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Chapter 1 
 

Sugar Transport in (Hyper-)Thermophilic Archaea 
 
 

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

 
 
1. Introduction 
 

In 1990, archaea (formerly called 
archaebacteria) were on the basis of their 
16S rRNA, identified as belonging to a 
third domain of life next to eukarya and 
bacteria (Woese et al., 1990). Archaea are 
prokaryotes, like bacteria, but they also 
share features with eukarya. The archaeal 
domain is divided into two subdomains; 
crenarachaeota and euryarchaeota. 
Analysis of 16S rRNA on environmental 
samples indicate that some archaea belong 
to a third subdomain, the korarchaeota. 
However, none of these organisms has 
been successfully isolated and grown under 
laboratory conditions. Archaea are often 
found in environments in which the 
physical conditions are extreme with 
respect to the environments which humans 
usually encounter. Members of the 
crenarchaeota are mostly thermophilic 
(heat-loving) organisms while the 
euryarchaeota consist of thermophilic, 
methanogenic and halophilic (salt-loving) 
organisms.  

The genomes of several archaea have 
been sequenced and annotated (Table 1). 
Surprisingly, most ORFs found show 
homology either to bacterial or eukaryal 
genes and only a small subset appears to be 

unique to archaea. (Hyper)thermophiles, 
organisms growing above 55 oC, are not 
only found in the archaeal domain, but also 
in the bacterial domain. These organisms 
are placed relatively close to the root of the 
phylogenetic tree. The hyperthermophilic 
bacteria Thermotoga maritima (Nelson et 
al., 1999), Aquifex aeolicus (Deckert et al., 
1998) and Thermoanaerobacter 
tengcongensis (Bao et al., 2002) contain a 
number of genes that are uniquely 
homologous to archaeal genes. It was 
proposed that due to adaptation to 
hyperthermophily, lateral gene transfer 
exists between hyperthermophilic bacteria 
and archaea (Nesbo et al., 2001). The 
highest maximal growth temperature so far 
has been reported for the archaeon 
Pyrolobus fumarii (Blochl et al., 1997) that 
grows between 90 and 113 oC. For 
bacteria, this limit lies at 90 oC as reported 
for A. aeolicus (Deckert et al., 1998). 
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Several archaea are able to grow on 
saccharides as sole carbon source. In 
particular, carbohydrate hydrolysing 
enzymes from hyperthermophilic archaea 
have been well characterized as they are of 
interest for industrial applications. Only 
few hyperthermophilic archaea can grow 
on monosaccharides like glucose, but most 
do grow on di- and polysaccharides. 
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Introduction 
 
Polysaccharides first have to be cleaved 
extracellularly into smaller units before 
they can be transported into the cell. Once 
inside, these smaller units are hydrolysed 
further to glucose. In hyperthermophilic 
organisms, glucose is converted into 
pyruvate via modified Embden-Meyerhof 
(EM) or Entner-Doudoroff (ED) pathways.  

Transport of carbohydrates has been 
studied extensively in bacteria and eukarya, 
while until recently, little was known about 
the uptake in archaea. This chapter 
discusses the recent advances in our 
understanding of sugar transport in 
hyperthermophilic archaea. 

 
 
2. Carbohydrate transport 
 
2.1. Solute uptake mechanisms 

In mesophilic bacteria, three main 
classes of transporters are found for the 
uptake of sugars (Fig. 1), namely: i) 
secondary transport, in which the sugar is 
transported over the membrane in symport 
with protons or sodium ions, thus utilizing 

the electrochemical gradient of protons or 
sodium ions; ii) phosphoenolpyruvate 
(PEP)-dependent phosphotransferase 
systems (PTS), in which sugar transport is 
coupled to phosphorylation of the substrate 
at the expense of PEP; and iii) ATP 
binding cassette (ABC) transport, where 
the substrate is first bound by a binding 
protein bound to the cytoplasmic 
membrane or floating in the periplasmic 
space. The substrate is then transferred to 
the transporter domain in the membrane 
whereupon uptake can take place at the 
expense of ATP. 

Biochemical studies and analysis of 
the genome sequences suggest that archaea 
are devoid of PTS systems. These systems 
are also not found in the genomes of 
thermophilic bacteria like T. maritima and 
A. aeolicus. Although secondary 
transporters appear abundant, none of these 
systems has sofar been implicated in the 
uptake of sugars. Rather they seem to be 
involved in uptake of anorganic substrates 
(Table 2). 
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Figure 1. Schematic overview of the different transport classes, namely secondary (A), PTS 
(B), and ABC (C). 
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2.2. Binding protein dependent ABC-
type transporters 

The sugar transporters characterized so 
far in hyperthermophilic archaea are of the 
ABC-type (Table 3). ABC importers 
belong to two main families; the sugar 
ABC transport-, or carbohydrate uptake 
transporter (CUT)-family, and the 
di/oligopeptide transport-, or Opp-family 
(Schneider, 2001). These two families 
differ not only in substrate specificity but 
also in the architecture of the transport 
complex. Members of the bacterial CUT-
family are involved in the uptake of 
glycerol-phosphate, mono- and 
oligosaccharides (Schneider, 2001). The 
CUT1 subfamily transports mainly 
di/oligo-saccharides and glycerol-
phosphate, while the CUT2 subfamily is 
involved in monosaccharide transport. The 
CUT1 transporters consist of an 
extracellular binding protein, two 
membrane proteins that form the 
translocation path, and a single ATP 

binding subunit that is thought to act as a 
homodimer. The best characterized 
transporter of CUT1 is the 
maltose/maltodextrin transporter of 
Escherichia coli. The malE, malF, malG 
and malK genes encode the binding 
protein, two membrane domains and the 
ATP-binding domain, respectively. In the 
CUT2 subfamily, only one membrane 
domain is present that presumably forms a 
homodimer, while the two ATPase 
domains are fused together. In the genomes 
of archaea, members of both families are 
found. 

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

transporters 
Organism Secondary ABC-type 
Thermatoga maritima 25 (10)  a 55 
Aquifex aeolicus 26 (3) 14 
Methanococcus jannaschii 24 (2) 14 
Methanobacterium thermoautotrophicum 19(3) 15 
Pyrococcus horikoshii OT3 34 (12) 23 
Archaeoglobus fulgidus 38 (17) 25 
Escherichia 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. E. coli is 
a mesophilic bacterium that is included as a reference. 

 

Members of the di/oligopeptide 
transport family are mainly involved in the 
uptake of di- and oligopeptides, nickel, 
heme and substituted sugars. These 
transporters usually consist of an 
extracellular binding protein, two 
membrane domains and two ATPase 
domains that likely function as a 
heterodimer. Genome analysis indicates 

 14
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that this subfamily of transporters is 
abundantly present in archaea.  

Surprisingly, archaeal ABC sugar 
transporters are found in both the CUT and 
di/oligopeptide transport families, where 
these transporters share homology on both 
primary sequence level and domain 
composition. The CUT1 family members 
are homologous to the ABC sugar 
transporters of mesophilic bacteria. 
Archaeal examples are the transporters for 
trehalose/maltose of Thermococcus 
litoralis and Pyrococcus furiosus, 
maltodextrin of P. furiosus (Horlacher et 
al., 1998; Koning et al., 2002), and 
trehalose of S. solfataricus (Elferink et al., 
2001). CUT2 subfamily members present 
in the archaeal genomes have not been 
characterized. The transport systems for 
arabinose and glucose of S. solfataricus 
(Elferink et al., 2001) exhibit a domain 
composition that is typical for the CUT1 
subfamily. Therefore, a subdivision of the 
CUT family on the basis of the transported 

substrates seems arbitrary. 
The second family of archaeal 

carbohydrate ABC-type transporters are 
homologous to the di/oligopeptide 
transport family of mesophilic bacteria. 
This includes the cellobiose/β-glucoside 
transport system of P. furiosus (Koning et 
al., 2001) and the maltose/maltodextrin and 
cellobiose/cello-oligomer transporters of S. 
solfataricus (Elferink et al., 2001). This 
family of transporters is particularly 
abundant in the genomes of 
hyperthermophilic organisms, and the 
genes are often located in the vicinity of 
genes encoding enzymes involved in sugar 
metabolism. In the bacterium T. maritima, 
these transporters have been implicated in 
peptide transport rather than sugar 
transport and it was suggested that sugar 
and peptide metabolism are co-ordinately 
regulated (Nelson et al., 1999). However, 
since similar systems in P. furiosus and S. 
solfataricus are involved in sugar transport, 
it seems more likely that many of these 

Table 3. Characteristics of described hyperthermophilic archaeal 
carbohydrate transporters 

 
Substrate 

Km  a

(nM) 
Kd  b Binding 

protein (nM) 
 
Reference Organism 

P. furiosus CbtA β-gluco-oligomers 
(e.g. cellobiose) 

175 45 Koning et al., 2001 

 MDBP Maltodextrins 
(e.g. maltotriose) 

- - Koning et al., 2002b 

 TMBP Trehalose/maltose - - Koning et al., 2002b 
S. solfataricus AraS Arabinose - 130 Elferink et al., 2001 
 CelB Cellobiose - - Elferink et al., 2001 
 GlcS Glucose 2000 480 Albers et al., 1999a 
 MalE Maltose - - Elferink et al., 2001 
 TreS Trehalose - - Elferink et al., 2001 
T. litoralis TMBP Trehalose/maltose 22/17 160 Xavier et al., 1996 
-, not determined; Uptake; Solute binding a b

 15 
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transporters in T. maritima are involved in 
the uptake of sugars. 

ABC-transporters of the CUT1 family 
usually transport only a few structurally or 
size-related compounds. Carbohydrate 
transporters of the di/oligopeptide transport 
family, however, have a much broader 
substrate specificity. For instance, the 
cellobiose transporter of P. furiosus accepts 
not only cello-oligomers but also other β-
gluco-oligomers, which differ substantially 
in structure (Koning et al., 2001). Like the 
di- and oligopeptide transporters, the 
binding sites of these transporters may be 
versatile allowing the binding of various 

substrates (Koning et al., 2001).  
Studies in intact cells have 

demonstrated that hyperthermophiles 
mediate sugar uptake with an extremely 
high affinity. Km values have been reported 
between 20 nM for the trehalose/maltose 
transporter of T. litoralis and 2 µM for the 
glucose transporter of S. solfataricus 
(Table 3). In E. coli, maltose transport 

occurs with a relatively high affinity of 
about 1 µM (Boos and Shuman, 1998). 
Substrate affinities of ABC-transporters in 
the nanomolar range are usually observed 
only for substrates such as vitamins and 
iron which are found in very low 
concentrations in the environment. Uptake 
of substrates by hyperthermophilic archaea 
is usually optimal around the growth 
temperature.  
 
 
2.3. Binding protein 

The binding protein captures the 
substrate from the medium and delivers it 

to the membrane domains of the 
transporter. In bacteria, these proteins 
either float free in the periplasm (Gram-
negative) or are attached to the membrane 
via a fatty acid modification of the amino-
terminus (Gram-positive) (Fig. 2). In 
bacteria it is also possible for the binding 
protein to have fused with the membrane 
domain, as for instance the glycine betaine 

Figure 2 Modes of membrane-anchoring of binding proteins. (A) Gram negative 
bacteria; (B) Gram positive bacteria; and (C) Archaea. See text for further explanation. 
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transporter of Lactococcus lactis (Obis et 
al., 1999, Van der Heijde and Poolman, 
2000). In archaea, binding proteins are 
membrane-bound by means of a 
hydrophobic transmembrane segment that 
can be present at either the N-terminus or 

C-terminus. Sequence and hydropathy 
analysis of the carbohydrate binding 
proteins reveal the presence of two classes, 
which coincide with the two transport 
families (Fig. 3). One class shows 
homology to MalE of E. coli, and therefore 
belong to the CUT1 family, while the other 
class is homologous to oligopeptide 
binding proteins (OppA).  

Archaeal binding proteins of the CUT1 
family contain at their amino-terminus a 
short stretch of positively charged amino 
acids followed by a hydrophobic region 
that is sufficiently long to anchor the 
protein to the membrane. In the binding 
proteins for glucose, trehalose, and 
arabinose of S. solfataricus, this charged 
amino-terminus is processed (Fig. 4B) at a 
site that is normally cleaved by a bacterial 
type IV-pilin signal sequence peptidase 

(Albers et al., 1999b; Elferink et al., 2001). 
The latter enzyme is involved in flagellin 
subunit processing. Upon removal of the 
cytosolically localized positively charged 
amino-terminus, the remaining 
hydrophobic domain functions as a 

scaffold to allow the flagellin-subunits to 
assemble into the growing flagella. In vitro 
processing and site-directed mutagenesis 
studies suggest that the precursors of 
archaeal flagellins and archaeal binding 
proteins of the CUT1 family are processed 
by the same membrane-bound peptidase 
(Z. Szabo, manuscript in preparation). 
Although signal sequence prediction 
programs predict cleavage directly 
following the hydrophobic domain, this site 
is apparently not used. The role of this 
processing step for the binding proteins 
remains to be elucidated.  

