabolism (Nelson et al., 1999). It 
was postulated that peptide uptake and sugar 
degradation are coordinately regulated. Similar 
observations were made for Thermoplasma 
acidophilum for which the genome sequence 
was recently completed (Ruepp et al., 2000). 
Based on our findings, it seems more likely that 
most of these systems are involved in sugar 
uptake and not peptide transport. A clear 
example of how these sugar transport operons 
are surrounded by genes encoding proteins 
involved in sugar metabolism is shown in Fig. 
7C, where the maltose and oligo1 operons of S. 
solfataricus are located in the vicinity of a gene 
encoding a maltase (MalA) and α-fucosidase, 
respectively (Fig. 7C). The malA gene (contig 
025 ORF 031 in the S. solfataricus P2 database) 
and adjacent regions have been characterized by 
Rolfsmeier et al. (1998). Interestingly, a 2.4 kb 
transcript upstream of malA, termed ORF1, was 
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found to be transcribed upon growth on maltose. 
The gene product of ORF1 is identical to the 
protein MalE, which we identified as the 
maltose binding protein in this study.  

Binding proteins of the sugar and 
oligo/dipeptide cluster differ in their size and 
type of signal sequence. All binding proteins of 
the sugar cluster are equipped with an unusual 
short signal sequence (Fig. 6A) (Chapter 5). 
This signal sequence resembles that of the 
flagellins of methanogenic and halophilic 
archaea (Kalmokoff and Jarrell, 1991) and of 
bacterial proteins of the type IV pilin 
superfamily (Faguy et al., 1994). Although 
there are some striking similarities, the signal 
sequences of archaeal preflagellins and binding 
proteins also differ in some aspects (Jarrell et 
al., 1999). Archaeal preflagellins always harbor 
a glycine at the –1 position, where as in the 
binding protein sequences, the –1 position may 
contain a glycine or alanine residue. The 
identity of the archaeal processing peptidase(s) 
is not known, nor is it clear whether the same 
cytosolic enzyme processes both, preflagellins 
and binding proteins. Based on the availability 
of sequenced binding proteins, we now define 
the archaeal consensus processing sites as: [KR] 
-2 [GA] –1 [IL] +1. For the preflagellins, 
processing at the N-terminus is necessary for 
the release from the membrane and assembly 
into a flagellum. With the binding proteins, 
there is no evidence that they are released from 
the membrane as well. On the contrary, the 
hydrophobic stretch of amino acids located 
directly behind the signal sequence presumably 
serves to anchor the binding proteins to the 
membrane, as release of binding activity from 
the membrane requires detergents. This 
transmembrane segment is followed by a long 
stretch of hydroxylated amino acids, i.e., serine 
and threonine residues. Binding proteins of the 
oligo/dipeptide cluster are all equipped with a 
typical bacterial or eukaryotic signal sequence 
(von Heijne, 1990) (Fig. 6B). They are 
processed at the outer surface of the membrane, 
but remain membrane-anchored by means of a 
transmembrane segment present in the 
carboxyl-terminal region. Strikingly, this 

transmembrane segment is preceded by a long 
stretch of hydroxylated amino acids. This region 
may function as a flexible linker region to 
couple the catalytic substrate-binding domain to 
the membrane-anchoring domain. Alternatively, 
it may represent a site of glycosylation and 
anchoring to the S-layer. Various extracellular 
archaeal proteins, like the pullulanase from 
Thermococcus hydrothermalis (Erra-Pujada et 
al., 1999) and the S-layer proteins from 
Haloferax halobium and H. volcanii (Sumper et 
al., 1990; Lechner and Sumper, 1987), are 
equipped with similar types of linker and 
hydrophobic domains. The linker region of the 
H. halobium S-layer protein was shown to be 
highly O-glycosylated with galactose and 
glucose residues (Lechner and Sumper, 1987).  

Most of the sugar-binding proteins in S. 
solfataricus are expressed under conditions that 
the respective sugar is present in the growth 
medium (Fig. 1, 3). GlcS and TreS appear to be 
expressed constitutively. Since synthesis of α-
amylase is repressed by glucose, a catabolite 
repression-like system has been proposed for S. 
solfataricus (Haseltine et al., 1996). Carbon-
regulation of the expression of α-amylase, α-
glucosidase and ß-glucosidase has been studied 
in some detail (Haseltine et al., 1999), and a 
“global gene regulatory system” was proposed 
that acts at the level of mRNA abundance to 
coordinate the levels of the three enzymes in 
response to changes in the nutrient composition 
of the growth medium. Expression of the 
binding proteins might be under control of the 
same regulatory mechanisms. The glucose 
uptake system, however, is constitutively 
expressed, which indicates that it might not only 
function as a primary uptake system for its 
substrates from the medium. The system may 
also be involved in the recruitment of sugars 
released upon the degradation of extracellular 
glycoproteins. The sugars used for 
glycosylation, i.e., galactose and glucose 
(Lechner and Sumper, 1987) and mannose (this 
study) are all substrates for the glucose uptake 
system.  
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Our data provides biochemical evidence 
that S. solfataricus predominantly utilizes 
binding protein-dependent ABC-transporters for 
the uptake of sugars. This is a remarkable 
observation, as this organism maintains a large 
∆pH across its membrane and nevertheless 
prefers to accumulate sugars at the expense of 
ATP instead of a proton motive force. The 
completed genome sequences of other 
hyperthermophilic organisms such as 
Thermotoga maritima and Pyrococcus furiosus 
reveals a large abundance of binding-protein-
dependent ABC-transporters relative to 
permeases (Nelson et al., 1999, 
http://wit.mcs.anl.gov). The available genomic 
information of S. solfataricus (about 75 % of 
the genome) also points into this direction. The 
preference of binding-protein-dependent ABC-
transporters might relate to the high substrate 
binding affinity that is usually associated with 
these systems (KD for glucose and arabinose 
binding are 430 and 130 nM, respectively). This 
may be an essential requirement for these 
organisms and enable them to scavenge all 
available nutrients in a substrate-poor 
environment such as hydrothermal vents in the 
deep sea or hot sulfuric pools. 
 
Methods and Materials 
 
Culture conditions 
 
Sulfolobus solfataricus P2 was obtained from the 
Deutsche Sammlung von Mikroorganismen und 
Zellkultur GmbH (Braunschweig, Germany). Cells were 
grown aerobically at 80°C in the medium described by 
Brock (Brock et al., 1972), adjusted to pH 3 with sulfuric 
acid and supplemented with 0.4 (w/v) % of trypton or 
different sugars as sole carbon and energy source. 
 
Preparation of membranes of S. solfataricus 
 
Cells were suspended in 20 mM Bis-Tris propane (pH 
6.5) and past twice through a French pressure cell at 800 
lb/in2. Unbroken cells were removed by low-spin 
centrifugation at 3,000 x g for 10 min at 4°C. Membranes 
were collected by high-spin centrifugation at 100,000 x g 
for 45 min at 4°C. The membrane pellet was suspended in 
20 mM Bis-Tris propane (pH 6.5) and stored in liquid 
nitrogen. 
 

Partial purification of the binding proteins 
 
Membranes were solubilized by incubation for 30 min at 
37°C in the presence of 1 % Triton X-100 at a protein 
concentration of 10 mg/ml in Bis-Tris propane buffer (pH 
6.5). Insoluble material was removed by centrifugation 
for 15 min at 250,000 x g in a desktop ultracentrifuge 
(Beckman Coulter, Fullerton, CA). The supernatant was 
supplemented with NaCl to a final concentration of 0.5 M 
and applied to a concanavalin A (ConA)-sepharose 
column (Pharmacia, Roosendaal, the Netherlands) 
equilibrated with buffer A (20 mM Bis-Tris propane, pH 
6.5, 0.5 M NaCl and 0.05 % Triton X-100). The column 
was washed with 5 volumes of the same buffer, and 
bound glycoproteins were eluted by 200 mM of α-
methylmannopyranoside in buffer A. The protein 
containing fractions were pooled and dialyzed three times 
against a 500-fold volume of buffer A without NaCl to 
remove the salt and the α-methylmannopyranoside. The 
resulting ConA fractions were used for the different 
binding studies. For subsequent purification the ConA 
fraction was applied to a HR 5/5 Mono Q column 
(Pharmacia, Uppsala, Sweden) equilibrated with buffer A 
without NaCl. Proteins were eluted with a linear gradient 
of 0 to 500 mM NaCl. Fractions were assayed for the 
different binding activities, analyzed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and stained with Coomassie Brilliant blue. 
 
Binding assays 
 
Binding of radiolabeled substrates to solubilized 
membranes or partially purified proteins was measured by 
a filtration assay. A volume of 50 µl of the ConA fraction 
was mixed with 50 µl of 0.5 M of glycine/HCl buffer (pH 
2) and preincubated for 2 min at 60°C. The radiolabeled 
sugar was added to a final concentration of 1 µM and 
incubated for 2 min at 60°C. The reaction was stopped by 
the addition of 2 ml of a chilled 0.1 M LiCl solution, 
filtered through 0.45 µm pore size nitrocellulose filters 
(Schleicher & Schüll, BA85) and washed once with 2 ml 
of the same solution. Filters were dissolved in 2 ml of 
scintillation fluid (FLO-scint A, Packard Instruments 
Comp. Inc. Groningen, the Netherlands), and the 
radioactivity was determined. The following radiolabeled 
compounds were used: D-[1-3H] arabinose (specific 
activity: 20 Ci/mmol) was from (American Radiolabeled 
Chemicals, Inc, St. Louis). D-[U-14C] glucose (291 
mCi/mmol), [U-14C] maltose (630 mCi/mmol), D,L-[U-
14C] fructose (340 mCi/mmol), D-[1-14C] lactose (57 
mCi/mmol), [U-14C] xylose (55 mCi/mmol), [U-14C] 
sucrose (540 mCi/mmol), [3H] galactose (13700 
mCi/mmol), [3H] cellobiose (8900 mCi/mmol), [3H] 
melibiose (3.2 Ci/mmol), [U-14C] citrate (114 
mCi/mmol), L-[U-14C] alanine (174 mCi/mmol), L-[U-
14C] leucine (311 mCi/mmol), L-[U-14C] glutamate (251 
mCi/mmol), all from Amersham, The Netherlands. [U-



Sugar ABC transporters in S. solfataricus 

 51 

14C] trehalose (850 mCi/mmol) was a gift from Dr. Boos, 
University of Konstanz, Germany.  
 
