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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 
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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 
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(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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