Figure 3. Domain organisation of the two archaeal sugar binding classes. Sugar 
cluster (A) and di-/oligopeptide cluster (B). The C-terminal hydrophobic region of 
binding proteins of the sugar cluster is not always present (A). SS, signal sequence; 
S/T-rich, hydroxylated amino acid rich region. 

It has been postulated that TMBP of T. 
litoralis (Tl-TMBP) is membrane-anchored 
via a lipid anchor since the amino-terminus 
contains a putative lipid modification site 
(consensus motif: SGCIG) (Horlacher et 
al., 1998). The exact signal-sequence 
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cleavage site could not be determined as 
the amino-terminus seems to be blocked. 
The same motif is found in a number of 
other binding proteins and sugar-
hydrolyzing enzymes of Thermococcales 
(Fig. 4A), but not in other archaea. There is 
no experimental evidence that lipid-
modification does not take place in these 
organisms, nor has a homologue of 
lipoprotein signal peptidases been found in 
archaea. Electron mass spectrometric 

analysis suggested a lipid modification of 
halocyanin of the halophile 
Natronobacterium pharaonis (Mattar et al., 
1994), while the S-layer protein of 
Haloferax volcanii is lipid-modified at the 
carboxy-terminus by a mevalonic acid 
derivative (Konrad and Eichler, 2002). 
However, it is not known to which amino 
acid the lipid modification is attached. 

The amino-terminal membrane-
anchoring domain is followed by a region 

1

A 
 
N-terminal: 
 
Pf-MDBP  --MRRATYAFALLAILVLGVVASGCIGGGTTTPTQTSPATQPTTTQTPTQTETQAVECG 
Pf-TMBP  MNVKKVLLGLFLVGVLGIAVVASGCIGGQQTSTVTSTPTETSLQGKIVFAVGGAPNEIE 
Tl-TMBP  MNVKKVLLGLFLVGVLGIAVVASGCIGGQQTSTVTSTPTETSLQGKIVFAVGGAPNEIE 
Ts-CgtC  --MKKALFALLLIGVLAIGVVASGCIGGGGTTSSPTQTTQTTTTSSPTQTTTTTSSPTQ 
PF1408  --MKKGLLAILLVGVMVLGTFGSGCIGGGTQTQTQTPTETGSPTQTTTPSGVTQAILEL 
PF1774  ------MKRAIPVFLLIVLVWISGCIGGGTSTIPTTPSAPETTTITKTEKVVETVTQTV 
 
B 
 
N-terminal: 

     ↓ 
Ss-GlcS  MKRKYPYSLAKGLTSTQIAVIVAVIVIVIIIGVVAGFVLTKGPSTTAVTTTVTSTFTT 
Ss-AraS  ---MSRRRLYKAISRTAIIIIVVVIIIAAIAGGLAAYYSSSKPPATSTSLTSTSSSLS 
Ss-sug1  MGRKGKKIDYKAISKTLVAVIIVVVIVIAIGGVYAFLSSQHSPAAPSSTTTSFTSTTS 
Ss-TreS  --------MRRGLSTTTIIGIVVAIVIIVIGAVAAVTLLSHKPSQVVSTTSPSTSQSA 
Ss-sug2 ---------MKALSTLAMAVIIIVVIAVVAAAAYLITSSSHHPSISTTTTPIIATNTT 
 
C 
 
C-terminal: 
 
Ss-oli1  VSTTTSVSTSVSTTTATVTTTVTSSSNTTLYAIIAVVVIIIVIIGVILGLRR 
Ss-MalE  SASTSVTTTTSMSTTSVTSTVSTSSGLSTGVIAGIIVVIIVIIAVVAYVVVRR 
Ss-CbtA  TATTSVTTTTSVTTTSISTTTVTVTSTSTIPIIIAIVIVIIVIIAAVAILMRR  
Ss-oli2  TTSIVFGGATNITTSVTSMTTTTSSSSSTLIYAVIGIVIVIIIIVVAVVLLRGRGRGGPG 
Ss-oli3  LSTTTITSVSTVISTVVSTIVSTVVSSASNIGYIAVIVVLIIIIIALAVLLFRR 
Figure 4. Amino acid alignment of membrane bound proteins of Pyrococcus and
Thermococcus species (A), and Sulfolobus solfataricus (B and C) showing the putative
lipid modification site (black) and the membrane anchoring domain (underlined) with
serine/threonine rich linker (shaded). The arrow indicates the processing site. PF, P.
furiosus; Ts-CgtC, Thermococcus sp. B1001 cyclodextrin binding protein. 
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rich in hydroxylated amino acids such as 
serine and threonine. This region may 
function as a flexible linker that connects 
the catalytic domain to the membrane 
anchoring region. Archaeal binding 
proteins studied so far are glycosylated, 
and it seems plausible that the flexible 
linker region is the site of glycosylation as 
demonstrated for the S-layer protein of 
Haloferax volcanii (Sumper et al., 1990). 
The P. furiosus binding proteins contain 
glucose moieties (Koning et al., 2002) 
(unpublished results), whereas mannose, 
glucose, galactose, N-acetyl glucosamine 
and most likely 6-sulfoquinovose moieties 
are found in binding proteins of S. 
solfataricus (Elferink et al., 2001). Due to 
the glycosylation, binding proteins can 
bind to concanavalin A (ConA) affinity 
columns (Albers et al., 1999a; Elferink et 
al., 2001; Greller et al., 2001; Koning et 
al., 2001; Koning et al., 2002), which 
allows the convenient and rapid enrichment 
of S-layer and binding proteins from a 
solubilized membrane fraction. 
Glycosylation is, however, not essential for 
substrate recognition, as binding proteins 
can be expressed actively in E. coli in a 
non-glycosylated form (Horlacher et al., 
1998; Koning et al., 2001; Koning et al., 
2002).  

The mature carbohydrate binding 
proteins belonging to the di/oligopeptide 
transport family show basically a mirror 
domain organization of the other class of 
binding proteins (Fig. 3, 4B and 4C). In 
these proteins, a typical bacterial-like 
signal sequence is present at the amino-

terminus (Elferink et al., 2001; Koning et 
al., 2001). This signal sequence is removed 
after insertion of the protein into the 
membrane. The catalytic domain of the 
binding protein is membrane anchored via 
a carboxyl-terminal transmembrane 
segment that connects via the 
serine/threonine-rich flexible linker 
(Koning et al., 2001). The extreme 
carboxyl-terminus following the 
transmembrane segment contains 
positively charged amino acids that 
presumably function as a topogenic signal 
for membrane anchoring. 

Although binding proteins in general 
exhibit a low primary amino acid sequence 
homology, the overall structure is usually 
very similar. The substrate binding pocket 
is formed by two lobes that connect via a 
flexible hinge. Each lobe binds to one of 
the two membrane domains (reviewed in 
Boos and Shuman, 1998). The substrate 
binds according to a so-called “venus fly-
trap mechanism”. In the open state, the 
substrate can interact with the binding site 
whereupon the two lobes come together 
forming a closed state in which the 
substrate is occluded. The three-
dimensional structure of the catalytic site 
of both Tl-TMBP (PDB-entry: 1EU8) as 
Pf-MDBP (PDB-entry: 1ELJ) has been 
solved with bound substrate (Diez et al., 
2001; Evdokimov et al., 2001). Although 
both proteins are structurally similar with 
the E. coli MalE, some differences can be 
observed. Tl-TMBP cannot accommodate 
carbohydrate oligomers other than maltose 
or trehalose, while Pf-MDBP only binds 

 19 



Chapter 1 
 
the oligosaccharides maltotriose and higher 
malto-oligomers.  

Thermostability of both archaeal 
proteins is achieved in a different manner. 
Tl-TMBP is thought to be thermostable by 
the presence of an additional α-helix and 
the elongation of most other α-helices 
present in the binding protein. Increased 
hydrophobic interactions, an increased 
number of salt-bridges and the presence of 
proline residues in key positions also 
contribute to the thermostability. 
Furthermore, in Tl-TMBP a decreased 
number of cavities is found and this results 
in a lower empty cavity volume and an 
increase of van der Waals energy. In Pf-
MDBP, the total volume of the cavities is 
similar as in E. coli MalE (Ec-MalE). 

The substrate is bound in the binding 
pocket by hydrophobic interactions. In the 
case of Ec-MalE and Pf-MDBP, these 
hydrogen bonds are formed by 
hydrophobic stacking of aromatic rings in 
the binding pocket. The aromatic rings 
interact with the glucopyranosyl rings of 
the substrate. In the case of Tl-TMBP, 
where the glucose moieties of the 
substrates have different angles, 
hydrophobic stacking is difficult. In this 
case, increased hydrogen bonding holds the 
substrate in the binding pocket. Another 
interesting feature is that the substrate 
maltotriose is more extensively coordinated 
in the binding pocket of Pf-MDBP as 
compared to E. coli MalE. In the latter 
case, the third glucopyranose ring only 
loosely interacts with the protein. Also the 
binding cleft of Pf-MDBP is shallower than 

in Ec-MalE, suggesting that Pf-MDBP is 
less flexible than Ec-MalE. This latter 
feature could also contribute to the 
thermostability of Pf-MDBP.  

Homologues of the membrane domain 
MalF in Gram-negative bacteria contain a 
large periplasmic loop which is thought to 
be involved in docking of MalE. This loop 
is not present in Gram-positive bacteria and 
archaea (reviewed in (Boos and Shuman, 
1998)). Binding proteins scavenge the 
environment for substrates and bind these 
with high affinity. The dissociation 
constants vary between 40 and 500 nM 
(Albers et al., 1999a; Koning et al., 2001) 
(Table 3). With Tl-TMBP, substrate 
binding appears to be fast, whereas 
substrate dissociation is slow and 
temperature dependent (Diez et al., 2001; 
Horlacher et al., 1998). These latter 
features might be due to the more 
excessive interactions of the substrate with 
the binding protein. The kinetics of 
substrate binding of the glucose binding 
protein of S. solfataricus was found to be 
extremely pH-dependent. At low pH (1-2), 
substrate binding was fast, while at higher 
pH values, substrate binding became 
invariantly slow (Diederichs et al., 2000).  
 
2.4. ATP-binding protein 

The ATP-binding subunits of the ABC-
transporters couple the binding and 
hydrolysis of ATP to transport of the 
substrate through the membrane domains. 
ATP-hydrolysis presumably causes a 
conformational change of the ATP-binding 
domain that propagates the membrane 
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domains to open a channel along which the 
substrate can pass the membrane. Bacterial 
and archaeal ATP-binding domains are 
highly homologous, in particular the Walker 
A and B regions that form the nucleotide 
binding site. Also, these domains contain the 
ABC-signature motif LSGGQ (Boos and 
Shuman, 1998).  

The ATP-binding proteins of the 
trehalose/maltose transporter of T. litoralis 
(MalK) (Diederichs et al., 2000) and the 

glucose transporter of S. solfataricus (GlcV) 
(Verdon et al., 2002) have been 
characterized biochemically and crystallized. 
ATP hydrolysis by the isolated domains 
occurs with a Km of 150-300 µM, and is 
optimal at the respective growth 
temperatures. The monomer structures of Tl-
MalK and Ss-GlcV are remarkably similar 
showing two domains, i.e., the ATP-binding 
domain which is also involved in the 
hydrolysis of ATP and the interaction with 
the membrane domains, and a carboxyl-
terminal domain (Diederichs et al., 2000). 
The ATP-binding domains LolD (MJ0796) 

and LivG (MJ1267) of Methanococcus 
jannaschii lack this second domain (Yuan et 
al., 2001).  

The dimer organisation in the crystal 
structure of Tl-MalK differs from the ones 
shown in the crystal structures of MJ0796, 
MJ1267, HisP (Hung et al., 1998), a subunit 
of the histidine transporter of Salmonella 
enterica serovar Typhimurium, and 
Rad50cd, a DNA repair protein which shows 
ATP-binding domains similar to the domains 

found in ABC-transporters (Hopfner et al., 
2000). Only the Rad50cd structure suggests 
a role for the ABC-signature motif in the 
dimer organisation, where it interacts with 
the ATP bound to the opposite molecule. In 
a signature motif mutant of Rad50cd, ATP-
induced Rad50cd association was abolished. 
In contrast to the other proposed dimer 
organizations, the Rad50cd dimer model 
explains the results obtained from the 
mutational analysis in different ATP-binding 
proteins (Yuan et al., 2001). The mutated 
form (E171Q) of MJ0796 forms stable 
dimers in the presence of Na-ATP (Smith et 

Figure 5. Ribbon presentation of Tl-MalK (PDB entry: 1G29), showing the monomer, 
with ATP-binding (black) and carboxyl-terminal domain (grey) (A) and the dimer (B). 
Adapted from Diederichs et al. 2000. 
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al., 2002). Both the crystal structures of the 
E. coli BtuCD transporter (Locher et al., 
2002) and of MJ0796 (E171Q) are consistent 
with the Rad50cd model. Tl-MalK 
crystalizes in a dimeric form. However, since 
the protein has been shown with several 
techniques to be a monomer in solution 
(Greller et al., 1999), the obtained dimeric 
form is most likely not functional. It is 
possible that for correct dimerization of 
native ATPase domains the contact with the 
membrane components of the complex is 
necessary. 