Database searches 
 
The N-terminal sequences were compared with the 
sequences of proteins described in the S. solfataricus P2 
database (http://niji.imb.nrc.ca/sulfolobus, Sensen et al., 
1998). After identification of the binding proteins, 
additional BLAST searches were performed to identify 
the adjacent genes and the organization of the complete 
operon encoding the ABC-transporters.  
Direct links to the contigs of the S. solfataricus P2 
database are: c42 
(http://niji.imb.nrc.ca/sulfolobus/sh01e0442/sh01e0442_h
ome.html), c25 
(http://niji.imb.nrc.ca/sulfolobus/sh13a0425/sh13a0425_h
ome.html), lam11 
(http://niji.imb.nrc.ca/sulfolobus/l392_l11/l392_l11_hom
e.html), c19 
(http://niji.imb.nrc.ca/sulfolobus/sh22e0419/sh22e0419_h
ome.html) , c63 
(http://niji.imb.nrc.ca/sulfolobus/sh17g1063/sh17g1063_h
ome.html), c30 
(http://niji.imb.nrc.ca/sulfolobus/sh19h1230/sh19h1230_h
ome.html), c29 
(http://niji.imb.nrc.ca/sulfolobus/sh13a0629/sh13a0629_h
ome.html), c99 
(http://niji.imb.nrc.ca/sulfolobus/sh01e0999/sh01e0999_h
ome.html).  
 
Sugar analysis 
  
For total sugar analysis AraS, eluted from SDS-PAGE, 
and the complete arabinose ConA fraction were subjected 
to a hot acid hydrolysis treatment (0.1 N trifluoroacetic 
acid at 80oC for 1 hr; or 2 N trifluoroacetic acid at 100oC 
for 5 hrs; or 4 N HCl at 100oC for 3 hrs [this sample was 
re-N-acetylated]). Released monosaccharides were 

labeled with 2-aminoacridone (Molecular Probes, Leiden, 
The Netherlands) and separated by acrylamide gel 
electrophoresis (Jackson, 1994) and compared with 
known standards. 
 The type of glycosylation was determined after 
blotting of the ConA fraction onto PVDF membranes and 
incubation with different lectins present in the 
digoxigenin glycan differentiation kit (Roche Molecular 
Biochemicals, Mannheim, Germany). 
 
Other techniques 
 
Transport studies were performed as described (Chapter 2). 
S. solfataricus cells used were grown in the presence of 
0.4% (w/v) glucose or maltose as the sole carbon source. 
Sequence alignment was done with ClustalW 
(http://www.ch.embnet.org/software/ClustalW.html). 
Protein concentrations were determined with the DC kit 
(Biorad, Veenendaal, The Netherlands). N-terminal 
sequencing of the binding proteins blotted on PVDF 
membranes was performed by the Protein Service 
Laboratory (University of British Columbia, Vancouver). 
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http://niji.imb.nrc.ca/sulfolobus/sh17g1063/sh17g1063_home.html
http://niji.imb.nrc.ca/sulfolobus/sh17g1063/sh17g1063_home.html
http://niji.imb.nrc.ca/sulfolobus/sh19h1230/sh19h1230_home.html
http://niji.imb.nrc.ca/sulfolobus/sh19h1230/sh19h1230_home.html
http://niji.imb.nrc.ca/sulfolobus/sh13a0629/sh13a0629_home.html
http://niji.imb.nrc.ca/sulfolobus/sh13a0629/sh13a0629_home.html
http://niji.imb.nrc.ca/sulfolobus/sh01e0999/sh01e0999_home.html
http://niji.imb.nrc.ca/sulfolobus/sh01e0999/sh01e0999_home.html
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A unique short signal sequence in membrane-
anchored proteins of Archaea 

 
Sonja-Verena Albers, Wil N. Konings and Arnold J.M. Driessen 

 
 
 

 
Detailed information is available on the signal 
sequences of bacteria and eukaryotes that direct 
secretory proteins out of the cell (von Heijne, 
1990). It is generally assumed that such signals in 
Archaea are identical to the bacterial and 
eukaryotic signals. Recently, we have identified a 
glucose binding protein in Sulfolobus solfataricus 
that functions as a subunit of an ABC-type of 
sugar transporter (Albers et al., 1999a). The 
binding protein is secreted by the cells in order to 
interact with the extracellular sugars. Unlike 
binding proteins in Gram-negative bacteria, the 
protein remains anchored to the membrane by 
means of an amino-terminal transmembrane 
segment. In this respect it also differs from 
binding proteins of Gram-positive bacteria that 
utilise cysteine-linked lipid anchors for 
membrane binding. The determined N-terminal 
amino acid sequence of the purified glucose 
binding protein completely matched the sequence 
predicted from the DNA sequence from the 
database of S. solfataricus, except that the first 12 
predicted amino acids were lacking in the 
purified protein. The protein appears to be 
processed at a glycyl-leucyl peptide bond that 
precedes a putative transmembrane segment 
thought to anchor the secreted protein to the 
membrane. Although the programme SignalP 
(Nielsen et al., 1997; http://www.cbs.dtu.dk/-
services/SignalP/) predicts an eukaryotic-type 
signal peptide cleavage site at amino acids 36-37 
(Gly-Phe), a prokaryotic-type (Gram-positive) 
signal peptide cleavage site at amino acids 43-44 
(Pro-Ser), and a prokaryotic-type (Gram-
negative) one at amino acids 47-48 (Ala-Val), 
none of these sites are used. Cleavage at this 
position strikingly resembles that of the flagellins 

of methanogenic and halophilic Archaea 
(Kalmokoff and Jarrell, 1991; Faguy et al., 
1996). These secreted proteins bear a very short 
hydrophilic, positively charged N-terminal 
sequence of 11 or 12 amino acids (Fig. 1) that is 
processed at a glycine followed by a stretch of 
hydrophobic amino acids that seems to be 
involved in the intramolecular flagellin 
interactions. The existence of such a short signal 
peptide in a secretory protein is exceptional. 
Therefore, we have searched the genomic 
databank of Archaea to determine whether the 
Gly-Leu motif is more commonly found in 
secretory proteins. From these searches it appears 
that secretory proteins can be classified in two 
main classes, i.e., one class that exhibits a typical 
bacterial signal sequence and one that shows a 
glycine followed by a long hydrophobic stretch of 
amino acids. Only the latter class of proteins was 
further analysed. Main examples are the cutinases 
and amylases from P. horikoshii OT3 and S. 
solfataricus P2, and the maltose/trehalose binding 
protein from Thermococcus litoralis (Xavier et 
al., 1996).  It should be emphasised that only for 
flagellins and the glucose binding protein, the 
exact location of the cleavage site has been 
determined biochemically. In none of the other 
cases is compelling evidence available for 
processing at the indicated site. However, these 
proteins have in common that the positively 
charged amino-terminus connects to a stretch of 
hydrophobic amino acids through a glycine (Fig. 
1). Taken together, these data suggest that some 
secreted proteins in Sulfolobus solfataricus and 
other archaea are transported by the similar 
mechanism as archaeal flagellins and not by the 
sec-dependent pathway.  

http://www.cbs.dtu.dk/
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Kalmakoff and Jarrel (1991) have shown 
that archaeal flagellins are not homologous to 
bacterial flagellins, but rather resemble the 
bacterial proteins of the type IV pilin 
superfamily which includes also DNA uptake 
and protein excretion systems (Hobbs and 
Mattick, 1993). Proteins that are secreted via 
these systems show a high homology at their N-
termini with a well conserved glycin at position 
-1 and a glutamate at the +5 position (Bairoch, 
1991). In the case of the archaeal systems this 
glutamate residue is not conserved and only 
found in the flagellum of Methanospirillum 
hungatei (Faguy et al, 1994). The genome of S. 
solfataricus bears a homologue of VirB, a 
component of a DNA uptake system in 
Agrobacterium. The open reading frame located 
downstream of Methanococcus voltae flagellins 

and the gen MJ0900 of Methanococcus 
janaschii show significant homologies to pilB 
(Bayley and Jarrell, 1998), a nucleotide binding 
protein involved in pilus function in 
Pseudomonas aeruginosa (Hobbs and Mattick, 
1993). Furthermore, there are two more pilB 
homologues (MJ0781 and MJ1287) found in M. 
janaschii. This demonstrates that type IV 
secretion systems are also present in Archaea. 

The current model for the secretion of 
archaeal flagellins across the cytoplasmic 
membrane (Jarrell et al., 1996) resembles the 
proposal for type IV pili (Mattick and Alm, 
1995). The flagellins are guided to the 
membrane by chaperones that prevent non-
specific interactions of the flagellins at their 
hydrophobic N-termini. At the membrane, the 
charged part of the N-terminus is cleaved off by 

            processing 
               site 

                 ↓↓↓↓ 
Flagellines:  
 
MJ0891 .....MKVFEFLKGKRGAMGIGTLIIFIAMVLVAAVAAAVLINTSGFLQQKAMA 52 
MJ0892 .....MKVFEFLKGKRGAMGIGTLIIFIAMVLVAAVAAAVLINTSGFLQQKAMA 49 
PH0546 .........MTVVPRKGAVGIGTLIVFIAMVLVAAVAAAVLINTSGYLQQKASG 45 
PH0549 .............MKKGAVGIGTLIVFIAMVLVAAVAAAVLINTSGYLQQKSQA 41 
OT0568415 ............VPRKGAVGIGTLIVFIAMVLVAAVAAAVLINTSGYLQQKASG 42 
OT0565261 .............MRRGAIGIGTLIVFIAMVLVAAVAAGVLITTSGYLQQKAMA 41 
SSH (protein)                          LAGLDTAIILIAFIITASVLAYV                
 
Binding proteins: 
                                                                                               ↓         ↓                  ↓ 
SS GBP .....MKRKYPYSLAKGLTSTQIAVIVAVIVIVIIIGVVAGFVLTKGPSTTAVT 49 
TL malE ........MNVKKVLLGLFLVGVLGIAVVASGCIGGQQTSTVTSTPTETSLQGK 46 
OT0392679 .........MRKPLLVGFLILALVLSTIAAGCIGGGTTQTSPTQSPTGTQSPTP 45 
PH1214 ....MSRKYLLSLLLVGALVISVVASGCIGGSQTPTSSPTKTQQVQELEIYHWW 50 
 
Enzymes: 
 
SS c05_054 .....MKRIIILSPFRGLFRSLLYFLLGLIMALISAGYFSQLFSIVGINRDIAI 49 
SS c01_023 .....MDMASRRKNARGLSGAVTALILVIASVIIALVVVGFAFGLFGAFTGQGT 49 
 
Miscellaneous: 
 
MJ0822 .......MAMSKLKKIGAIAVGGAMVATALASGVAAEVTTSGFSDYKELKDILV 47 

 
Fig. 1. List of archeal genes containing the unique procession site. The positively-charged amino acids are 
shaded grey and precede the cleavage sites, which are shadowed black. Stretches of hydrophobic amino 
acids are underlined. Accession numbers are designated MJ for Methanococcus jannashii, PH for 
Pyrococcus horikoshii OT3, SS for Sulfolobus solfataricus, SSH for Sulfolobus shibatae, OT for Pyrococcus 
OT3 and TL for Thermococcus litoralis. MJ0822, S-layer protein; PH1214, sugar-binding protein;TL malE, 
maltose-binding protein; SS GBP, glucose-binding protein; OT0392679, multiple sugar-binding protein; SS 
c05_054 cutinase; SS c01_023, serine cutinase. The ▼ indicates putative signal peptidase cleavage sites 
in the glucose-binding protein of S. solfataricus. See text for further details. 
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a cytosolic peptidase. In the case of type IV 
pilin proteins, the prepilin peptidase pilD 
removes the signal peptide and directly N-
methylates the leucine of the pilins (Nunn and 
Lory, 1991; Strom et al, 1993). Archaeal 
flagellins appear not to be methylated, but after 
translocation across the membrane the proteins 
are glycosylated and finally assemble into a 
flagellum. Whether there is a stage in which the 
flagellins are free in the periplasm or whether 
they reach the flagellum by lateral diffusion in 
the membrane is not known. The positively 
charged amino terminus of the precursor form 
likely blocks membrane translocation, and it 
may well be that processing is needed to allow 
translocation of the flagellin across the 
membrane.  

The above model for the transport of 
flagellins explains the orientation of the 
membrane-anchored glucose binding protein in 
S. solfataricus. After translocation of its 
catalytic binding domain across the membrane, 
the charged amino-terminus may be cleaved by 
the same peptidase that is involved in 
processing of flagellins.  

Moreover, the glucose binding protein is 
glycosylated like the flagellins. It is not yet 
clear if the glucose binding protein remains 

membrane-anchored or assembles into a large 
complex in the 'periplasm' of S. solfataricus. 
However, its release from the membrane 
requires substantial amounts of detergent, which 
indicates that it is membrane-integrated.  

Taken together these data suggest that 
membrane-anchored secretory proteins in 
Archaea are processed and translocated by a 
mechanism that resembles that of archaeal 
flagellins.  
 
Note added in proof 
 
Pedgen et al., 1998, have recently described a 
cellulose-binding protein of the Gram-positive 
bacterium Ruminococcus albus which also 
belongs to the type IV pilin protein family. The 
signal sequence is eight amino acids long, 
highly positively charged, and cleaved at a 
glycine followed by a phenylalanine. 
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In vitro signal sequence cleavage assay for type IV 
pilin proteins of the archaeon S. solfataricus 

 

Sonja-Verena Albers and Arnold J.M. Driessen 

 
 

Summary 
 
Archaeal flagellins exhibit type IV pilin like signal peptides. In the thermoacidophilic 
archaeon S. solfataricus not only the flagellin, but also eight substrate-binding 
proteins, contain type IV pilin signal peptides. In the vicinity of the flagellin gene, 
genes are located that encode for homologues of a bacterial type II or IV secretion 
system. However, a prepilin peptidase could not be identified, and therefore an in 
vitro cleavage assay for the flagellin FlaB and the glucose-binding protein GlcS of S. 
solfataricus was established. This system consists of E. coli membranes containing 
expressed preFlaB or preGlcS mixed with S. solfataricus membranes. After 
detergent solubilization and incubation at 55oC, specific cleavage of both proteins 
was observed. This system can be used for the purification and identification of the 
type IV pilin signal peptidase of S. solfataricus. 
 
 
 
Introduction 
 
Many Gram-negative bacteria express type IV 
pili at their cell surface. These filamentous 
structures play an important role in cell-cell 
contacts, antigeneticy and motility (Wall and 
Kaiser, 1999). Prepilin are processed at an 
unusual site at their N-termini leaving the 
hydrophobic domain of the signal peptide 
attached to the mature protein. This domain is 
involved in the assembly of the pilus, in 
particular the subunit-subunit interaction (Forest 
et al., 1999; Parge et al., 1995). More than 12 
genes are necessary for the proper secretion and 
assembly of the pilus (Nunn, 1999). Among 
these gene products there are polytopic 
cytoplasmic membrane proteins, a cytosolic 
ATPase that is thought to drive the secretion 
process, outer membrane proteins that form an 
oligomeric ring-like structure to extrude the 

pilus from the cell surface, and a specific 
prepilin peptidase. 
 Flagellins from methanogens have been 
shown to contain type IV signal peptides 
(Bayley et al., 1998; Kalmokoff and Jarrell, 
1991), and in analogy, homologous flagellin 
genes are present in most archaeal genomes. 
Flagellins show a very high sequence identity at 
their mature N-termini, in particular a conserved 
hydrophobic stretch of amino acids. In bacterial 
flagella, regions of high conservation are 
observed at both the N- and C-termini that are 
important for export and polymerization of the 
flagellum (Jones and Aizawa, 1991). However, 
bacterial flagellins are not synthesized with 
typical signal peptides and are secreted via a 
type III secretion machinery (Macnab, 1999). 
Archaeal flagellins on the other hand contain an 
unusual signal peptide that is usually very short 
(4-18 amino acids) and rich in positively 
charges amino acids (See Fig. 5). These signal 
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Results 
 
Expression of preFlaB and preGlcS.  
 
The flagellin of S. solfataricus was identified in 
the corresponding database using the N-
terminus of the mature S. shibatae flagellin 
(Faguy et al., 1996) (Fig. 2). Interestingly, S. 

 

 

Fig.1. Gene organization of the fagellin operon.
The black box indicates the probable deleted N-
terminus of FlaA. Direction of transcription is
indicated by the arrows. 
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peptides show the same features as Gram-
negative type IV pilin signal peptides (Faguy et 
al., 1994). In Pseudomonas aeruginosa 
prepilins are processed by a cytoplasmic leader 
peptidase, PilD (Strom, Nunn, and Lory, 1994). 
This enzyme has been characterized in some 
detail. PilD is bifunctional: it does not only 
remove the signal peptide, but, at the same time, 
N-methylates the N-terminus of the pilin 
(Strom, Nunn, and Lory, 1993). The similarity 
of archaeal flagellin signal peptides with type 
IV pilin signal peptides suggests that a PilD 
homologue must be present in archaea. 
However, sofar such an homologue could not be 
identified by extensive database searches.   
 Recently, a series of sugar-binding 
proteins from the thermoacidophilic archaeon S. 
solfataricus have been purified and 
characterized (Chapter 2) (Elferink et al., 2001). 
N-terminal amino acid sequence analysis of 
some of the purified binding proteins suggested 
an unusual processing event in which a short 
stretch of amino acids with a net positive charge 
is removed leaving the protein anchored to the 
membrane by means of a N-terminal 
transmembrane segment. The N-terminus does 
not correspond to a typical signal peptide but 
rather is homologous to the type IV pilin class 
of signal peptides (Chapter 5). This suggests 
that S. solfataricus contain a PilD –like 
processing peptidase that could be involved in 
both the processing of flagellins and a subset of 
solute-binding proteins. In analogy to the 
Methanococcus voltae flagellin (Bayley and 
Jarrell, 1999), an in vitro cleavage assay was 
developed that allows the monitoring of the 
processing of the S. solfataricus flagellin and 
the glucose-binding protein. 

solfataricus seems to contain only one flagellin 
gene, whereas the S. shibatae flagellum is 
composed of two subunits as commonly 
observed in archaea (Thomas et al., 2001). 
Downstream of the S. solfataricus flaB,  the 
integration of a transposon has occurred that 
seems to disrupt an ORF that may encode for 
the second flagellin (Fig. 1). It appeared that the 
integration of the transposon deleted the original 
promotor and N-terminus of the second flagellin 
gene, flaA. Further downstream of the 
transposase, 4 ORFs are located, FlaGHIJ, 
which are most likely involved in the biogenesis 
of the flagellum. FlaHIJ represent the minimum 
core of flagella associated proteins (Thomas et 
al., 2001). Except for Aeropyrum pernix and 
Archaeoglobus fulgidus, other archaea contain 
the additional proteins FlaCDEFG. The function 
of FlaG is unknown. FlaI is homologous to PilT 
of type IV pilus systems and proteins involved 
bacterial type II secretion. FlaI contains a 
Walker A motif consistent with a role in ATP 
hydrolysis in the secretion process. FlaJ is a 
polytopic membrane protein with 7 putative 
transmembrane segments that could form the 
translocation pore. For FlaH, no homologous 
bacterial proteins could be identified, but the 
deletion of the flaH gene of M. voltae results in 
cells that are unable of producing flagella 
(Thomas et al., 2001).  

The genes encoding the precursor forms 
of FlaB and GlcS (Chapter 2), the glucose 
binding protein, with the type IV pilin signal 
peptides (Fig. 1A) were cloned by PCR and 
expressed in E. coli with a C-terminal 
6xhistidine-tag. FlaB was expressed as a 34-
kDa band, which corresponds to the molecular 
mass on the precursor form. GlcS was also 
expressed but appeared unstable, as it was 
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readily degraded. Removal of an internal NcoI 
insert of 821 bp of the glcS gene yielded a 
truncated form of preGlcS, preGlcS(∆821) with 
a molecular mass of 36-kDa (Fig. 2B). Both 
proteins co-fractionate with the membranes.   
 