The carboxyl-terminal domains of both 
Tl-MalK and Ss-GlcV consist mainly of β-
sheets and part of it shows structural 
homology with the 
oligonucleotide/oligosaccharide binding 
fold. This domain is possibly also present in 
MalK of E. coli and involved in the binding 
of MalT, a transcriptional activator that 
regulates the expression of the mal operon 
(Panagiotidis et al., 1993). In the absence of 
substrate, MalT remains bound to MalK but 
as soon as maltose or another inducer enters 
the cell, MalT is released in order to activate 
the expression of the genes of the mal 
operon. Such transcriptional activators have 
not yet been described for archaea. 
 

 
3. Physiology 

 
Hyperthermophilic archaea live in 

very hostile environments in which organic 
substrates are usually available at low 
concentration. Due to their high affinity, 
binding protein dependent transport 

systems are optimally suited for these 
conditions. The cells have to respond 
quickly to environmental changes. It is 
therefore not surprising that the expression 
of ABC-transporters is in most organisms 
strongly regulated. Regulation can be at 
different levels, namely transcriptional, 
translational and at the protein level. At the 
first level, transcription of genes is induced 
after binding or release of regulator 
proteins. When transcription is constitutive, 
translation of the mRNA can be regulated 
by mRNA stability. At the third level, the 
proteins can be specifically degraded or 
(in-)activated by phosphorylation or other 
modifications.  

In S. solfataricus, the glucose and 
trehalose binding proteins seem to be 
constitutively expressed as these proteins 
are actively present under a large variety of 
growth conditions (Elferink et al., 2001). 
Other binding proteins, such as those for 
cellobiose and maltose are slightly 
upregulated when cells are grown in the 
presence of these substrates. The arabinose 
binding protein is strongly induced by 
growth on arabinose. Induction of the sugar 
binding proteins of P. furiosus has been 
studied both at the transcriptional and 
protein level. Expression of the binding 
proteins appears more tightly regulated 
than in S. solfataricus. This possibly relates 
to a difference in environmental conditions 
and growth rates. The fast growing P. 
furiosus is found in the sea where 
substrates are quickly washed away, while 
the slower growing S. solfataricus is found 
in acidic solfataric lakes.  
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Pf-CbtA and Pf-TMBP are only 
present when P. furiosus is grown on a 
sugar substrate that is transported by the 
respective systems (Koning et al., 2001). 
The protein levels and binding activities 
correlated with the mRNA levels as 
analysed by Northern blot analysis (Koning 
et al., 2001; Koning et al., 2002). 

The trehalose/maltose transporters of 
P. furiosus and T. litoralis are almost 
identical at the amino acid sequence level. 
The genes encoding this transporter are 
located on a 16-kb DNA fragment that is 
flanked by inverted repeats that contains a 
putative transposase (DiRuggiero et al., 
2000). It is well possible that this fragment 
was recently obtained via lateral gene 
transfer from a yet unknown host. If this is 
indeed the case, the genes involved in 
regulation must also be present on this 
fragment, as the transporter is not 
expressed constitutively (DiRuggiero et al., 
2000; Koning et al., 2002). Expression is 
observed when cells are grown on maltose, 
trehalose and yeast extract (which contains 
trehalose) (Horlacher et al., 1998). 
Expression is also observed upon growth 
on other substrates containing α-glucosides 
such as maltotriose and starch, even though 
these substrates are not recognized by the 
binding protein. These substrates are most 
likely hydrolysed by extracellular α-
amylases and amylopullulanases that 
release glucose, short maltodextrins and the 
inducer maltose (Koning et al., 2002). Pf-
MDBP is expressed under identical 
conditions as Pf-TMBP, except that the 
latter is not induced by trehalose 

(DiRuggiero et al., 2000; Koning et al., 
2002). On the basis of these expression 
studies, it has been postulated that P. 
furiosus contains two maltose transporters. 
However, Pf-MDBP does not bind maltose 
(Koning et al., 2002). The discrepancy 
between the functional and expression 
studies might be due to the presence of a 
contaminating maltotriose in the 
commercial preparations of maltose that 
are used for the growth studies. Pf-MDBP 
crystallized in the presence of maltose, 
contains maltotriose in its binding pocket 
(Evdokimov et al., 2001). This further 
demonstrates that these binding proteins 
are equipped with a very high binding 
affinity for their substrate.  

 
 
4. Concluding remarks 
 

Since some (hyper-)thermophilic 
archaea are equipped with novel sugar 
metabolic routes, elucidation of the 
transport mechanism is in particular 
important to understand the mechanism of 
metabolic energy generation. Although a 
number of transporters have been described 
biochemically and subunits have been 
analysed structurally, detailed information 
on the energetics of uptake is lacking. 
Reconstitution of the activity in isolated 
membrane vesicles or proteoliposomes 
would enable to answer some of the 
questions. A striking observation is that 
many archaeal carbohydrate transporters 
belong to the oligopeptide family of ABC-
transporters, in particular systems that are 
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involved in the uptake of oligo-saccharides. 
The wealth of genomic information also 
demonstrates the presence of secondary 
transport systems that belong to the major 
facilitator superfamily. It will be of interest 
to determine if secondary transporters are 
involved in carbohydrate transport or 
whether this is exclusively restricted to 
ABC transporters in (hyper-)thermophilic 
archaea. 
 
 
5. Aim and outline of this thesis 
 

Although most of the key elements of 
the carbohydrate metabolic pathway of 
Pyrococcus furiosus have been elucidated 
at the start of this project, little was known 
about the mechanism of transport of 
carbohydrates. In particular, insight in the 
mechanism of energy transduction will add 
to the understanding of the complete 
energy balance for carbohydrate utilization.  

Chapter 2 describes the identification 
of transport system for cellobiose/β-

glucosides. This was the first ABC-
transporter characterized in this organism. 
Although this system transports 
carbohydrates, it sequence is closer related 
to di-/oligopeptide transporter cluster than 
to the group of sugar ABC transporters. 
Chapter 3 describes the characterization of 
another two ABC-transporters namely a 
trehalose/maltose and a maltodextrin ABC-
transporter. To be able to study the 
transport mechanisms in more detail, 
attempts were made to develop a 
membrane vesicle system. These studies 
are described in Chapter 4. When the 
genome sequences of P. furiosus and two 
related Pyrococcus species, P. abyssi and 
P. horikoshii, became available, it became 
clear that ABC-transporters are important 
for the uptake of all kinds of solutes in 
these organisms. Chapter 5 describes a 
bioinformatic and experimental analysis of 
these system with emphasis on the 
identification of the substrates. 
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Cellobiose uptake in the hyperthermophilic Archaeon 
Pyrococcus furiosus is mediated by an inducible, 

high-affinity ABC-transporter 
 

 
 
Sonja M. Koning, Marieke G. L. Elferink, Wil N. Konings and Arnold J. M. 

Driessen 
 
Summary 
 
The hyperthermophilic archaeon Pyrococcus furiosus can utilize 
different β-glucosides, like cellobiose and laminarin. Cellobiose 
uptake occurs with high affinity (Km = 175 nM) and involves an 
inducible binding protein-dependent transport system. The 
cellobiose binding protein (CbtA) was purified from P. furiosus 
membranes to homogeneity as a 70-kDa glycoprotein. CbtA not only 
binds cellobiose but also cellotriose, cellotetraose, cellopentaose, 
laminaribiose, laminaritriose and sophorose. The cbtA gene was 
cloned and functionally expressed in E. coli. CbtA belongs to a gene 
cluster that encodes a transporter that belongs to the Opp-family of 
ABC-transporters. 
 
Introduction 
 
Pyrococcus species are anaerobic 
hyperthermophilic Archaea that are able to 
grow heterotrophically on a range of 
substrates. P. furiosus (Fiala and Stetter, 
1986) and P. glycovorans (Barbier et al., 
1999) have been reported to grow on 
various sugars including the β-glucoside 
cellobiose (Kengen et al., 1993). On the 
other hand, P. abyssi ST549 is unable to 

grow on cellobiose (Godfroy et al., 2000), 
despite the presence of a β-glucosidase 
(Ladrat et al., 1997). P. furiosus also 
utilizes the β-glucoside polymer laminarin 
(Gueguen et al., 1997), and metabolism of 
β-glucosides has been studied in some 
detail. Cellobiose is intracellularly 
hydrolysed to two glucose molecules by 
the β-glucosidase CelB (Kengen et al., 
1993), while laminarin is first cleaved by 
the extracellular β-glucosidase, LamA, to 
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yield smaller oligo-glucosides. These are 
subsequently transported into the cell via 
an unknown mechanism, and further 
hydrolysed by CelB to glucose. The 
combined activity of CelB and LamA 
results in the complete hydrolysis of 
laminarin to glucose (Gueguen et al., 
1997). Glucose is further metabolised by 
the modified Embden-Meyerhof pathway 
(Schäfer et al., 1994), which involves a 
glucokinase and phosphofructokinase 
which are both ADP-dependent (Kengen et 
al., 1994).  

To understand the energy yields during 
growth on β-glucosides, the mechanism of 
sugar uptake needs to be elucidated. In 
bacteria, cellobiose enters the cell either 
via a phosphoenolpyruvate-dependent 
phospho-transferase system (Helaszek and 
White, 1991; Kajikawa and Masaki, 1999) 
or via a binding protein-dependent ATP-
binding cassette (ABC)-transporter 
(Schlosser et al., 1999). Analysis of the 
completed genome sequences of a variety 
of Archaea demonstrates that 
phosphoenolpyruvate-dependent phospho-
transferase systems are absent in these 
organisms. In the thermoacidophile 
Sulfolobus solfataricus, sugars appear to be 
transported into the cell mainly via binding 
protein-dependent ABC-transporter 
systems (Albers et al., 1999a; Elferink et 
al., 2001). In the hyperthermophile 
Thermococcus litoralis a trehalose/maltose 
ABC-transport system has been described 
biochemically (Xavier et al., 1996). The 
trehalose/maltose binding protein, TMBP, 
and the ATPase subunit, MalK, have been 

functionally expressed in E. coli (Greller et 
al., 1999; Horlacher et al., 1998). These 
binding protein-dependent transport 
systems exhibit an unusually high affinity 
for the sugar, with a Km in the 
submicromolar range. In the 
hyperthermophilic bacterium Thermotoga 
maritima, a high-affinity binding protein-
dependent ABC-transport system has been 
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Figure 1. Cellobiose transport in P. furiosus
cells. Cells were grown on cellobiose (●) or
maltose (○) as carbon- and energy source,
and accumulation of 10 µM [3H]-cellobiose
was assayed under anaerobic conditions at
80oC. 
escribed for maltose, trehalose and 
altotriose (Wassenberg et al., 2000). The 

bundance of such high-affinity transport 
ystems in thermophilic organisms (both 
acteria and archaea) suggests that they 
lay a major role in sugar utilization in the 
utrient-poor extreme environments in 
hich these organisms thrive. In an effort 

o understand the metabolism of cellobiose 
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in P. furiosus, we now report on a binding 
protein-dependent ABC-transport system 
for oligo β-glucosides.  
 
 
Results 
 
Cellobiose uptake by Pyrococcus 
furiosus 

P. furiosus cells grown on cellobiose 
readily accumulate [3H]-cellobiose when 
incubated at 80 ºC under anaerobic 
conditions (Fig. 1). Uptake was completely 
abolished by aerobic conditions (results not 
shown). Cellobiose was strongly 
temperature-dependent. Below 40 ºC, 
hardly any cellobiose was transported into 
the cell, while above 90 ºC, rapid 
metabolism resulted in a rapid decrease of 
the accumulated radioactivity. At 80 ºC, 
uptake of cellobiose occurred with a Km of 
175 nM indicating the presence of a high-

affinity transport system. Cellobiose 
transport activity was found only in cells 
grown on cellobiose and was not observed 
in maltose-grown cells (Fig. 1). Uptake of 
[3H]-cellobiose was completely inhibited 
by a 10-fold excess of non-labelled 
cellobiose and cellotriose, but not by 
glucose, maltose or lactose. These data 
suggest that P. furiosus contains a high-
affinity transport-system for cellobiose and 
cellotriose.  