In vitro cleavage of preFlaB and preGlcS  
 
Solubilized E. coli membranes containing either 
preFlaB or preGlcS(∆821) were mixed with 
solubilized S. solfataricus membranes and 
incubated at 55oC. Processing at the N-terminus 
of preFlaB and preGlcS(∆821) should result in 
the removal of 18 and 12 amino acid residues, 
respectively (Fig. 2A), and leave a product that 
can be detected with an antibody directed 
against the C-terminal his-tag. A typical result 
of a cleavage assay resulting in processing of 
both proteins is depicted in Fig. 2B. Processing 
was observed only when the E. coli membranes 
were mixed with the S. solfataricus membranes 
and incubated at a high temperature. At 37ºC, 
only residual cleavage was observed (Fig. 3, 4). 
The processing of preFlaB yielded two 
products, tentatively assigned as FlaB1 and 
FlaB2 (Fig 3, 4). The upper band, FlaB1, most 
likely resembles mature FlaB. The identity of 
the second protein band, FlaB2, is unclear. It 
occurred simultaneously with FlaB1 when the 
membranes were incubated at 55ºC. The 
protease inhibitors EDTA or PMSF had no 
effect on the processing of preFlaB (Fig. 3, 4). 
With preGlcS(∆821), processing resulted in a 
protein product with a slightly higher mobility 

on SDS-PAGE (Fig. 2B). Processing was 
slightly increased by EDTA. The presence of 
Triton X-100 was essential for the processing 
activity (Fig. 4), but it determined the 
temperature limit of the assay. At 55 and 60 ºC 
cleavage occurred, but at 65ºC the activity was 
completely lost. The cloud point of Triton X-
100 is around 64ºC, and above this temperature, 
the membranes were precipitated. This most 
likely also explains the observed loss of 
processing activity of the processing of the 
Methanococcus jannaschii flagellins at 80ºC as 
compared to 60ºC (Correia and Jarrell, 2000). 
Triton X-100 could not be exchanged by the 
detergent dodecylmaltoside (Fig. 4A). When the 

Fig. 2. Cleavage assay with preGlcS(∆821) and 
preFlaB. A: N-terminal amino acid sequences of 
preGlcS and preFlaB. The cleavage site is 
indicated by an arrow. B: In vitro processing of 
preGlcS(∆821) and preFlaB. The position of the 
precursors and cleavage products are indicated. 
In both cases E.coli membranes only show one 
band upon detection and Sulfolobus membranes 
did not contribute to the signal. 
Fig. 3. In vitro processing of preFlaB. 
A: Processing was determined in 25 
mM MES, pH 6.5, 0.25 % Triton X-
100, 150 mM KCl and as indicated: 
KCl was exchanged for NaCl, Triton 
X-100 was exchanged for 
dodecylmaltoside (DDM), or 1 mM 
MgCl2 was added. Similar results 
were obtained with CaCl2 and MnCl2. 
B: Time course of processing. EDTA 
and PMSF were both added at 1 mM 
final concentration. S, mixed 
membranes incubated on ice for 30 
min.
59 
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S. solfataricus membranes were substituted for 
Pyrococcus furiosus membranes no processing 
was detected. These data indicate S. solfataricus 
membranes contain a processing peptidase for 
the precursors of flagellin and the glucose 
binding protein. 
 
Type IV pilin signal peptides in S. solfataricus 
 
The database of S. solfataricus P2 was scanned 
for the presence of proteins with a type IV pilin 
signal peptide. This screen identified the three 
sugar-binding proteins, including GlcS, that 
previously by N-terminal amino acid 
sequencing had been shown to possess a type IV 
pilin signal peptide (Elferink et al., 2001; 
Albers et al., 1999). The screen also identified 
FlaB, and five additional proteins. These 
proteins exhibit a high similarity to solute-
binding proteins, and each is organized in an 
operon that that in addition contains genes 
encoding an ABC-type of transporter (Elferink 
et al., 2001). 
 Alignment of all 9 proteins of S. 
solfataricus containing a type IV pilin signal 
peptide shows the conservation of the N-termini 
of these proteins (Fig. 5). At –1 position of the 
cleavage site only glycine and alanine residues 
are found. A positive charged residue always 
precedes this position. This can either be an 
arginine or lysine. The +1 position is in most 
cases a leucine or isoleucine residue or 
exceptionally a phenylalanine. In binding 
proteins +2 position mostly contains a 
hydroxylated amino acid, such as serine and 
threonine, followed by a very hydrophobic 
stretch of residues. The latter likely anchors the 
binding proteins to the membrane, while in 
flagellins it is involved in the assembly of the 
flagellum (Jones and Aizawa, 1991). Based on 
these aligned sequences, we propose that the 
consensus sequence for the processing site of 
the S. solfataricus type IV pilin proteins 
corresponds to [KR]-2 [GA]-1 [IL]1 [STA]2. 
 

 

 
Discussion 
 
Here we describe an assay for the in vitro 
processing of two different S. solfataricus 
proteins, FlaB and GlcS, which both contain a 
type IV pilin signal peptide. Processing could be 
detected after mixing of E. coli membranes 
containing either the expressed preFlaB or a C-
terminal truncate of preGlcS with S. solfataricus 
membranes. Processing was strictly dependent 
on the presence of the S. solfataricus 
membranes suggesting that they contain the 
putative processing enzyme. The assay 
conditions were optimized with respect to 
detergent concentration and incubation 
temperature. The preFlaB is cleaved into two 
products. The largest product, FlaB1 likely 
corresponds to the mature FlaB, while the 
identity of the smaller product, FlaB2 is unclear. 
N-terminal sequencing should reveal the exact 
identity of the products. Preliminary results of 
the purification of the processing peptidase 
indicate, however, that the cleavage activity 
resulting in the FlaB2 and FlaB1 products are 
separable. The latter activity coincides with the 
processing of  preGlcS (data not shown). These 
data indicate that another peptidase of S. 

Fig. 4. In vitro processing of preGlcS(∆821). A: 
Time course of processing and effect of various 
protease inhibitors. B: Effect of temperatures and 
detergent concentration on processing.  
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A 

                           -1 +1 
A. fulgidus       MGMRFLKNEKG FTGLEAAIVLIAFVTVAAVFSYVLLGAGFFATQKGQE flaB1 
M. jannaschii    MLLDYIKSRRG AIGIGTLIIFIALVLVAAVAAAVIINTAANLQHKAAR flaB3 
A. pernix             MRRRRG IVGIEAAIVLIAFVIVAAALAFVALNMGLFTTQKSKE flaB1 
P. horikoshii           MRRG AVGIGTLIVFIAMVLVAAVAAAVLINTSGYLQQKSQA flaB  
T. acidophilum MRKVFSLKADNKA ETGIGTLIVFIAMVLVAAVAATVLIHTAGTLQQKATS flaB3 
 
B  

                        -1 +1 
SSO3066          MSRRRLYKA ISRTAIIIIVVVIIIAAIAGGLAAYYSSSKPPATSTSLTSTS  araS 
SSO1171       MGRKGKKIDYKA ISKTLVAVIIVVVIVIAIGGVYAFLSSQHSPAAPSSTTTSFT  sugar1 
SSO2846           MEGKYKRA ISTSTAIIIAVVVIILIVVGVVAYFQQMGSHAPTSSSSMTSQ  hypo 
SSO2712                MKA LSTLAMAVIIIVVIAVVAAAAYLITSSSHHPSISTTTTPIIA  sugar2 
SSO2847       MKRKYPYSLAKG LTSTQIAVIVAVIVIVIIIGVVAGFVLTKGPSTTAVTTTVTS  glcS  
SSO0999   MSRSDKFSNKEKMRRG LSTTTIIGIVVAIVIIVIGAVAAVTLLSHKPSQVVSTTSPST  treS 
SSO2146       MDMASRRKNARG LSGAVTALILVIASVIIALVVVGFAFGLFGAFTGQGTVTQVG  hypo 
SSO2323 MNSKKMLKEYNKKVKRKG LAGLDTAIILIAFIITASVLAYVAINMGLFVTQKAKSTINKG  flagellin 
SSO0489                MKG FSTLAVVIILIIVVIAVAGIFFVINSQGGHNTTTTSTSSSFS  PBP 
 
Consensus               KG LS      I  
                        RA IT 
                           FA 
 

 
Fig. 5. Type IV pilin signal peptides of S. solfataricus. A: Sequences of different archaeal flagellins. B:
Proteins of S. solfataricus containing type IV pilin signal peptides. Hydrophobic domains are underlined and
the cleavage site is indicated by –1/+1. Positive charged amino acids in the signal peptide are shown in
white. N-termini of proteins with bold number have been determined. Hypo, hypothetical proteins; PBP,
phosphate-binding protein. 
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solfataricus, which is different from the type IV 
pilin signal peptidase, is responsible for the 
processing of preFlaB yielding FlaB2. In 
addition to GlcS, the arabinose and trehalose-
binding protein of S. solfataricus are equipped 
with a type IV pilin signal peptide (Elferink et 
al., 2001). Database analysis revealed six 
additional binding proteins. The type IV pilin 
signal peptide has been reported in archaea only 
for flagellins (Bayley and Jarrell, 1998). 
Therefore, Jarrell and coworkers, (1999) 
proposed that the signal leader peptidase will 
accept only a limited number of substrates, 
specifically only flagellins. Based on the 
consensus-processing site derived from the 
alignment of the protein sequences, there is no 
immediate need to assume that flagellins and 
binding proteins are processed by different 
enzymes.  

Archaeal flagellins are most likely are 
secreted by a system similar to bacterial type II 
systems, to which type IV pilin secretion is very 
homologues. In Gram-negative bacteria, these 

systems are involved in secretion of folded 
toxins and hydroxylases to the external medium 
(Pugsley, 1993). The substrates are first 
translocated in a Sec-dependent manner across 
the cytoplasmic membrane and upon folding 
and assembly, they are secreted across the outer 
membrane via a specific pore complex (Nouwen 
et al., 2000). Archaea, however, lack an outer 
membrane and instead are surrounded by a 
proteineous S-layer. The base of the archaeal 
flagellum has been proposed to be anchored to 
the cytoplasmic membrane via a polar cap 
(Thomas et al., 2001), but it is not known how it 
crosses the S-layer. In bacteria, the crystalline 
array of the S-layer is distorted by the flagellum 
(Sleytr and Beveridge, 1999). The question 
arises why sugar-binding proteins are equipped 
with type IV pilin signal peptides? The binding 
proteins require detergent extraction of S. 
solfataricus membranes suggesting that they are 
anchored to the membrane. The hydrophobic 
domain at the N-terminus could function as 
such anchor but it is unclear why the excess 
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positive charge at the N-terminus is removed by 
the processing event. The loss of these residues 
will weaken the strength of membrane 
anchoring (Andersson and von Heijne, 1994), 
and this phenomenon is used during the 
insertion process of pilins into the pilus. In 
analogy to the assembly of the flagellum (Parge 
et al., 1995) one may speculate that sugar-
binding proteins integrate into a pseudo-
flagellum like structure that extends from the 
cytoplasmic membrane and possibly crosses the 
S-layer to effectively scavenge sugars from the 
external medium.  
 Summarizing, we have developed an 
assay that can be used to monitor the 
purification of the membrane-bound type IV 
pilin signal peptidase of S. solfataricus. This 
assay can be used as a tool to identify the 
protein and characterize its substrate specificity. 
Future studies should as to whether the same 
enzyme processes the flagellins and binding 
proteins, and if binding proteins are assembled 
into a higher order structure. 
 
Materials and Methods 
 
Materials  
 
Anti-histag antibody was obtained from Dianova 
(Hamburg, Germany). E. coli BL21-CodonPlus-RIL 
strain containing a plasmid that expresses tRNA genes for 
argU, ileY, leuW was from Stratagene (Amsterdam, The 
Netherlands), and PVDF membranes were from Biorad 
(Hercules, U.S.A.).   
 
Cloning and Plasmid construction  
 
Chromosomal DNA from S. solfataricus was prepared by 
CsCl-buoyant density centrifugation (Schleper et al., 
1995). Oligonucleotide primers for the amplification of 
flaB and glcS were designed on basis of the genome 
sequence of S. solfataricus 
(http://niji.imb.nrc.ca/sulfolobus/). The forward primer 
for flaB (924) (5’- CCCCGAATTCATGAACTCCAAA 
AAGATG) and reverse primer (5’- 
CCCCGGATCCCCCTATTACTGATACGCTACCC) 
contained a BspHI and BamHI endonuclease restriction 
site, respectively. The digested PCR product was ligated 
into the expression vector pCS19 (Greller et al., 1999) 
yielding pET2162. This vector adds a C-terminal 6x 
histidine tag to the expressed protein.  

The forward primer for glcS (1165 bp) (5’- 
CCCCCGAATTCATGAAAAGGAAGTACCCGTATA
G) and reverse primer (5’- CCCCCGGATCCCTTCA 
AGAGATAGTATTTATTGTC) contained a BspHI and 
BamHI endonuclease restriction site, respectively. The 
digested PCR product was ligated into the expression 
vector pET324chis yielding pET2150. Using this vector a 
C-terminal 6x histag is added to the expressed protein. 
pET324chis was constructed by the ligation of an 
BamHI/HindIII fragment from pAMP42 (provided by 
Antonia Picon) containing a C-terminal 6x histidine tag 
into the expression vector pET324 (Van der Does et al., 
1996). The expression of pET2150 yielded a protein that 
was unstable and readily degraded. Therefore an internal 
NcoI insert (position 702-1523) was cut out and the vector 
was religated yielding pET2152 (Fig. 1). The product was 
designated GlcS(∆821). 
 
Expression  
 
pET2152 and pET2162 were transformed in E. coli 
BL21-CodonPlus-RIL. Transformants were inoculated in 
5 ml LB+ medium (LB medium and 6 g/l of yeast extract) 
supplemented with ampicillin and chloramphenicol (80 
µg/l each) and incubated at 37ºC overnight. 2 ml of the 
overnight cultures were diluted into 1 l of LB+ medium 
and grown until an OD600 of 0.8. Expression was induced 
by adding 0.1 mM isopropyl b-D-thiogalactopyranoside 
(IPTG) and growth was continued for 2 hours. Cells were 
harvested by centrifugation and stored at –80ºC. 
 
Preparation of membranes 
 
E. coli cells were suspended in 20 mM MES, pH 6.5, 
containing a small amount of DNase I and RNase, and 
subsequently passed through a French pressure cell at 800 
psi. Unbroken cells were removed by a low spin at 3.000 x 
g for 20 min at 4ºC, and membranes were collected from the 
supernatant by centrifugation (100,000 x g for 45 min at 
4oC). Outer membranes were removed by sucrose gradient 
centrifugation. The cytoplasmic membranes were washed 
twice with 20 mM MES, pH 6.5, and stored in liquid 
nitrogen. S. solfataricus culture conditions and preparation 
of the membranes are described elsewhere (Albers et al., 
1999).  
 
Cleavage assay 
 
E. coli membranes (5 µg of protein) either containing 
preFlaB or preGlcS(∆821) and S. solfataricus membranes 
(10 µg of protein) were preincubated each 10 min in assay 
buffer (25 mM MES, pH 6.5, 0.25 % Triton X-100, 150 
mM KCl) at room temperature for solubilization. Both 
samples were mixed and incubated for 30 min at 55ºC, 
unless indicated otherwise. Aliquots were dissolved in 
SDS-sample buffer and analyzed by 17.5 % SDS-PAGE 
and western blotting on PVDF membranes, and 
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subsequent detection with anti-his antibodies observed 
cleavage.   
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Summary and concluding remarks 
 
 
 

Introduction 
 
The archaeon Sulfolobus solfataricus is a 
thermoacidophile preferring growth at around 
80oC and a pH of 2.5 to 3.5. As a 
thermoacidophile S. solfataricus faces two 
major problems: firstly, the proton permeability 
of membranes increases with temperature 
resulting in difficulties to establish proton 
gradients across the membrane; secondly, the 
proton concentration in the medium is very 
high, which increases the pressure on the proton 
backflow across the membrane even more. It 
has been shown that S. solfataricus antagonizes 
the increased proton permeability of the 
membrane by the unique composition of its 
membrane. Membranes consist of tetraether 
lipids, which have C40 isoprenoid acyl chains. 
These lipids span the entire membrane forming 
a monolayer. Liposomes made of these lipids 
showed the same proton permeability at high 
temperature as liposomes from mesophilic 
organisms measured at their respective growth 
temperature. The low proton permeability of its 
membrane enables S. solfataricus to establish a 
pH gradient of 4 pH units (pH 2.5 outside/pH 
6.5 inside) resulting in a very high proton 
motive force, which is reduced by a reversed 
∆ψ, inside positive.  
 
Sugar transport in S. solfataricus  
 
Because of the large ∆pH, we assumed that S. 
solfataricus would use the proton motive force 
to fuel uptake of substrates from the medium by 
secondary transport. These transport systems 
catalyse the uptake of solutes in symport with 
protons. Initial research focused on establishing 
a membrane vesicle system for uptake 
experiments. Glucose transport studies in whole 
cells of S. solfataricus indicated that this 

substrate is taken up by a high affinity system 
with a Km of 2 µM (Chapter 2) that utilizes a 
binding protein. The glucose-binding protein 
(GlcS) was purified from solubilized 
membranes of S. solfataricus, and found to bind 
glucose with very high affinity (Kd 480 nM). 
Interestingly, galactose and mannose are also 
substrates for GlcS, but not 2-deoxyglucose. 
GlcS belongs to the group of sugar-binding 
proteins, but exhibits some unusual features: (i) 
GlcS is glycosylated, and (ii) seems to remain 
membrane anchored by means of a 
transmembrane segment. This in contrast to 
bacterial binding proteins that either float freely 
in the periplasm or are anchored to the 
membrane via an attached lipid. (iii) GlcS 
possesses a very short, unusual signal sequence 
(Chapter 5). After N-terminal sequencing of the 
GlcS protein, the corresponding gene was 
identified in the S. solfataricus P2 database. 
Upstream of the glcS gene, genes encoding an 
ABC transport operon were found that include 
two permeases and one ATP-binding protein. In 
the glycoprotein fraction of solubilized 
membranes of S. solfataricus, additional sugar 
binding proteins were detected and their 
substrate specificities were determined (Chapter 
4). Binding proteins for arabinose (AraS), 
cellobiose/cello-oligomers (CbtA), maltose-
/maltotriose (MalE) and trehalose (TreS) were 
analyzed. N-terminal sequencing allowed the 
identification of the respective ABC 
transporters in the genome database of S. 
solfataricus. Interestingly, the five described 
ABC transporters fall into two families: the 
glucose, arabinose and trehalose transporter are 
typical sugar ABC transporters, composed of 
two membrane proteins and one ATP-binding 
domain, whereas the cellobiose and maltose 
system are homologous to oligo/dipeptide ABC 
transporters, consisting of two permeases and 
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two different ATP-binding proteins. This 
classification is also found in the structural 
organization of the binding proteins: AraS, GlcS 
and TreS are equipped with an unusual short 
signal sequence (see below), which is followed 
by a transmembrane segment and a so called 
linker region consisting of a stretch of 30-60 
residues of hydroxylated amino acids. On the 
other hand, MalE and CbtA contain typical 
bacterial signal peptides and in addition a 
carboxyl-terminal transmembrane segment that 
is proceeded by a serine/threonine (ST)-rich 
linker region. The ST-rich linker is a putative 
site for O-linked glycosylation in analogy to 
other archaeal proteins.  
 
Taken together these data suggest that S. 
solfataricus predominantly uses ABC 

transporters for sugar uptake. The complete 
genome indicates the presence of a large 
number of secondary transporters, but the 
substrates for these systems have not yet been 
identified.  
 
This preference for ABC transporters in sugar 
uptake may be a general feature for 
(hyper)thermophiles including thermophilic 
bacteria. The genomes of these organisms also 
indicate the presence of large numbers 
transporters that belong to the sugar and 
oligo/dipeptide ABC transporters family. It is 
unlikely that all of the latter systems are 
involved in peptide transporter, and in analogy 
with S. solfataricus, they may catalyse sugar 
uptake. Sulfolobus and Thermoplasma are 
heterotrophs in contrary to other 

 
 
 
 
 
 

Fig. 1.  Model of the regulatory and catalytic cycle of the E. coli maltose transport system. At the left site
the regulatory cycle is depicted showing MalK, the ATP-binding protein, in the ATP bound state which is
able to bind MalT. Upon binding of maltose loaded maltose-binding protein (MBP) ATP is hydrolyzed,
which releases MalT and leads via unknown conformational changes to the openening of the translocation
pore. The ADP bound to MalK is then readily exchanged by ATP and dependent on the availability of
substrate, the complex enters again the catalytic cycle or is arrested in the regulatory cycle by binding of
MalT. 
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hyperthermophiles. This means that they are 
more versatile in using substrates for growth 
and thus need a greater diversity of transporters.  
 