 
Isolation and characterization of a 
cellobiose binding protein 

Membranes were isolated from 
cellobiose- and maltose-grown P. furiosus 
cells, and incubated with [3H]-cellobiose. 
A high level of [3H]-cellobiose binding was 
observed with membranes derived from 
cellobiose-grown cells, while membranes 
of maltose-grown cells showed only 
background binding (Fig. 2A). In contrast 

Figure 2. P. furiosus contains a cellobiose binding protein. (A) [3H]-cellobiose binding to membranes 
derived from cells grown on cellobiose (lane 1) or maltose (lane 2). Binding studies were performed 
as described. (B) Coomassie-stained SDS-PAGE gel. Comparison between membranes derived 
from maltose-grown cells (lane 1) and membranes derived from cellobiose-grown cells (lane 2). (C) 
Coomassie-stained gel. Purification of Cbp. Lane 1, membranes; 2, ConA fraction; 3, purified Cbp.  
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cellobiose binding protein was purified 
from Triton X-100 solubilized membranes 
using [3H]-cellobiose binding at 60 ºC to 
monitor the purification. The protein could 
be purified to homogeneity by 
concanavalin A affinity chromatography 
followed by MonoQ anion exchange 
chromatography. The binding activity 
corresponded to the 55-kDa protein which 

2

Figure 3. Genetic organization of the genes 
encoding the cellobiose transport system. The 
proteins encode the genes are: cbtA, the 
extracellular binding protein; cbtB and cbtC, 
permease domains; and cbtD and cbtF, the 
cytosolic ATP binding domains. The arrows 
indicate putative promotor regions. Boxes in 
the same colour indicate homologous 
functions. 
o cellobiose uptake, binding was not 
xygen-sensitive. Membranes derived from 
altose- or cellobiose-grown cells were 

nalysed by SDS-PAGE and coomassie 
rilliant blue staining. Comparison 
evealed the presence of a unique and 
bundant 55-kDa protein in the membranes 
f cellobiose-grown cells (Fig. 2B). The 

is now termed CbtA (Fig. 2C). Since CbtA 
binds to concanavalin A, while it is eluted 
with α-methyl-mannopyranoside, it 
appears to be glycosylated. The 
glycosylation was verified with a Periodic 
Acid-Schiff (PAS) staining of the protein 
after SDS-PAGE (not shown).  

Purified CbtA binds cellobiose with a 
Kd of 45 nM and a Bmax of 0.7 nmol.mg 

8

Table 1. Substrate specificity of the cellobiose binding protein 
CbtA and growth of P. furiosus on various sugars 

Competing substrate 
Residual [3H]-

cellobiose bindinga 

% of control 
Growthb 

Cellobiose 11 ± 1 + 
Cellotriose 12 ± 2 + 
Cellotetraose 9 ± 1 + 
Cellopentaose 10 ± 0. 7 + 
Laminaribiose 17 ± 3 + 
Laminaritriose 12 ± 1 n. d.  
Sophorose 33 ± 15 + 
Gentiobiose 109 ± 26 - 
β,β-Trehalose 89 ± 16 - 
Maltose 100 ± 17 + 
Glucose 85 ± 8 - 
aBinding of 200 nM [3H]-cellobiose to the purified CbtA was measured in the 

absence and presence of 2 µM of the indicated non-labelled sugar substrates. 
Experiments were performed in triplicate with indicated standard error of the 
mean 
bGrowth in the presence of 0. 1 % (w/v) of the indicated sugar as sole carbon and 
energy source. +, growth; -, no growth; n. d., not determined. Growth 
experiments were performed in duplicate. 
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protein-1 at 60 ºC. The substrate specificity 
of CbtA was determined by means of 
competition for [3H]-cellobiose binding. In 
10-fold excess, non-labelled cellobiose, 
cellotriose, cellotetraose and cellopentaose 
appeared to be effective competitors for 
[3H]-cellobiose binding to CbtA (Table 1). 
Competition was also observed with 
laminaribiose and laminaritriose, both 
building blocks of the polymer laminarin. 
The disaccharide sophorose was less 
effective as inhibitor, while the 

protein-1 at 60 ºC. The substrate specificity 
of CbtA was determined by means of 
competition for [3H]-cellobiose binding. In 
10-fold excess, non-labelled cellobiose, 
cellotriose, cellotetraose and cellopentaose 
appeared to be effective competitors for 
[3H]-cellobiose binding to CbtA (Table 1). 
Competition was also observed with 
laminaribiose and laminaritriose, both 
building blocks of the polymer laminarin. 
The disaccharide sophorose was less 
effective as inhibitor, while the 

disaccharides β,β-trehalose and gentiobiose 
were ineffective. All of the sugars that 
effectively competed with [3H]-cellobiose 
binding to CbtA also supported growth of 
P. furiosus (Table 1). These data suggest 
that CbtA is a broad-specificity β-
glucoside binding protein.  
 
Cloning and heterologous expression of 
CbtA 

N-terminal amino acid sequence 
analysis by Edmann degradation of the 
purified CbtA yielded the amino acid 
sequence QEQELPR. Database searches of 
the P. furiosus genome 
(http://wit.mcs.anl.gov/) identified an ORF 
(RPF00252) with an exact match. This 
ORF contained an additional 20 amino 
acids at the N-terminus, predicted to form a 
typical signal sequence. The calculated 
molecular mass of the mature protein is 70-
kDa, which is substantially larger than the 
55-kDa estimated for the purified CbtA by 
SDS-PAGE. This discrepancy is due to an 
incomplete denaturation of CbtA in SDS. 
After boiling for 30 minutes in 2 % SDS, 
CbtA migrated as a 70-kDa protein on 
SDS-PAGE. Hydropathy analysis of CbtA 
indicates the presence of a hydrophobic 
domain at the carboxyl-terminus that 
possibly functions as a membrane anchor. 
Strikingly, the hydrophobic domain is 
preceded by a serine/threonine-rich region 
that may function as a flexible linker to 
connect the catalytic domain to the 
membrane-anchoring region. Homology 
searches revealed that the protein belongs 
to the OppA-family of binding proteins, 

Figure 4. Expression of P. furiosus CbtA in E. 
coli SF120/1244. (A) Cellobiose binding 
activity at 37oC (white bars) and 60oC (black 
bars) using 500 nM [3H]-cellobiose. (B) 
Western blot detection of His6-CbtA using His-
antibodies in the membrane (mem) and 
supernatant (sup) of cell lysates after (+) and 
before (-) induction. E. coli SF120/1244 cells 
were used that were co-transformed with 
p1244, harbouring the rare tRNA genes, and 
pET302 (empty vector) or pSMK4 containing 
the cbtA gene with an N-terminal hexa-
histidine tag. 
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with the highest homology to putative 
binding protein of various thermophilic 
Archaea and Bacteria. The cbtA gene is 
part of a gene cluster that includes four 
other genes (Fig. 3). The products of two of 
these ORFs, i.e., cbtB (RPF00251) and 
cbtC (RPF00250), are homologous to 
OppB and OppC, respectively. These 
proteins constitute the permease domain of 
the Opp system. The other two ORFs, cbtD 
(RPF00249) and cbtF (RPF00248), encode 
gene products that are homologous to 
OppD and OppF, the ATP-hydrolysing 
subunits of the transport system. Upstream 
of cbtA and cbtB a putative TATA-box is 
observed.  

Figure 5. Northern blot analysis of total 
RNA extracted from P. furiosus (A) or P. 
abyssi (B) cells grown on cellobiose, 
pyruvate or pyruvate/cellobiose. Histones 
(RPF01470, PAB3089) were used as 
internal controls for the total amount of 
RNA. 

The cbtA gene was cloned with an N-
terminal hexa-histidine-tag into an E. coli 
expression vector behind the trc-promoter 
and transformed to E. coli strain SF120 
together with p1244 (13). The latter 
plasmid bears tRNAs for the amino acids 
leucine, isoleucine and arginine, with 

codons that are rarely used by E. coli. 
Since E. coli uses a phosphoenolpyruvate 
transferase system for cellobiose uptake 
(Fox and Wilson, 1968), functional 
expression of CbtA could conveniently be 
determined by [3H]-cellobiose binding 
studies (Fig. 4A). While binding of 
cellobiose was absent in the soluble and 
membrane fraction of the lysed parental 
strain, significant binding levels were 
observed in the cells upon the induction of 
CbtA expression. The binding activity 
correlates with the presence of the protein 
in the various fractions as evidenced by 
immunoblotting using a hexa-histidine-tag 
antibody (Fig. 4B). These results 
demonstrate that the P. furiosus cbtA gene 
encodes a cellobiose binding protein, and 
that this protein can be functionally 
expressed in E. coli.  

 
Cellobiose uptake by Pyrococcus abyssi 

P. abyssi GE5 is unable to grow on 
cellobiose (Erauso et al., 1993), but does 
contain a gene cluster that is highly 
homologous to the cbt-cluster of P. 
furiosus. ORFs PAB0627, PAB0628, 
PAB2363, PAB0630 and PAB0631 of the 
P. abyssi GE5 chromosome resemble cbtA, 
cbtB, cbtC, cbtD and cbtF, respectively. 
The gene products are more than 79 % 
identical. To determine if this putative 
cellobiose transport system is expressed in 
P. abyssi, cells were grown on pyruvate in 
the presence of cellobiose. Northern 
blotting shows that under these growth 
conditions, both cbtA and the structural 
gene of the β-glucosidase, celB, are 
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expressed in P. furiosus, while no 
expression is seen when cells are grown on 
pyruvate only (Fig. 5A). Under similar 
growth conditions, it was not possible to 
detect the expression of the P. abyssi 
homolog of the P. fusiosus CbtA, 
PAB0627 (Fig. 5B). Membranes derived 
from P. abyssi cells grown on pyruvate, 
and a combination of pyruvate and 
cellobiose were inactive for [3H]-cellobiose 
binding, while a high binding activity 
could be observed in membranes derived 
from P. furiosus cells grown on cellobiose 
and the combination of cellobiose and 
pyruvate. In cells grown solely on pyruvate 
only minor binding activity could be 
detected (Fig. 6). These data suggest that P. 
abyssi is defective in the expression of the 
cellobiose transport system.  

Figure 6. [3H]-cellobiose binding to P. 
furiosus and P. abyssi membranes derived 
from cells grown on cellobiose, pyruvate or 
pyruvate/cellobiose. 

 
 
Discussion 
 

Here we show that P. furiosus contains 
a high-affinity binding-protein-dependent 
ABC-transport system for the uptake of 
cellobiose and most other β-glucosides. 
The cellobiose binding protein, CbtA, is a 
70-kDa glycosylated protein. Strikingly, it 
is homologous to the di- and tri-peptide 
binding proteins of the OppA-family. So 
far, only the α-galactoside binding protein 
AgpA of Rhizobium meliloti was known to 
be a sugar-binding member of this family 
(Gage and Long, 1998), that also includes 
nickel, opine, heme and substituted sugar 
transporters (Tam and Saier, 1993). The 
gene cluster encoding the cellobiose 

transporter includes genes that encode two 
distinct ATPases and two membrane 
domains. This architecture corresponds to 
what is generally observed for members of 
the Opp family of oligopeptide ABC 
transporters. ABC-transporters for sugars 
usually contain only a single ATPase 
subunit that is thought to function as a 
homo-dimer.  

Databank searches revealed the 
presence of many putative binding proteins 
of other thermophilic Archaea and bacteria 
that are homologous to the cellobiose ABC 
transport system of P. furiosus. Nine out of 
eleven operons encoding ABC transporters 
present in the genome of the 
hyperthermophilic bacterium Thermotoga 
maritima encode members of the OppA-
family. It has been suggested that these 
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transport systems are oligopeptide 
transporters (Nelson et al., 1999), but 
based on our current finding and location 
of these operons in the vicinity of genes 
that are involved in sugar metabolism, it is 
more likely that some of these transporters 
are sugar transporters. The cellobiose 
transport system of the thermoacidophilic 
archaeon S. solfataricus also belongs to the 
Opp transporter family (Elferink et al., 
2001). Again, genes encoding sugar 
metabolising enzymes are located in the 
vicinity of the transport operon. In this 
respect, the gene upstream of the cbtA gene 
in P. furiosus encodes a β-mannosidase. Its 
specific physiological role is unclear 
(Bauer et al., 1996).  

Like oligopeptide binding proteins, 
CbtA binds a broad range of polymeric 
substrates. In contrast, sugar-binding 
proteins usually exhibit a narrow substrate 
specificity that is often limited to 
monosaccharides. Therefore, it may well 
be that the substrate binding pocket of 
CbtA more-or-less resembles that of the 
OppA-family of binding proteins that can 
accommodate a range of short and long 
oligopeptides (Detmers et al., 2000; 
Lanfermeijer et al., 2000).  

The cbt gene cluster contains two 
putative TATA-boxes, i. e., one upstream 
of cbtA and one upstream of the cbtB gene. 
The latter promoter most likely controls 
expression of the cbtBCDF genes. 
Northern analysis revealed larger amounts 
of cbtA transcript as compared to the 
cbtBCDF transcripts. The presence of two 
promoter regions presumably relates to the 

need for binding protein in excess to the 
transporter domains to allow efficient 
scavenging of the substrate at the external 
surface of the membrane.  

P. abyssi GE5 harbours a gene cluster 
that shares a very high degree of homology 
with the cbtABCDF genes of P. furiosus. 
However, P. abyssi GE5 does not grow on 
cellobiose (Godfroy et al., 2000), which 
has been attributed to the lack of a gene 
encoding a β-glucosidase, CelB, needed to 
hydrolyse cellobiose to glucose 
(http://www.genoscope.cns.fr/Pab/). 
Another P. abyssi strain, i. e., ST549 does 
exhibit β-glucosidase activity (Ladrat et 
al., 1997) but is also unable to grow on 
cellobiose. Our data with P. abyssi GE5 
indicates that the putative cellobiose 
transporter is not expressed when cells are 
grown on pyruvate in the presence of 
cellobiose. These conditions do, however, 
result in expression of the ctbABCDF 
genes of P. furiosus. It seems likely that P. 
abyssi GE5 is defective in a response 
regulator that triggers induction of the 
genes involved in cellobiose metabolism, 
including the transport system.  

P. furiosus has not been reported to 
grow on cellulose, although the 
endoglucanase, EglA, exhibits hydrolytic 
activity against carboxymethyl cellulose 
(Bauer et al., 1999). The organism, 
however, does grow on different cello-
oligomers. EglA is an extracellular protein 
that exhibits a greater affinity for 
cellopentaose and cellohexaose as 
compared to the shorter cello-oligomers 
(Bauer et al., 1999). The long cello-
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oligomers will most likely first be 
hydrolysed extracellularly to yield 
cellobiose, cellotriose or cellotetraose. 
These compounds are then transported into 
the cell, and hydrolysed to glucose by CelB 
(Kengen et al., 1993) and possibly other 
proteins. P. furiosus can also grow on the 
β-1,3-glucose polymer laminarin. This 
possibly involves the hydrolysis of 
laminarin into smaller laminari-oligomers 
by the extracellular enzyme LamA. The 
laminari-oligomers enter the cell via the 
cellobiose transport system, and are than 
hydrolysed to glucose by the intracellular 
β-glucosidase CelB (Gueguen et al., 1997). 
Our studies show that P. furiosus is able to 
grow on the β-glucoside sophorose. This 
compound also inhibits cellobiose binding 
to CbtA, and therefore it is likely that 
sophorose enters the cells via the cellobiose 
transporter. Sophorose metabolism requires 
an intracellular β-glucanase, but such an 
enzyme has not yet been reported for P. 
furiosus. The β-glucosides gentiobiose and 
β,β-trehalose are not recognized by CbtA, 
nor is P. furiosus able to grow on these 
substrates. CelB was shown to hydrolyse 
β-1,6-glycosidic bonds (T. Kaper, personal 
communication). Therefore, the inability of 
P. furiosus to grow on gentiobiose might 
be due to a lack of transport activity.  

Summarizing, P. furiosus contains a 
binding-protein-dependent ABC transport 
system for the uptake of cellobiose, and a 
range of β-glucosides. This system is 
homologous to the OppA-family of ABC 
transporters that mainly used for 
oligopeptide transport. These transporters 

share the property that they are involved in 
the transport of oligomeric compounds 
such as oligosaccharides and oligopeptides.  
 

 
Experimental procedures 
 
Organisms and growth conditions 

Pyrococcus furiosus Vc1 (DSM 3638) and 
Pyrococcus abyssi GE5 (CNCM I-1302) were 
grown routinely at 80 ºC in modified 
Methanococcus medium (Kengen et al., 1993) 
under anaerobic conditions in the presence of 5 
mM carbohydrate or 0.2 % (w/v) pyruvate. For 
P. abyssi, the medium was supplemented with 1 
% (w/v) elemental sulphur. Continuous 
monitoring of growth of P. furiosus on different 
sugars was performed in the Cary 100 
spectrophotometer (Varian, Mulgrave, Victoria, 
Australia) in micro-cuvets under a N2/CO2 
atmosphere at 90 ºC. Cells were grown in 750 
µl medium supplemented with 0. 1 % (w/v) 
sugar as indicated, and growth was monitored at 
660 nm for 15 hours. Cells grown on laminarin 
were followed for 48 hours. Escherichia coli 
DH5α (Hanahan, 1983) and SF120 (Baneyx and 
Georgiou, 1991) were grown in LB 
supplemented with the appropriate antibiotics at 
37 or 25 ºC, respectively.  

 
Chemicals 

Laminaribiose and laminaritriose were 
purchased from Dextra Laboratories (Reading, 
United Kingdom), sophorose was obtained from 
Sigma (Steinheim, Germany), and all other 
sugars were from Merck (Darmstadt, Germany). 
[3H]-Cellobiose was purchased from 
Amersham-Radiochemicals (Little Chalfont, 
Buckinghamshire, United Kingdom).  
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Transport and binding studies 

Cells grown overnight in 50 ml medium 
were harvested under anaerobic conditions, 
washed once in growth medium without carbon-
source, and after resuspention stored at room 
temperature until use. Transport assays were 
performed anaerobically at 80 ºC under 
continuous flow of N2-gas using 10 µg of cell 
protein/ml. [3H]-Cellobiose was added to a final 
concentration of 10 µM and at different time 
points samples were taken and washed twice 
with medium without carbon source using 
BA85 nitrocellulose filters (Protran; Schleicher 
& Schuell, Dassel, Germany). The radioactivity 
retained on the filters was determined with 
FilterCount (Packard Bioscience B.V., 
Groningen, The Netherlands). The kinetic 
parameters of transport were estimated from 
triplicate measurements of the uptake for 10 
seconds. For binding studies, 1 µM [3H]-
cellobiose was added to P. furiosus membranes 
or the purified protein (10 µg of protein per ml). 
Binding studies were performed aerobically at 
60 ºC. After 3 minutes incubation, reactions 
were terminated by the addition of 2 ml ice-cold 
0. 1 M LiCl, samples were filtered and washed 
once with 2 ml 0. 1 M LiCl. The radioactivity 
retained by the filters was determined as 
described above.  

 
Purification of binding proteins 

Cells were harvested and resuspended in 
50 mM Tris-HCl pH 7.5, and broken by a single 
pass through a French Pressure cell at 600 
lb/in2. Membranes were collected by 
ultracentrifugation for 45 minutes at 100,000 x 
g at 4 oC. The pellet was resuspended in 50 mM 
Tris-HCl pH 7.5, and washed once. Membranes 
were solubilized using 0.5 % (v/v) Triton X-100 
for 30 minutes at 37 oC. Non-solubilized 
material was removed by centrifugation 
(350,000 x g, 15 minutes, 4 oC), and the 

supernatant was applied to a concanavalin A 
(ConA)-Sepharose (Pharmacia, Roosendaal, 
The Netherlands) column equilibrated with 
buffer A (25 mM Tris-HCl pH 7.4, 500 mM 
NaCl, and 0.05 % (v/v) Triton X-100). The 
column was washed thoroughly with buffer A, 
and bound glycoproteins were eluted using 
buffer A supplemented with 250 mM α-methyl-
mannopyranoside. Fractions with cellobiose 
binding activity were pooled, dialysed overnight 
against buffer B (25 mM Tris pH 6. 8, and 0.05 
% (v/v) Triton X-100), and applied on a HR5/5 
MonoQ column (Pharmacia, Uppsala, Sweden) 
pre-equilibrated with buffer B. Proteins were 
eluted with a linear gradient of 0 to 500 mM 
NaCl in buffer B. The cellobiose binding 
protein (CbtA) eluted at 120 mM NaCl. Active 
fractions were analysed by SDS-PAGE, pooled 
and stored at –80 ºC.  

 
Cloning and expression of CbtA 

Oligonucleotide primers were designed 
based on the nucleotide sequence of the 
complete cbtA gene present in the P. furiosus 
database (http://wit.mcs.anl.gov/). The gene was 
amplified by PCR (forward 5’-
ccccgatatcatgaagagactcgttggtgtac-3’, reverse 5’-
cccccggatccttaagatcttctcctcctt-3’), and the 
resulting 1.8 kb fragment was ligated in pBSKS 
(Stratagene, La Jolla, California) to yield 
pSMK3 which was transformed to DH5α 
(Hanahan, 1983). pSMK3 was digested with 
BspHI and BamHI, and the insert was ligated 
into the expression vector pET302 (van der 
Does et al., 1998) to yield pSMK4 containing 
the cbtA gene with an N-terminal hexa-histidine 
tag. These expression plasmids were co-
transformed with p1244 (Kim et al., 1998) into 
E. coli SF120 (Baneyx and Georgiou, 1991). 
The plasmid p1244 harbours tRNAs for the 
amino acids leucine, isoleucine and arginine 
with rare codons. Cells were grown to an OD at 
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660 nm of 0.8, and subsequently induced with 
0.5 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG) for 2 hours. Cells were harvested by 
centrifugation, and broken by French Press 
treatment at 800 lb/in2. Lysed cells were 
separated in a membrane and soluble fraction by 
ultra-centrifugation (350,000 x g, 20 min, 4 ºC). 
The different fractions were analysed by SDS-
PAGE and Western Blotting using His-tag 
antibodies (Dianova GmbH, Hamburg, 
Germany), and assayed for [3H]-cellobiose 
binding at 37 and 60 ºC.  

 
Total RNA isolation and Northern analysis 

Total RNA was isolated from 
exponentially growing P. furiosus and P. abyssi 
cells using the TRIZOL Reagent (Gibco BRL 
Life Technologies, Breda, The Netherlands). P. 
abyssi RNA was treated with DNase I to 
remove co-isolated DNA. For Northern blot 
analysis, 10 µg of total RNA was separated on 
formaldehyde-1.1% agarose gels, and 
transferred to a Zeta-probe membrane 
(BIORAD, Veenendaal, The Netherlands) by 
capillary blotting. Primers were designed 
according to the gene sequences present in the 
P. furiosus (http://wit.mcs.anl.gov/) and P. 
abyssi (http://www.genoscope.cns.fr/Pab/) 
databases. Probes for cbtA (forward: 5’-
cgccctcatgaagagactcgttggtgt-3’; reverse: 5’-
aaccttaacctcttggagcc-3’), celB (forward: 5’-
ctggtttccagtttgagatggg-3’; reverse: 5’-
tggctttggaaaaattcttgccc-3’), RPF01470 
(forward: 5’-atgggagaattgccaattgc-3’; reverse: 
5’-tcagctcttaattgcgagc-3’), PAB0627 (forward 
5’-atggaaaaactagtggcagccatagttg-3’; reverse 5’-
tgagaccctctttgagaaccaccc-3’) and PAB3089 
(forward 5’-atgggagagttgccaattgc-3’; reverse 5’-
tcagctcttaatagccaac-3’) were DIG-labelled using 

PCR on genomic DNA. Detection was done 
with DIG-AP antibodies (Boehringer 
Mannheim, Germany) and CDP-Star (Tropix 
Inc., Bedford, USA).  

 
Other techniques 

For the determination of the N-terminal 
sequence of Cbp, the purified protein was 
electro-eluted from SDS-PAGE and freeze-
dried. Protein sequencing was performed by 
NAPS (Nucleic Acid/Protein Service Unit, 
Vancouver, Canada). DNA sequencing was 
performed by BioMedisch Technologisch 
Centrum (BMTC, University of Groningen, The 
Netherlands). Glycoproteins in SDS-PAGE 
were stained using Periodic Acid-Schiff (PAS) 
(Sigma) as described (McGuckin and 
McKenzie, 1958). Protein concentrations were 
determined using the DC Biorad Kit (BIORAD, 
Veenendaal, The Netherlands).  
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Biochemical evidence for the presence of two α-
glucoside ABC-transport systems in the 

hyperthermophilic archaeon Pyrococcus furiosus 
 
 

Sonja M. Koning, Wil N. Konings, and Arnold J. M. Driessen 
 
 
Summary 
 
The hyperthermophilic Archaeon Pyrococcus furiosus can utilize 
different carbohydrates, such as starch, maltose and trehalose. 
Uptake of α-glucosides is mediated by two different binding protein-
dependent ABC-type transport systems. The maltose transporter 
also transports trehalose, while the maltodextrin transport system 
mediates the uptake of maltotriose and higher malto-
oligosaccharides but not maltose. Both transport systems are 
induced during growth on their respective substrates. 