The ATP-binding subunit of the glucose 
transport system 
 
The ATP-binding subunit of the glucose ABC 
transporter, GlcV, has been characterized 
biochemically and structurally (Chapter 3). 
GlcV shows Mg2+-dependent ATP hydrolysis 
activity and is highly thermostable. The crystal 
structure revealed that GlcV consists of two 
domains. The amino-terminal domain 
constitutes an ATP-binding domain with a fold 
that is nearly identical to that of S. typhimurium 
HisP and T. litoralis MalK. The carboxyl-
terminal extension in GlcV has also been found 
recently in the T. litoralis MalK, but not in the 
S. typhimurium HisP. Based on the homology 
with E. coli MalK it can be assumed that this 
domain is involved in regulation of gene 
expression. This region may bind and therefore 
inactivate MalT, the activator of the mal gene 
expression. In archaea little is known about 
regulation of sugar transport. There are no in 
vivo studies reported as to yet. The data on E. 
coli MalK indicate that ATP-hydrolysis and 
binding or release of MalT might be coupled 
processes. It is assumed that in the ATP bound 
state MalK does not catalyse transport. This 
conformation may bind MalT (Fig. 1). Upon 
contact of the maltose loaded binding protein at 
the periplasmic site with the translocation 
domain (MalGF) a conformational change is 
induced that propagates to MalK via the contact 
sites (most likely the signature motif) with 
MalGF. This triggers ATP-hydrolysis, and 
causes a conformational change of MalK 
leading to the opening of the transport channel 
for passage of the substrate, and secondly, 
release of MalT and subsequently activation of 
the mal gene expression. After the replacement 
of ADP by ATP, MalK may return to a 
conformation that can bind MalT under 
conditions that maltose is not available. If this 
model can be extrapolated to the glucose 
transporter of S. solfataricus and the maltose 

transporter of T. litoralis, an transcriptional 
regulator like MalT should also be present in 
archaea. However, such protein cannot be found 
in the genomic database. Further biochemical 
studies therefore must address the identification 
of the archaeal MalT-homologue for instance 
through direct binding studies with GlcV. 
Information about the conformational change 
induced in GlcV by the binding and hydrolysis 
of ATP is needed to understand the molecular 
mechanism of energy coupling in ABC 
transporters.  
 
Signal sequence peptides in S. 
solfataricus  
 
Analysis of the S. solfataricus database revealed 
that approximately 4.5% of all proteins contain 
a putative signal peptide (Chapter 7). Proteins 
containing secretory signal peptides (including 
twin arginine signal peptides), lipoprotein signal 
und type IV pili signal peptides were identified. 
The major part of these proteins has an 
unknown function, but some represent 
substrate-binding proteins, putative extracellular 
proteases, S-layer proteins and flagellins. The 
group of proteins containing type IV pili signal 
peptides is quite large (9 proteins). Most of 
them are solute binding proteins and one 
corresponds to the flagellin. From four of these 
proteins the unusual cleavage site was 
demonstrated biochemically by amino-terminal 
sequencing. All archaeal flagellines, which were 
already purified from a wide variety of 
organisms, exhibit type IV pilin signal peptides. 
Unlike all other studied archaea, S. solfataricus 
has only one gene coding for a flagellin, 
whereas flagella of S. shibatae are composed of 
two different proteins. Next to the flagellin gene 
in the S. solfataricus genome, insertion of a 
transposon has occurred possibly resulting in 
the loss of the second flagellin gene.  

Bacterial type IV pilins are cleaved by a 
peptidase, PilD (Pseudomonas aeruginosa), 
which removes the positively charged amino-
terminus and concomitantly methylates the new 
amino-terminus. PilD homologues, responsible 
for the processing of archaeal flagellins, have 
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not yet been identified. In S. solfataricus not 
only the flagellin, but also the sugar-binding 
proteins are processed by a PilD homologue. 
There is no evident reason, why binding 
proteins of the sugar cluster are processed by 
this mechanism. Binding proteins from the 
di/oligopeptide cluster remain after processing 
membrane-bound through an amino-terminal 
transmembrane segment, and, unlike flagellins, 
these proteins are not immediately incorporated 
into a larger macromolecule. The question 
arises, whether the binding proteins from the 
sugar cluster are translocated via a similar 
pathway as flagellins and whether they are 
integrated in a macromolecular structure after 
processing. Downstream of the flagellin gene, a 
gene cluster is located that shows homology to 
bacterial type II secretion systems. In Gram-
negative bacteria, such systems are involved in 
the export of toxines and hydrolases across the 
outer membrane. These polypeptides form large 
multimeric structures in the periplasm before 
further export across the outer membrane. 
Bacterial type II, III, and IV secretion systems 
share the basic structure and organization.  

The identified type IV pilin signal 
peptides show that the specificity of the S. 
solfataricus PilD is quite similar to the bacterial 
homologue. For instance, in bacteria these 
peptides contain a conserved glycine at the –1 
position. This glycine residue can only be 
substituted for an alanine, suggesting that the 
bulkiness of this position is critical for 
recognition. In S. solfataricus binding proteins, 
alanine is found more frequent at –1 position, 
and this residue is also present in signal peptide 
of the T. acidophilum flagellin. To identify the 
PilD homologue of S. solfataricus an in vitro 
cleavage assay has been established (Chapter 6). 
The flagellin (FlaB) and GlcS were carboxyl-
terminally his-tagged and expressed in E. coli. 
E. coli membranes containing these proteins 
were mixed with Sulfolobus membranes and 
incubated at high temperatures. Under such 
conditions, specific processing occurred of the 
preFla and preGlcS proteins. This assay will be 
used in the future to monitor the purification of 
the type IV pilin signal peptidase of S. 
solfataricus.  
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Nederlandse samenvatting 
 
 

“Normaal is passé, extreem is in”, zo begint een 
recent artikel over extreme levensvormen in een 
vooraanstaand wetenschappelijk tijdschrift. De 
extremofielen vormen een groep van 
organismen, hoofdzakelijk bestaande uit micro-
organismen, die in staat is onder zeer extreme 
omstandigheden te leven (Tabel 1). Zo worden 
er bijvoorbeeld micro-organismen gevonden die 
bij arctische temperaturen hun groeioptimum 
bereiken, de psychrofielen, terwijl de 
thermofielen hele hoge temperaturen nodig 
hebben (tot 113 oC) om optimaal te kunnen 
groeien. Ook andere fysische parameters zoals 
de druk, het zuurstofgehalte, het zoutgehalte en 
de pH waarde (zuur < neutraal > basisch) 
kunnen enorm afwijken van de door ons als 
normaal gedefinieerde omstandigheden. Voor 
het verlopen van allerlei processen die in een 
organisme plaats vinden en die er voor zorgen 
dat het organisme kan groeien, kunnen zulke 
extreme omstandigheden een groot probleem 
opleveren. Bij hoge temperaturen zijn normale 
enzymen niet meer stabiel en bij zeer hoge 
zoutconcentraties wordt er normaliter zoveel 
water aan een organisme onttrokken dat het 

volledig verschrompelt. Het is daardoor 
fascinerend om te ontdekken hoe de natuur 
oplossingen gevonden heeft om de organismen 
te beschermen tegen en aan te passen aan hun 
extreme leefomgeving.  

Sulfolobus solfataricus, het organisme 
dat in dit onderzoek gebruikt is, behoort tot een 
groep van extremofielen, de archaea, die pas 
sinds kort als een nieuwe levensvorm is ontdekt. 
S. solfataricus is een thermoacidofiel micro-
organisme dat optimaal groeit bij hele hoge 
temperaturen (80 oC) en een zure omgeving (pH 
2.5 tot 3.5) en in staat is om in een voedselarme 
omgeving te overleven. Net als bacteriën zijn 
archaea eencellige organismen, die omgeven 
zijn door een membraan bestaande uit lipiden 
(vetten). Bij hoge temperaturen ontstaat voor 
veel micro-organismen het probleem dat de 
membraan relatief doorlaatbaar wordt voor 
kleine moleculen zodat de interne pH waarde 
niet neutraal gehouden kan worden. Doordat de 
binnenkant van het organisme verzuurt, kunnen 
aan de eiwitten in de cel hun functie niet meer 
optimaal vervullen. Om dit probleem te 
voorkomen heeft de membraan van S. 

 
Tabel 1. Verschillende omstandigheden waaronder leven voor kan komen. 
“Normaal” geeft een indruk van de waarden om ons heen, “extreem” laat de 
grenzen zien waar nog leven mogelijk is. 
 

   
Parameter Normaal Extreem 

temperatuur 10 ~ 45 oC -5 tot 10oC (psychrofiel) 
55 tot 113oC (thermofiel) 

pH (zuurgraad) ~ pH 7 (neutraal) pH 0.5 tot 4 (acidofiel) 
pH 8 tot 11.5 (alkalifiel) 

zoutgehalte Zeewater (~ 3 gram 
keukenzout/liter water) 

zoutmeren (30 tot 240 gram 
keukenzout/liter water)  

druk 1 bar Druk in diepzee: 200 tot >2000 
bar (barofiel) 
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solfataricus lipiden, die zeer stabiel zijn bij 
hoge temperaturen en die zo georganiseerd zijn 
dat ze zelfs bij hoge temperaturen nauwelijks 
permeabel worden voor kleine moleculen.  

Membranen bevatten niet alleen lipiden 
maar ook eiwitten die in de membraan ingebed 
zijn en daar verschillende functies uitoefenen. 
Het binnenste van een cel is door de membraan 
van het omgevende medium afgesloten. Toch 
kunnen eiwitten die in de membraan gelegen 
zijn specifiek de opname van moleculen in de 
cel of de uitscheiding van moleculen vanuit de 
cel naar het medium bewerkstelligen. De 
eiwitten die voor dit transport verantwoordelijk 
zijn worden transporteiwitten genoemd. 
Moleculen, zoals suikers en aminozuren, die 
door middel van transporteiwitten in de cel 
opgenomen worden, kunnen intern worden 
gebruikt om energie uit te winnen. De 
afvalstoffen die bij dit energiewinningproces 
ontstaan en die veelal schadelijk zijn voor de 
cel, worden vervolgens weer door andere 

transporteiwitten via de membraan uit de cel 
verwijderd. Over het verloop van deze 
processen in archaea was aan het begin van ons 
onderzoek heel weinig bekend. S. solfataricus is 
als onderzoeksobject gekozen, omdat al veel 
kennis verkregen is omtrent de eigenschappen 
van de lipiden van de membraan. We hebben 
ons gericht op de opname van suikers en hebben 
vastgesteld dat S. solfataricus in staat is om een 
hele reeks verschillende suikers op te nemen 
(Hoofdstukken 2 en 4).  

Micro-organismen hebben verschillende 
mechanismen ontwikkeld om suikers actief in 
de cel op te hopen. Twee daarvan worden hier 
beschreven: in het eerste mechanisme wordt het 
transport van suikers gekoppeld aan het 
transport van lading en protonen (H+). Voor 
deze vorm van transport is het noodzakelijk dat 
er over de membraan een gradiënt bestaat van 
lading en van protonen. De gradiënt van 
protonen zorgt voor het ontstaan van een pH 
verschil (buiten zuur ten opzichte van binnen 

Fig. 1. Opbouw van een Sulfolobus solfataricus cel. A : Sulfolobus solfataricus, gezien door een 
electronen-microscoop. B: Schematische weergave van de membraan van Sulfolobus solfataricus. 
Getekend is het eiwitcomplex dat het transportkanaal voor glucose vormt. Het bindingseiwit bindt een 
suikermolecuul en brengt het naar het transportkanaal. Het suiker wordt door het kanaal naar binnen 
getransporteerd, waarbij het transportkanaal energie gebruikt.  
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met een hoge proton concentratie aan de 
buitenzijde). Door het transport van ladingen en 
protonen met hun gradiënt mee, wordt de suiker 
tegen zijn gradiënt naar binnen getransporteerd. 
Hierdoor kan de suiker in de cel worden 
opgehoopt. Omdat de natuurlijke omgeving van 
S. solfataricus erg zuur is (pH 2.5) en intern de 
pH een hogere waarde heeft ( ongeveer pH 6), 
onstaat er een groot pH verschil ofwel grote 
gradiënt van protonen over de membraan. Het 
zou dan ook heel aannemelijk zijn wanneer S. 
solfataricus voor het transport van suikers de 
voorkeur zou geven aan het protonen-
gekoppelde transport mechanisme. De 
experimentele resultaten lieten echter zien, dat 
de eigenschappen van het transportsysteem 
meer voldoen aan de karakteristieken voor een 
ander type transport mechanisme, waarbij het 
transport gekoppeld is aan de verbranding van 
een energierijke verbinding (ATP) in de cel. De 
transportsystemen die bij dit mechanisme 
betrokken zijn, bestaan meestal uit een complex 
van meerdere eiwitten (Figuur 1): een substraat 
bindingseiwit (aan de buitenkant van de 
membraan gelegen), een transporteiwit (in de 
membraan gelegen) en een eiwit dat zorg draagt 
voor de afbraak van ATP (aan de binnenkant 
van de membraan gelegen). Het onderzoek dat 
in dit proefschrift is beschreven heeft zich 
gericht op de karakterisatie van één van de 
suikertransportsystemen van S. solfataricus, het 
glucose-transportsysteem. Om de 
eigenschappen van dit systeem in detail te 
kunnen bestuderen, was het noodzakelijk om 
alle componenten te isoleren en in een 
kunstmatige omgeving weer bij elkaar te 
brengen (Hoofdstuk 3, appendix). Door de lage 
productie van de membraan gelegen eiwitten 
was het niet mogelijk om genoeg eiwit complex 
te isoleren om dit doel te bereiken. Het gedeelte 
van het complex dat aan de binnenkant van de 
cel gelegen is en daar voor de afbraak van ATP 
zorgt dat het transportproces van suikers drijft, 
kon wel succesvol worden gezuiverd. Van dit 
eiwit kon de ruimtelijke vouwing (de atomaire 
structuur) bepaald worden (Hoofdstuk 3).Omdat 
het hier gaat om een eiwit dat veel voorkomt in 
transportsystemen is het ophelderen van de 

structuur en het werkingswijze van brede 
betekenis.  

Het laatste eiwit van het complex, het 
bindingseiwit, is aan de buitenzijde van de 
membraan  bevestigd, waar het te transporteren 
suiker moet binden om deze vervolgens naar het 
transportkanaal te leiden. Uit de membranen 
van S. solfataricus werden vijf verschillende 
suiker-bindingseiwitten geïsoleerd, die bij 
verschillende transporteiwitten behoren en 
verschillende groepen van suikers binden. Al 
deze bindingseiwitten zijn aangepast aan de 
extreme condities waarin ze moeten werken: ze 
zijn hitte-stabiel (tot 80oC), zeer bestendig tegen 
zuur en binden suikers bijzonder efficiënt 
(Hoofdstukken 2 en 4). De beschreven 
eigenschappen maken de bindingseiwitten zeer 
stabiel en daarmee interessant voor 
biotechnologische toepassingen zoals in 
biosensoren die de concentratie van specifieke 
verbindingen in een oplossing kunnen meten. 
 In het tweede gedeelte is het onderzoek 
beschreven omtrent de uitscheiding van eiwitten 
vanuit de cel naar buiten. Zoals boven 
beschreven zijn de suiker-bindingseiwitten aan 
de buitenzijde van de membraan gelegen. 
Aangezien deze eiwitten in de cel geproduceerd 
worden, moeten ze via de membraan naar buiten 
worden getransporteerd. Om een onderscheid te 
kunnen maken tussen eiwitten die in de cel 
moeten blijven (intracellulaire eiwitten) en 
eiwitten die de cel moeten verlaten 
(extracellulaire eiwitten), bevatten 
extracellulaire eiwitten aan een van hun 
uiteinden een signaal. Dit signaal wordt herkend 
door speciale eiwit uitscheidingsystemen, die de 
eiwitten over de membraan transporteren en die 
bovendien tijdens het transport het signaal van 
het eiwit afknippen. Archaea en bacteria hebben 
voor verschillende groepen van eiwitten 
specifieke uitscheidingsystemen. Het signaal dat 
aan een eiwit gekoppeld is, bepaalt door welk 
uitscheidingsysteem een eiwit naar buiten 
getransporteerd wordt. In de genoomsequentie 
van S. solfataricus zijn van de 2900 eiwitten, 
136 eiwitten aangetroffen met zo’n signaal 
waardoor ze waarschijnlijk buiten de cel 
gelokaliseerd zijn (Hoofdstuk 7). Een groep van 
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9 eiwitten, hoofdzakelijk bestaande uit 
bindingseiwitten, bevat een signaal dat 
gelijkenis vertoont met het signaal dat gevonden 
wordt aan bacteriële toxines en aan enzymen die 
suikerpolymeren afbreken. Dit is bijzonder 
omdat nog nooit eerder aangetoond is dat 
membraan gekoppelde eiwitten (zoals de 
bindingseiwitten) en eiwitten die vrij opgelost 
zijn in het externe medium door dezelfde 
systemen getransporteerd en geknipt worden. 
De gelijkenis tussen de signalen is eerst 

aangetoond voor het glucose-bindingseiwit 
(Hoofdstuk 5), maar kon later ook 
gedemonstreerd worden voor het arabinose-
bindingseiwit en het trehalose-bindingseiwit 
(Hoofdstuk 4). Tot slot wordt in hoofdstuk 6 
een methode beschreven die het mogelijk maakt 
om het verwijderen van het signaal van de 
bindingseiwitten in een reageerbuis na te 
bootsen. Deze methode zal het ons mogelijk 
maken om de eiwitten die in dit proces 
betrokken zijn, te isoleren en te karakteriseren.  
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Deutsche Zusammenfassung 
 

„Normal ist passé, extrem ist in“, so beginnt ein 
aktueller Artikel über extreme Lebensformen in 
einer der führenden wissenschaftlichen 
Zeitungen. „Extremophile“ sind eine Gruppe 
von Organismen, hauptsächlich einzellige 
Mikroorganismen, die in der Lage sind in 
Umweltbedingungen zu überleben, die von 
denen, von uns als normal definierten, 
abweichen (siehe Tabelle 1). So existieren z.B. 
Kälte liebende (psychrophile) Mikro-
organismen, die schon bei arktischen 
Temperaturen ihr Wachstumsoptimum er-
reichen, wohingegen Wärme liebende (thermo-
phile) Mikroorganismen sehr hohe 
Temperaturen benötigen (bis zu 113oC), um 
sich optimal zu entwickeln. Diese Extreme 
können auch in Hinblick auf andere 
physikalische Parameter wie Druck, 
Sauerstoffsättigung, Salzgehalt und pH Wert 
(sauer < neutral > basisch) von dem abweichen, 
was der Mensch als normal definiert. Jede 
dieser Umweltbedingungen stellt den jeweiligen 
Organismus vor bestimmte Probleme, für die 
die Natur interessante Lösungsstrategien 

gefunden wurden. 
Sulfolobus solfataricus, der Organismus, 

der für diese Studie verwendet wurde, gehört zu 
einer Gruppe der Extremophilen, den Archaea, 
deren Existenz erst seit einigen Jahrzehnten 
bekannt ist. S. solfataricus ist ein 
thermoacidophiler (Wärme und Säure liebender) 
Mikro-organismus, der optimal bei 80oC und 
pH 2.5-3.5 wächst. Ebenso wie Bakterien sind 
Archaea Einzeller und von einer Membran aus 
Lipiden (Fetten) umgeben. Für 
Mikroorganismen ergibt sich bei hohen 
Temperaturen das Problem, daß auf der einen 
Seite die Membran relativ durchlässig für kleine 
Moleküle wird und andererseits der neutrale 
pH-Wert im Innern der Zelle aufrecht erhalten 
werden muss, weil sonst die dort lokalisierten 
Proteine ihre Funktion nicht mehr optimal 
erfüllen können. Als Anpassung an diese 
Bedingungen besteht die Membran von S. 
solfataricus aus Lipiden, die sehr stabil bei 
hohen Temperaturen sind und so strukturiert, 
dass sie selbst bei hohen Temperaturen nur 
wenig kleine Moleküle passieren lassen. 