 
 

Introduction 
 

The hyperthermophilic anaerobic 
Archaeon Pyrococcus furiosus can grow 
heterotrophically on some sugars, such as 
cellobiose, maltose and starch (Fiala and 
Stetter, 1986; Kengen et al., 1993). 
Maltose and starch metabolism has been 
studied in some detail (de Vos et al., 1998) 
but virtually nothing is known about uptake 
of these carbohydrates into the cell. P. 
furiosus produces a number of starch-
hydrolyzing enzymes, such as an 
extracellular amylopullulanase (Dong et 

al., 1997) and α-amylase (Jorgensen et al., 
1997), and an intracellular α-amylase 
(Laderman et al., 1993), and α-glucosidase 
(Costantino et al., 1990). The extracellular 
enzymes hydrolyze starch into smaller 
oligosaccharides, which are then 
transported into the cell via so far not 
known mechanisms, and intracellularly 
hydrolyzed to glucose. Glucose is further 
metabolized by the modified Embden-
Meyerhof pathway (Schäfer et al., 1994) 
that involves an ADP-dependent 
glucokinase and phosphofructokinase 
(Kengen et al., 1994).  
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Table 1. Homology between P. furiosus and E. coli 
maltose/maltodextrin transporter clusters 
  Escherichia coli 
  MalE MalF MalG MalK 

PF1938 28a (46)b    
PF1937  35 (56)   
PF1936   33 (55)  
PF1933    47 (63) 
PF1739 28 (44)    
PF1740  36 (54)   
PF1741   41 (63)  

Py
ro

co
cc

us
 fu

rio
su

s 

PF1744    46 (64) 
aIdentity; bSimilarity 

In bacteria, maltose and maltodextrins 
are usually transported via ATP-binding 
cassette (ABC) transporters (Ehrmann et 
al., 1998). In archaea and thermophilic 
bacteria, ABC-transporters seem to play a 
dominant role in sugar transport. The 
trehalose/maltose transporter of 
Thermococcus litoralis has been 
biochemically characterized and the 
trehalose/maltose binding protein (TMBP) 
and ATP binding subunit MalK have been 
functionally expressed in E. coli (Greller et 

al., 1999; Horlacher et al., 1998). This 
system mediates the uptake of trehalose 
and maltose but not of maltodextrins. In 
contrast, a single maltose, trehalose and 
maltodextrin transporter has been described 
for the thermophilic bacterium 
Thermoanaerobacter ethanolicus (Jones et 
al., 2000). The genome of P. furiosus 
contains a gene cluster that encodes an 
ABC-type transporter that is nearly 
identical to the trehalose/maltose 
transporter of T. litoralis (DiRuggiero et 

Figure 1. Genetic organisation of the neighbourhood of the genes encoding the maltodextrin (A) 
(indicated in grey) and trehalose/maltose (B) (indicated in black) transporters.  
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al., 2000). In addition, it contains an 
operon that encodes a homolog of the 
maltose/maltodextrin transporter of E. coli. 
Since the second transporter was found to 
be induced upon growth of P. furiosus on 
maltose, it was assumed that P. furiosus 
contains two maltose transport systems, 
one specific for maltose and trehalose and 
another one specific for maltose and 
maltodextrins (DiRuggiero et al., 2000). 
Here, we show that P. furiosus contains a 
trehalose/maltose and a maltodextrin 
transport system. The latter system is 
specific for maltodextrins only and is not 
involved in maltose uptake. 

Figure 2. Functional expression of PF1938 and PF1739 in E. coli BL21/RIL. [14C]-Maltose (A), 
[14C]-maltotriose (B) and [14C]-trehalose (C) binding activities were measured before (-) and after 
(+) induction of the promotor. 

 
Results 
 
Identification and heterologous 
expression of two ORFs involved in 
sugar binding 

The complete genome sequence of P. 
furiosus shows two gene clusters that 
encode binding protein-dependent ABC 

transporters that are homologous to the 
maltose/maltodextrin transport operon of 
E. coli (Table 1, Fig. 1). One of the clusters 
(PF1739-PF1741, PF1744) is identical (99-
100% amino acid sequence identity) to the 
trehalose/maltose transport operon found in 
the related archaeon Thermococcus 
litoralis (data not shown). The other cluster 
PF1933, PF1936-PF1938 shows a high 
degree of homology to the E. coli maltose 
transport operon (Table 1). As observed for 
the possible trehalose/maltose transporter 
cluster, the gene encoding the ATPase 
subunit of the second transporter is not 
located in the operon that contains the 

genes encoding the binding protein and two 
permeases. Instead, two ORFs separate the 
second permease and the ATPase subunit, 
one of which encoded an amylopullulanase 
(Fig. 1). To determine if the two gene 
clusters specify maltose transporters, the 
respective binding proteins, PF1938 and 
PF1739 were cloned into an E. coli 
expression vector behind the trc-promoter 
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and transformed to E. coli strain BL21 
(DE3)/RIL. Although this E. coli strain 
contains an endogenous periplasmic 
maltose/maltodextrin binding protein, upon 
expression of the respective binding 
proteins a significantly elevated level of 
[14C]-maltose, [14C]-trehalose or [14C]-
maltotriose binding at 60 oC was found 
(Fig. 2). At this temperature, the 
endogenous E. coli proteins precipitate 
leading to low background binding levels. 
The expressed binding protein encoded by 
PF1739 binds [14C]-maltose and [14C]-
trehalose, whereas PF1938 only binds 
[14C]-maltotriose. Therefore, it seems that 
PF1739 encodes a trehalose/maltose 
binding protein (TMBP), while PF1938 
encodes a maltodextrin binding protein 
(MDBP). 

 

Figure 3. (A) Northern blot analysis of total RNA extracted from P. furiosus cells grown on 
maltose, maltotriose, pyruvate, starch or trehalose, using the gene encoding MDBP (PF1938) or 
TMBP (PF1739) as probe. A P. furiosus histone (PF1831) was used as internal control for the 
total amount of RNA. (B) [14C]-maltose, [14C]-maltotriose (C) and [14C]-trehalose (D) binding to 
membranes derived from P. furiosus cells grown on different substrates. The binding studies 
were performed in triplicate. 

Induction of binding proteins 
To study the functional expression of 

the maltose and maltotriose binding 
proteins in P. furiosus, binding studies 
using [14C]-maltose (Fig. 3B), [14C]-
maltotriose (Figure 3C) and [14C]-trehalose 
(Fig. 3D) were performed using 
membranes isolated from P. furiosus cells 
grown on different substrates. Membranes 
from cells grown on pyruvate showed no 
binding of the tested substrates. On the 
other hand, membranes derived from 
maltotriose-, maltose- or starch-grown cells 
exhibited binding of all three tested 
substrates, while membranes of trehalose-
grown cells showed binding of maltose and 
trehalose only.  
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grown on trehalose, maltose, maltotriose 
and starch (Fig. 3A). The mRNA levels 
and substrate binding activities 
reproducibly did not match completely. 
Taken together, the results suggest that 
both TMBP and MDBP are functionally 
expressed when cells are grown on maltose 
and maltotriose, whereas in starch and 
trehalose-grown cells, TMBP is most 
prominently present. 
 
Maltose uptake 

P. furiosus cells grown on maltose 
readily accumulate [14C]-maltose under 
anaerobic conditions at 80 oC (Fig. 4). The 
transient uptake levels indicate rapid 
metabolism of the labelled substrate in the 
cell. Maltose uptake shows a steep 
temperature dependence, and uptake is 

 
 
 

 
 

Figure 4. Maltose transport in P. furiosus
cells. Accumulation of 10 µM [14C]-maltose
was assayed under anaerobic conditions at
80 oC (●). Inhibition of maltose 
accumulation in maltose-grown cells was 
studied by adding a 100-fold excess of non-
labeled maltose (○), maltotriose (■) or
trehalose (□). Transport studies were
performed in triplicate. 
To correlate the carbohydrate binding 
ctivities to the expression of the respective 
inding proteins, northern blotting was 
erformed to probe for the genes encoding 
MBP (PF1739) and MDBP (PF1938) 

Fig. 3A). The expression of a P. furiosus 
istone (PF1831) was used to control for 
qual loading with mRNA. When cells 
ere grown on trehalose, a low level of 
DBP expression was observed but the 

ctivity was not detectable in the 
embrane fraction. MDBP was highly 

xpressed when cells were grown on 
altotriose and starch. Although 
embranes derived from maltose-grown 

ells exhibit a high maltotriose binding 
evel (Fig. 3C), MDBP was only poorly 
xpressed under these conditions. TMBP 
as highly expressed when cells were 

hardly detectable at temperatures below 40 
oC (results not shown). Initial rates of 
maltose uptake were used to determine the 
affinity of the transport system. The Km for 
maltose uptake is 30-40 nM at 80 oC. This 

Figure 5. Purification of TMBP, Coomassie 
stained gel. TMBP was purified from Triton 
X-100 solubilized membranes using ConA 
affinity chromatography and MonoQ anion 
exchange chromatography. 
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transporter is therefore a high affinity 
transport system.  

The effect of a 100-fold excess non-
labeled maltotriose and trehalose on 
maltose uptake was studied (Fig. 4). [14C]-
Maltose uptake was not inhibited by the 
non-labelled maltotriose, but was 
effectively reduced by a 100-fold excess 
trehalose. This observation indicates that 
maltose uptake is mediated by a system 
that also accepts trehalose as a substrate.  
 
Purification of the binding proteins 

A high level of maltose binding was 
observed in membranes derived from 
maltose-grown cells. These membranes 

were solubilized with Triton X-100, and 
the binding protein was purified to 
homogeneity by concanavalin A (ConA) 
affinity chromatography and subsequent 
MonoQ anion exchange chromatography 
using the [14C]-maltose binding at 60 oC to 
monitor the purification (Fig. 5). The 
maltose binding activity corresponded with 
a 45-kDa protein. To characterize the 
substrate specificity of this protein, an 
inhibition assay was used where addition of 
excess of non-labeled substrate leads to a 
decrease in binding of [14C]-labeled 
substrate, while addition of a non-labeled 
non-substrate does not lead to a decrease of 
[14C]-labeled substrate binding. Addition of 
a 10-fold excess of non-labelled trehalose 
or maltose completely abolished the [14C]-
maltose binding, while an excess glucose, 
maltotriose or maltotetraose was without 
effect (Fig. 6A). The 45-kDa binding 
protein was therefore identified as TMBP, 
which only has maltose and trehalose as 
substrates. 

Figure 6. Substrate specificity of the ConA 
fraction derived from cells grown on 
maltose. The binding of 1 µM [14C]-maltose 
(A) or 1 µM [14C]-maltotriose (B) to the 
ConA fraction was inhibited by addition of 
10-fold excess of non-labelled substrate. 

The maltodextrin binding protein was 
partially purified from Triton X-100 
solubilized membranes derived from cells 
grown on maltose using ConA 
chromatography. The binding of [14C]-
maltotriose was used to monitor the 
purification. The substrate specificity of 
MDBP was studied using the inhibition 
assay as explained above. The [14C]-
maltotriose binding activity of the active 
fraction was effectively inhibited by 
maltotriose and maltotetraose, but not by 
glucose or maltose (Fig. 6B). Therefore, 
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this binding protein is a maltodextrin 
binding protein, MDBP. 
 
Glycosylation of the binding proteins 

Both TMBP and MBP appear as 
glycosylated proteins as they bind to the 
ConA affinity column that specifically 
binds terminally mannosylated and 
glucosylated glycoproteins. The purified 
TMBP could be stained with the 
glycoprotein specific PAS-stain. To 
identify the carbohydrate moieties, purified 
TMBP was hydrolyzed and the released 
sugars were labelled with the fluorophore 
AMAC. After polyacrylamide gel 
electrophoresis only glucose molecules 
could be observed, suggesting that TMBP 
is glycosylated with glucose moieties (Fig. 
7). 

 

 
Discussion 
 

Pyrococcus furiosus contains two 
operons involved in α-glucoside transport, 
a trehalose/maltose and a maltodextrin 

transport system. Both systems are 
members of the ATP-binding cassette 
family of transporters. The maltodextrin 
transport operon shows homology to the 
maltose/maltodextrin transporter of E. coli. 
Surprisingly, however, this system is not 
involved in the uptake of maltose but binds 
higher malto-oligosaccharides only. The 
binding protein was heterologously 
expressed in E. coli to confirm the 
substrate binding specificity. Recently, the 
crystallization of the P. furiosus 
maltodextrin binding protein has been 
reported in the presence of maltose 
(Evdokimov et al., 2001). Surprisingly, 
maltotriose was found in the binding 
pocket. This result is now confirmed by our 
biochemical data. Apparently, the 
maltodextrin binding protein exhibits such 
an extremely high binding affinity for 
maltotriose that it binds the minute amount 
of contaminants present in the maltose 
solution. This is consistent with the 
hypothesis, that hyperthermophilic 
organisms utilize highly efficient ABC-
transporters to survive conditions where 
the substrate concentrations are very low 
(Elferink et al., 2001). Figure 7. Glycosylation of TMBP. 

Glycosyl moieties were visualized on 
acrylamide gels using the fluorescent 
probe AMAC after hydrolysis of the 
purified protein using 2 N TFA or 4 N HCl 
as described in Experimental procedures. 

The trehalose/maltose transporter is 
identical to the system described in the 
related archaeon T. litoralis (DiRuggiero et 
al., 2000). Also, the binding protein of this 
transporter has been crystallized and its 
structure has been solved (Diez et al., 
2001). The trehalose/maltose transport 
operon in both organisms is flanked by 
inverted repeats. In T. litoralis a 
hypothetical transposon is located upstream 
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of this fragment. It was hypothesized that 
this fragment was acquired recently by one 
of the organisms by lateral gene transfer 
(DiRuggiero et al., 2000). Because the 
maltotriose transporter does not transport 
maltose, it could very well be that T. 
litoralis acquired the trehalose/maltose 
transporter from P. furiosus as maltose and 
trehalose are the only two sugars known so 
far to be used for growth by T. litoralis 
(Neuner et al., 1990). On the other hand, 
genes encoding the trehalose/maltose 
transporter are present neither in P. 
horikoshii nor P. abyssi. Although the 
maltodextrin transporter is present in P. 
abyssi, this organism is unable to grow on 
starch or other sugars (Erauso et al., 1993). 
It is not known if P. glycovorans (Barbier 
et al., 1999), which can grow on sugars, 
contains the trehalose/maltose transporter. 
It could therefore very well be that both P. 
furiosus and T. litoralis acquired the genes 
encoding the trehalose/maltose transporter 
from a third organism. 

Both MDBP and TMBP are induced 
by growth on α-glucosides. Surprisingly, 
MDBP was found to be induced also after 
growth on maltose. This induction could be 
caused by the presence of small amounts of 
maltotriose in the maltose solution. 
Maltotriose induces not only MDBP but 
also TMBP. This most likely relates to 
extracellular α-glucosidases that cleave the 
maltotriose into glucose and maltose. The 
latter induces the trehalose/maltose 
transport system. When P. furiosus is 
grown on starch, the substrate is first 
extracellularly cleaved by an 

amylopullulanase, which cleaves starch 
into maltodextrins (Dong et al., 1997) (See 
Fig. 8). The maltodextrins are subsequently 
hydrolysed to smaller subunits (G2-G7) by 
an extracellular α-amylase (Jorgensen et 
al., 1997). Therefore, when utilizing starch 
as carbon source, both maltose and small 
malto-oligosaccharides are formed. Once 
transported inside, the malto-
oligosaccharides are most likely further 
hydrolysed to maltose by the intracellular 
α-amylase. In this respect, maltose 
metabolism in P. furiosus and T. litoralis 
differ. In the latter organism, maltose is 
hydrolysed by MalP and 4-α-
glucanotransferase, similar to the system 
found in E. coli (Xavier et al., 1999). In P. 
furiosus, however, maltose is hydrolysed 

Figure 8. Scheme of α-glucoside 
metabolism in P. furiosus. 
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by α-glucosidase to glucose, which then 
enters a modified Embden-Meyerhof 
pathway. The concerted action of the two 
transport systems for α-glucosides permits 
P. furiosus to efficiently utilize these 
components.  
 
 
Experimental procedures 
 
Organisms and growth conditions 

P. furiosus Vc1 (DSM 3638) was grown 
routinely at 80 ºC in modified Methanococcus 
medium (Kengen et al., 1993) under anaerobic 
conditions in the presence of 5 mM of the 
indicated carbohydrate or with 0.2% (w/v) 
pyruvate. For growth on peptone, the medium 
was supplemented with 1% (w/v) elemental 
sulphur. Escherichia coli DH5α (Hanahan, 
1983) and BL21/RIL (Stratagene, La Jolla, 
USA) were grown in LB supplemented with the 
appropriate antibiotics at 37 ºC. 
 
Chemicals 

Sugars were from Merck (Darmstadt, 
Germany). [14C]-Maltose (516 mCi/mmol) was 
purchased from Amersham-Radiochemicals 
(Little Chalfont, Buckinghamshire, United 
Kingdom), [14C]-maltotriose (850 mCi/mmol) 
and [14C]-trehalose (850 mCi/mmol) were kind 
gifts from Prof. Winfried Boos, Konstanz, 
Germany. 
 
Transport and binding studies 

Cells grown overnight in 50 ml medium 
were harvested under anaerobic conditions, 
washed once in growth medium without carbon-
source, resuspended, and stored at room 
temperature until use. Transport assays were 
performed anaerobically at 80 ºC using a 
continuous flow of N2-gas. Cells were used at 

10 µg protein/ml, and transport was initiated by 
the addition of the radiolabelled substrate to a 
final concentration of 10 µM. Samples were 
taken at different time points, filtered over 
BA85 nitrocellulose filters (Protran; Schleicher 
& Schuell, Dassel, Germany), and washed twice 
with growth medium without carbon source. 
The radioactivity retained on the filters was 
determined by liquid scintillation counting. 
Kinetic constants were estimated from triplicate 
measurements of the initial uptake rate 
determined after 10 s. 

Binding studies were performed using the 
method described by Richarme and Kepes 
(Richarme and Kepes, 1983). Basically, 1 µM 
radiolabelled substrate was added to isolated P. 
furiosus membranes or to purified binding 
protein (10 µg protein/ml). Binding assays were 
performed in 100 µl volume at 60 ºC. After 3 
min, the binding reactions were terminated by 
the addition of 2 ml ice-cold 0.1 M LiCl, 
filtered over BA85 nitrocellulose filters and 
washed once with 2 ml 0.1 M LiCl. The 
radioactivity retained on the filters was 
determined as described above. 
 
Purification of binding proteins 

Cells were harvested and resuspended in 
50 mM Tris-HCl pH 7.5, and broken by a single 
passage through a French Pressure cell at 600 
lb/in2. Membranes were collected by 
centrifugation for 45 min at 100,000 x g at 4 oC. 
The pellet was resuspended in 50 mM Tris-HCl 
pH 7.5, washed once and solubilized in 0.5% 
(v/v) Triton X-100 for 30 min at 37 oC. Non-
solubilized material was removed by 
centrifugation (350,000 x g, 15 min, 4 oC), and 
the supernatant was collected and applied onto a 
concanavalin A (ConA)-Sepharose (Pharmacia, 
Roosendaal, The Netherlands) column 
equilibrated with buffer A (25 mM Tris-HCl pH 
7.4, 500 mM NaCl, and 0.05% [v/v] Triton X-
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100). The column was washed thoroughly with 
buffer A, and bound glycoproteins were eluted 
using buffer A supplemented with 250 mM α-
methyl-mannopyranoside. Fractions were 
dialyzed overnight against buffer B (25 mM 
Tris pH 6.8, and 0.05% [v/v] Triton X-100), 
measured for substrate binding activity as 
described above and fractions containing 
maltose or maltotriose binding activity were 
pooled, and applied to a HR5/5 MonoQ column 
(Pharmacia, Uppsala, Sweden), pre-equilibrated 
with buffer B. Proteins were eluted with a linear 
gradient of 0 to 500 mM NaCl in buffer B. 
Fractions were analysed by SDS-PAGE and 
assayed for binding activity, pooled and stored 
at –80 ºC. 
 
Cloning and expression of binding proteins 

Oligonucleotide primers were designed 
based on the nucleotide sequence of the 
complete PF1938 and PF1739 genes as found in 
the P. furiosus database 
(http://www.genome.utah.edu). PF1938 and 
PF1739 were amplified by PCR (forward 5’-
cccccgatatcatgaggagagcaacatacgcc -3’, reverse 
5’-cccccggatccttatccttgcatgttgtta -3’; forward 
5’-cccccgatatcatgaatgtcaagaaggtactgc -3’, 
reverse 5’-ccccctctagattagctgtattgtttaac -3’, 
respectively), and the resulting 1.35 kb 
fragments were ligated in pBSKS (Stratagene, 
La Jolla, California, USA) to yield pSMK10 
and pSMK11. The inserts were transferred to 
the expression vector pET302 (van der Does et 
al., 1998) to yield pSMK14 and pSMK16, 
containing PF1938 and PF1739, respectively, 
with an amino-terminal terminal hexa-histidine 
tag.  

For expression, E. coli BL21 (DE3)/RIL 
was used that expresses plasmid encoded 
tRNAs for the amino acids leucine, isoleucine 
and arginine with rare codons. Cells 
transformed with pSMK14 or pSMK16 were 

grown to an OD at 660 nm of 0.8, and induced 
for 2 h with 0.5 µM isopropyl-β-D-
thiogalactopyranoside (IPTG). Cells were 
harvested and broken by French Press treatment 
at 800 lb/in2. The membrane and soluble 
fraction were collected by centrifugation 
(350,000 x g, 20 min, 4 ºC), and analysed by 
SDS-PAGE and Western Blotting using His-tag 
antibodies (Dianova GmbH, Hamburg, 
Germany), and by [14C]-maltose or [14C]-
maltotriose binding assays at 37 and 60 ºC. 
 
Total RNA isolation and Northern analysis 

Total RNA was isolated from 
exponentially growing P. furiosus cells using 
the TRIZOL Reagent (Gibco BRL Life 
Technologies, Breda, The Netherlands). For 
Northern blot analysis, 10 µg total RNA was 
separated on formaldehyde-agarose (1%) gels, 
and transferred to a Zeta-probe membrane 
(BIORAD, Veenendaal, The Netherlands) by 
capillary blotting. Primers were designed 
according to the gene sequences present in the 
P. furiosus (http://www.genome.utah.edu/) 
database. Probes for PF1938 (forward: 5’-
cccccgatatcatgaggagagcaacatacgcc-3’; reverse: 
5’-tgccatgtattcttccgc-3’), PF1739 (forward: 5’-
cccccgatatcatgaatgtcaagaaggtactgc-3’; reverse: 
5’-ttagctcaacagtgacccc-3’), PF1831 (forward: 
5’-atgggagaattgccaattgc-3’; reverse: 5’-
tcagctcttaattgcgagc-3’) were DIG-labelled using 
PCR on genomic DNA. Detection was done 
with DIG-AP antibodies (Boehringer 
Mannheim, Germany) and CDP-Star (Tropix 
Inc., Bedford, USA). 
 
Sugar analysis 

For the identification of the sugar 
molecules present on the glycosylated binding 
proteins, 20 µg protein was dialyzed overnight 
against demineralized water. Sugar moieties 
were hydrolyzed from the protein by incubation 
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for 5 h in 2 N trifluoroacetic acid (TFA) or 3 h 
in 4 N HCl at 100 oC. Released saccharides 
were labelled with 2-aminoacridone (AMAC) 
and analyzed by gel electrophoresis (Jackson, 
1994). 
 
Other techniques 

N-terminal amino acid sequence analysis 
was performed with the purified protein blotted 
on PVDF membrane by NAPS (Nucleic 
Acid/Protein Service Unit, Vancouver, Canada). 
DNA sequencing was performed by 
BioMedisch Technologisch Centrum (BMTC, 
University of Groningen, The Netherlands). 
Glycoproteins in SDS-PAGE were stained using 
Periodic Acid-Schiff (PAS) (Sigma) as 

described (McGuckin and McKenzie, 1958). 
Protein concentrations were determined using 
the DC Biorad Kit (BIORAD, Veenendaal, The 
Netherlands). 
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Isolation of functional membrane vesicles of 
Pyrococcus furiosus 

 
 
 
Sonja M. Koning, Marieke G. L. Elferink, Wil N. Konings, and Arnold J. 

M. Driessen 
 
Summary 
 
Vesicles formed from cytoplasmic membranes are ideal systems to 
study the properties of solute transport systems without the 
influence of metabolic activities of the cell. A closed membrane 
vesicle system was obtained of the hyperthermophilic archaeon 
Pyrococcus furiosus by fusing its isolated membranes treated with 
chaotropic agents with liposomes made from tetra-ether lipids. 
These fused membrane vesicles have been used for the study of 
maltose transport. 
 