 
 Tabelle 1. Variierende Umweltbedingungen, in denen Leben vorkommen kann. 
“Normal” ist definiert als was der Mensch als lebbar empfindet, extreme Werte 
geben die Grenzen von Leben an. 
 

   
Parameter Normal Extrem 

Temperatur 10 ~ 40oC -5 bis 10oC (Psychrophile) 
55 bis 113oC (Thermophile) 

pH ~ pH 7 (neutral) pH 0.5 bis 4 (Acidophile) 
pH 8 bis 11.5 (Alkaliphile) 

Salzgehalt Meerwasser (~ 3g 
Küchensalz/Liter Wasser) 

Salzseen (30 bis 240 g 
Küchensalz/Liter Wasser) (Halophile) 

Druck 1 bar Druck in der Tiefsee: 200 bis >2000 
bar (Barophile) 

 



Chapter 9 

 82 

Membranen bestehen nicht nur aus 
Lipiden, sondern auch aus Proteinen, die in die 
Membran integriert sind und dort verschiedene 
wichtige Funktionen erfüllen. Das Innere einer 
Zelle ist durch die Membran von dem sie 
umgebenden Medium abgeschlossen, doch 
Membranproteine können spezifisch die 
Passage von Molekülen in das Innere der Zelle 
oder den Transport von Molekülen aus der Zelle 
heraus ermöglichen. Moleküle, wie z.B. Zucker, 
Aminosäuren und Proteine, werden von der 
Zelle durch Transportproteine aufgenommen, 
um durch die Umsetzung dieser Stoffe Energie 
zu gewinnen. Bei dem Energie-
gewinnungsprozess wiederum fallen Abfall-
stoffe an, die schädlich für die Zelle sein 
können und darum durch Transportproteine 
über die Membran aus der Zelle entfernt 
werden. Über diese Prozesse war zu Beginn 
dieser Studie sehr wenig bekannt und S. 
solfataricus wurde als Studienobjekt wurde 
ausgewählt, da über die Lidpidzu-
sammenstellung in diesem Organismus schon 
Daten vorlagen. Wir haben uns auf die 
Aufnahme von Zuckern konzentriert und 
konnten feststellen, daß S. solfataricus eine 
ganze Reihe von verschiedenen Zuckern 

transportieren kann (Kapitel 2 und 4). Mikro-
organismen haben verschiedene Mechanismen 
entwickelt, um Zucker aktiv in der Zelle zu 
akkumulieren. Zwei Mechanismen kann man 
dabei unterscheiden: einerseits eine 
Transportart, die durch das Verbrennen von 
energiereichen Verbindungen angetrieben wird 
und eine andere, die die Translokation an eine 
Energieform koppelt, die über die Membran 
aufgebaut wird. Diese Energieform ist aus dem 
Ladungs- und pH-Wert-Unterschied zwischen 
dem Inneren der Zelle und dem die Zelle 
umgebenden Medium aufgebaut. Der pH-
Unterschied über die Membran ist bei S. 
solfataricus sehr groß (pH 2.5 im Medium und 
pH 6.5 im Innern der Zelle). Diese Tatsache 
führte uns zur der Annahme, daß S. solfataricus 
für den Transport von Zuckern den gekoppelten 
Mechanismus bevorzugen würde. Über-
raschenderweise wurden Zucker schon bei 
niedrigen Konzentrationen schnell auf-
genommen. Dies wies darauf hin, daß Zucker in 
S. solfataricus wahrscheinlich doch durch das 
Verbrennen von energiereichen Verbindungen 
in das Innere der Zelle transportiert wird. Diese 
Transportsysteme sind meistens aus einem 
Komplex von mehreren Proteinen aufgebaut, 

Abb. 1. Aufbau einer S. solfataricus - Zelle. A : Elektronenmikroskopisches Abbildung einer S. solfataricus 
- Zelle. B: Auschnitt aus der Membran von S. solfataricus. Gezeigt wird der Proteinkomplex eines 
Transport-kanals wie er für den Transport von Glucose benutzt wird. Das Bindeprotein bindet ein 
Zuckermolekül und bringt es zum Transportkanal, der es unter Verwendung von Energie in die Zelle 
transportiert.  



 Deutsche Zusammenfassung 

 83 

von denen eines an der Membran befestigt ist 
und den zu transportierenden Zucker außen 
bindet und an den Transportkanal weiterleitet 
(siehe Abb. 1). Aus den Membranen von S. 
solfataricus wurden fünf verschiedene Zucker-
Bindeproteine isoliert, die alle 
außergewöhnliche Eigenschaften haben: diese 
Proteine sind hitzestabil (bis zu 80oC) und 
äußerst säurestabil (Kapitel 2 und 4). Diese 
Proteine sind perfekt angepasst an die 
Umwelbedingungen, in denen S. solfataricus 
existiert. Zudem ermöglichen die Bindeproteine 
S. solfataricus effizient Zucker aus dem 
Medium zu binden. Die besonderen 
Eigenschaften machen diese Proteine interessant 
für biotechnologische Anwendungen in der 
Lebensmittelindustrie.  

Wie oben beschrieben, werden Zucker in 
S. solfataricus durch Transportsysteme in die 
Zelle gebracht, die aus mehreren Proteinen 
bestehen. Wir haben versucht, alle Bestandteile 
des Glucose-Transportsystems zu isolieren und 
in einer künstlichen Umgebung wieder 
zusammenzusetzen, um die Eigenschaften 
dieses Systems besser studieren zu können 
(Kapitel 3, Appendix). Probleme ergaben sich 
bei der Isolierung des Membrankanals, der 
leider nicht in ausreichenden Mengen 
hergestellt werden konnte. Doch die 
Untereinheit, die durch das Verbrennen 
energiereicher Moleküle den Transportprozess 
von Zuckern in diesen Systemen antreibt, 
konnte gesäubert werden und sogar ihre atomare 
Struktur bestimmt werden (Kapitel 3), das 
bedeutet, dass die räumliche Faltung dieses 
Proteins bestimmt wurde. Solche Untereinheiten 
sind in vielen Transportsystemen zu finden und 
fehlerhafte Strukturen in ihnen können sogar 
Auslöser für lebensbedrohende Krankheiten im 
Menschen sein. Darum ist die Aufklärung ihrer 
Struktur und Arbeitsweise eine wichtige 
Aufgabe.  
 Im zweiten Teil dieser Studie haben wir 
uns nicht so sehr mit dem Transport von 

Molekülen in die Zelle, sondern mit dem Export 
von extrazelullären Proteinen beschäftigt. Viele 
Mikroorganismen scheiden eine Vielzahl an 
Proteinen aus, die z.B. große Moleküle 
zerkleinern, damit sie von der Zelle transportiert 
werden können. Doch wie bereits im 
Vorhergegangenen beschrieben, sind auch die 
Zucker-Bindeproteine, die außen Zucker binden 
und zum Transportkanal bringen, extrazelluläre 
Proteine und müssen nach ihrer Produktion in 
der Zelle über die Membran nach außen 
translokiert werden, um dort ihre Funktion zu 
erfüllen. Extrazelluläre Proteine besitzen ein 
Signal, das von den Exportsystemen in der Zelle 
erkannt wird. Diese transportieren die Proteine 
über die Membran und entfernen gleichzeitig 
das Signal. Archaea und Bakterien besitzen für 
verschiedene Gruppen extrazellulärer Proteine 
verschiedenartige Exportsysteme. Das an ein 
Protein gekoppelte Signal bestimmt, durch 
welches Exportsystem ein Protein aus der Zelle 
heraus transportiert wird. In der Genomsequenz 
von S. solfataricus wurden von den insgesamt 
2900 Proteinen 136 identifiziert, die ein 
Exportsignal besitzen und wahrscheinlich 
extrazellulär lokalisiert sind (Kapitel 7). Eine 
Gruppe von 9 Proteinen, die hauptsächlich aus 
Bindeproteinen besteht, enthält ein Signal, das 
dem von bakteriellen Toxinen und großen 
Proteinkomplexen ähnelt, die Zuckerpolymere 
enzymatisch auflösen. Dieses Signal wurde 
zunächst bei dem Glucose-Bindeprotein 
festgestellt (Kapitel 5) und konnte auch für das 
Arabinose- und Trehalose-Bindeprotein 
demonstriert werden (Kapitel 4). In Kapitel 6 
wird das Erstellen einer Methode beschrieben, 
die es uns ermöglicht, das Entfernen des Signals 
von diesen Proteinen im Reagenzglas 
nachzustellen. Diese Methode wird es uns 
ermöglichen, die Proteine, die in diesem Prozess 
involviert sind, zu identifizieren und dann zu 
charakterisieren. 
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Ich wollte herausfinden, was an der sogenannten Weisheit 
eigentlich dran ist. Darum habe ich dieses mühselige Geschäft 
beobachtet, mit dem der Mensch sich auf der Erde herumschlägt – 
Tag und Nacht tut er kein Auge zu.  
Und ich musste einsehen: Ein Mensch kann das, was Gott tut und unter 
der Sonne geschehen läßt, niemals in seinem Zusammenhang erfassen. 
Er mag noch so angestrengt danach suchen, den Zusammenhang der Dinge  
findet er nicht. Auch wenn ein Weiser behauptet, ihn zu kennen - 
gefunden hat er nichts. 
 
Prediger 8:16,17 
 
 
 
 
 

 
 

When I applied my mind to know wisdom and to observe man’s labor on earth – 
His eyes not seeing sleep day or night – then I saw all that God has done. 

No one can comprehend what goes on under the sun. 
Despite all his efforts to search it out, man cannot discover its meaning. 
Even if a wise man claims he knows, he cannot really comprehend it. 

 
Ecclesiastes 8:16,17 

 
 
 
 

 
 
 
 

 
 

Terwijl ik naar wijsheid zocht, keek ik oplettend naar alles wat op 
aarde gebeurde; de voortdurende activiteit, die dag en nacht doorging: 

 ik zag in dat geen mens Gods werk hier op aarde kan begrijpen. 
Zelfs de meest wijze man,  

die zegt dat hij het begrijpt, vergist zich.  
 

Prediker 8:16,17 
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