 
Introduction 
 

Information about the kinetics and 
specificity of solute transport systems are 
difficult to obtain from intact cells due to 
metabolism of the accumulated substrate 
by intracellular enzymes. Due to this 
metabolism solutes will not accumulate in 
whole cells to thermodynamic equilibrium 
and an analysis of the energetics of the 
transport process and even of the nature of 
the driving force is often difficult. 
Furthermore, the apparent kinetic 
parameters might be influenced by 
internally generated components and 

transport activities might be 
underestimated when the metabolic activity 
is high and the endproducts are secreted. 
As has first been shown by Kaback 
(Kaback, 1968), closed right-side-out and 
inside-out membrane vesicles represent 
ideal systems to study transport as such 
systems are devoid of the soluble 
metabolizing enzymes. Therefore, these 
systems are used widely to study solute 
transport and other membrane associated 
processes. Solute transport has been 
studied in hyperthermophilic archaea, but 
so far such studies have not been done in 
functional membrane vesicles. 
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fraction was recovered by 

Pyrococcus furiosus, a 
hyperthermophilic, anaerobic archaeon, 
can grow heterotrophically on some sugars, 
such as starch, maltose and cellobiose 
(Fiala and Stetter, 1986). These sugars are 
rapidly metabolized. Information about 
carbohydrate transport in this organism has 
so far been obtained from studies in whole 
cells (Koning et al., 2001; Koning et al., 
2002b).This manuscript describes the 
isolation of a functional membrane vesicle 
system of Pyrococcus furiosus that will 
allow more detailed studies on substrate 
transport. 
 
 
Results 
 
Preparation of membrane vesicles 

For the preparation of Pyrococcus 
furiosus membranes, cells were broken 
using French Press and the membrane 

ultracentrifugation. Attempts were made to 
generate a valinomycin-induced potassium 
diffusion potential and to follow the 
resulting ∆ψ in time with the fluorescent 
probe DiSC3(5) to test the leakage of the P. 
furiosus membranes especially for protons. 
However a ∆ψ could not be recorded under 
these conditions (Fig. 1A). In an attempt to 
obtain closed vesicles, the P. furiosus 
membranes were fused with liposomes 
composed of tetraether lipids derived from 
Sulfolobus acidocaldarius. These 
liposomes have been found to be very 
impermeable to protons (van de 
Vossenberg et al., 1995), even at high 
temperatures. However, also these fused 
membranes were unable to maintain an 
imposed ∆ψ (Fig. 1B), in contrast to the 
nonfused tetraether liposomes (Fig. 1C). 
Since archaeal cells are surrounded by an 
S-layer made from glycoproteins, it was 
anticipated that this sturdy protein layer 

5

Figure 1. Proton permeability in P. furiosus membranes (A), P. furiosus membranes fused with 
liposomes (B), S. acidocaldarius tetraether liposomes (C), carbonate-treated P. furiosus 
membranes (D), and carbonate-treated P. furiosus membranes fused with liposomes (E). At the 
indicated times, valinomycine (v) and nigericine (n) were added to create and dissipate a 
potassium-diffusion potential ∆ψ.  
 0
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ted P. furiosus membranes indeed fused 
with the tetraether liposomes, the 
membrane preparation was analysed on a 
sucrose gradient. The liposomes and P. 
furiosus membranes migrated differently in 
the gradient. Tetraether lipids have a 
brownish colour and migrate at a sucrose 
concentration of about 30 %, while P. 
furiosus membranes were recovered in the 
47 % sucrose layer. The fused membranes 

yielded a single band that migrated at a 
sucrose concentration of 37 %, in between 
that of the P. furiosus membranes and 
tetraether liposomes. The identity of the 
various membrane fractions was confirmed 
by protein analysis, SDS-PAGE and 
measurements of the fluorescence after 
labeling the P. furiosus membranes and 
liposomes with the fluorophores R18 and N-
NBD-PE, respectively (Fig. 2). Not all P. 

furiosus membranes 
fused membrane fraction. However, when 
a lower ratio of P. furiosus membranes to 
tetraether liposomes was used, the fraction 
of the P. furiosus membranes recovered in 
the fused membranes increased (Fig. 3).  

The S. acidocaldarius lipids used for 
the fusion consist solely of tetra
(

around the membrane interferes with 
membrane vesicle closure. To remove (part 
of) the S-layer, the P. furiosus membranes 
were incubated with high concentrations of 
various chaotropic agents (Na2CO3, KSCN 
or ureum). Also, the membranes obtained 
by this treatment were still not able to 
maintain a ∆ψ (Fig. 1D). However, when 
these treated membranes were fused with 
tetraether liposomes, a closed system was 

obtained (Fig. 1E). The various chaotropic 
agents yielded similar results, and the 
alkaline carbonate treatment was chosen to 
routinely remove the peripheral proteins 
from the membrane vesicles.  

To firmly establish that

 
 
Figure 2. Sucrose 
gradient centrifugation of 
N-NBD-PE containing 
tetraether liposomes and 
carbonate-treated 
membranes before (A) 
and after (B) 
freeze/thawing induced 
fusion. , NBD 
fluorescence; , protein 
content. 
 

 carbonate 
trea

were recovered in the 

ether lipids 
Langworthy et al., 1974), while P. 

furiosus membranes contain both di- and 
tetraether lipids (Fiala and Stetter, 1986). 
To study the influence of a different lipid 
composition, liposomes of P. furiosus 
lipids were also fused with P. furiosus 
membranes. Based on sucrose gradient 
centrifugation analysis, no difference could 
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Transport by membrane vesicles 
Transport studies were performed in S. 

acidocaldarius tetraether lipid liposomes 
and fused membranes derived from 
maltose-grown P. furiosus cells. 
Liposomes and fused membranes were 
loaded with [14C]-lactose, a substrate that is 
not transported by P. furiosus, and efflux 
of the label was followed in time at 80 oC. 
Upon dilution, no release of [14C]-lactose 
was observed from the liposomes (Fig. 
4A), nor from the fused membranes (Fig. 
4B), unless the liposomes or membranes 
were solubilized with Triton X-100. Also 
in the presence of ADP or ATP no release 
of lactose from the fused membranes was 
observed (Fig. 4B).  

Membrane vesicles loaded with [14C]-
maltose did not show release of maltose 
upon the addition of ADP (Fig. 4C) or the 
nonhydrolysable ATP analog AMP-PNP 
(results not shown). In contrast, addition of 
ATP caused a small, but significant release 
of [14C]-maltose (Fig. 4C). ATP-dependent 
release of maltose was not observed in 
tetraether liposomes loaded with [14C]-
maltose (Fig. 4A). 

 

 
 

 

5

Figure 3. Influence of the P. furiosus
membrane to liposome ratio on the fusion 
efficiency. (A) 1:1, (B) 1:5, and (C) 1:10 (mg 
of P. furiosus membrane protein-to-mg of
tetraether lipid). Sucrose gradients were
fractionated and the protein content was 
determined. Insert: silver-stained SDS-
PAGE of the indicated sucrose gradient
fractions. 
e observed in the efficiency of fusion of 
he P. furiosus membranes with liposomes 
omposed of S. acidocaldarius or P. 
uriosus lipids (results not shown). 
lthough P. furiosus grows at higher salt 

oncentrations than used in these assays, a 
oncentration of NaCl up to 0.5 M had no 
ffect on the fusion efficiency. 

aether lipid 
action in the fused membranes was 
creased (data not shown). Strikingly, 

 upon 
addi

os

The observed transport activity did not 
differ significantly when the tetr
fr
in
[14C]-maltose was not released

tion of Triton X-100 and even 
measured to the original loading level. This 
result is most likely explained by the 
presence of malt e binding protein present 
both at the inner and outer surface of the 
fused membranes. In the presence of ATP, 
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Figure 4. [14C]-maltose (A and C) and [14C]-lac
membranes (B and C) after the addition of ADP (
to solubilize the fused membranes. 

the binding proteins located at the 

t

inner 
surf

sucrose gradient 
cent

e ATP-loaded fused 
embranes showed a significant higher 

s 
expe

ose (B) release from liposomes (A) or fused 
) or ATP ( ). Triton X-100 (0.05 %) was added 

rifugation. These purified membrane 
vesicles did not show an improved maltose 
efflux activity. 
 
Maltose uptake by membrane vesicles 

In a different assay, uptake of [14C]-
maltose was studied by fused membranes 
containing ATP in the inner lumen. After 
removal of external nucleotides, 
membranes were pre-heated at 80 oC, and 
[14C]-maltose was added to start the 
transport process. Non-loaded and ADP-
loaded fused membranes were used as 
controls. The increase of signal in ADP-

loaded or non-loaded membrane vesicles is 
due to the presence of maltose binding 
protein on the outer surface of the vesicles. 
However, th

ace of the membrane most likely 
unload maltose, but upon the addition of 
Triton X-100, the released maltose 
presumably rebinds to these binding 
proteins. The high concentration of 
membrane-associated maltose binding 
protein results in a high background 
binding. The non-fused P. furiosus 
membranes were removed from the fused 
membranes by 

m
level of [14C]-maltose uptake (Fig. 5A). A

cted in this experiment, upon the 
addition of Triton X-100, the ATP-
stimulated accumulated [14C]-maltose was 
released. Addition of ATP to the outside of 
the fused membranes also resulted in a 
slight decrease of accumulated maltose, 
suggesting some maltose efflux (Fig. 5B).  
 
 
Discussion 
 

Membrane vesicles form an ideal 
system to study substrate transport 
processes. Here we report on the attempts 
to construct functional membrane vesicles 
from the hyperthermophilic archaeon P. 
furiosus. A closed membrane system could 
be obtained only when carbonate-treated 
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vel of maltose transport could be 
bserved when the system was 

with ATP. In contrast, 
posomes or nonfused P. furiosus 

mem

rown at 80 ºC in modified 
ethanococcus medium (Kengen et al., 1993) 

nder anaerobic conditions in the presence of 5 

 routinely 
 a 50 l fermentor at 80 oC under aerobic 

l., 1995). 

membranes were fused with liposomes 
composed of ether lipids derived from S. 
acidocaldarius or P. furiosus. With these 
fused membranes, a low but significant
le
o
supplemented 
li

branes did not support this transport 
activity. P. furiosus membranes 
presumably do not form sealed membrane 
vesicles and therefore are unable to retain 
accumulated maltose. Maltose transport 
activity was observed both by ATP-
dependent release of [14C]-maltose from 
the vesicle lumen as well as ATP-
dependent [14C]-maltose uptake by fused 
membranes. This suggests that the 
membrane fragments of P. furiosus are 
present in both right-side out and inside out 
orientation in the fused vesicles. This 
scrambled orientation is presumably caused 

by the fusion and sonication procedure. As 
a consequence, the levels of [14C]-maltose 
transport by these fused membranes are too 
low. The presence of high affinity maltose 
binding protein at both faces of the 
membrane interferes with the transport 
assays. Both findings make these 
membrane vesicles less suited for detailed 
transport studies. 
 
 
Experimental procedures 
 
Organism and growth conditions 

P. furiosus Vc1 (DSM 3638) (Fiala and 
Stetter, 1986) was g
M
u
mM of the indicated carbohydrate. Sulfolobus 
acidocaldarius DSM 639 was grown
in
conditions (van de Vossenberg et a

Figure 5. Uptake of [14C]-maltose by fused membrane vesicles loaded with ATP ( ), ADP ( ), 
and non-loaded membrane vesicles ( ) in the absence (A) or presence (B) of external ATP. 
Triton X-100 (0.05 %) was added to solubilize the fused membranes. 
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P. furiosus membrane vesicles 
 

g at 4 oC) 
nd washed with buffer (50 mM potassium 

, pH 7.0). 
 

tive freezing and 
awing steps and subsequent sonication (three 

 

hen indicated, a different ratio of 

r the 
fusio

ed in a Perkin 
lmer Luminescence Spectrometer LS 50B at 

 thermostated, magnetically 
stirre

any), and washed twice 
with

Membrane isolation 
Cells were after harvesting resuspended in 

50 mM Tris-HCl pH 7.5, and broken by a single 
pass through a French Pressure cell at 600 
lb/in2. Membranes were collected by 
centrifugation for 45 min at 100,000 x g at 4oC. 
The pellet was resuspended in 50 mM Tris-HCl 
pH 7.5 and stored at –80 oC until use. When 
required, membranes were treated with 
chaotropic agents to remove peripheral 
membrane proteins. For this purpose, the 
membranes were resuspended in either 6 M 
ureum in 10 mM Tris pH 8.0, 44 mM Na2CO3 
pH 10, or 1 M KSCN in 10 mM Tris pH 8.0 and 
5% DMSO as indicated. After incubation (30 
min on ice, 20 min at 45 oC, and 60 min at 20 
oC, respectively), membranes were collected by 
centrifugation (15 min at 350,000 x 
a
phosphate or HEPES-KOH

Preparation of liposomes 
Lipids were isolated from freeze-dried S. 

acidocaldarius or P. furiosus cells as described 
previously (van de Vossenberg et al., 1995), 
dried by vacuum rotary evaporation, and 
hydrated in buffer (50 mM potassium phosphate 
or HEPES-KOH, pH 7.0) to a final 
concentration of 20 mg/ml. Liposomes were 
prepared by five consecu
th
cycles of 15 s on, 45 s off).  

Preparation of membrane vesicles 
Fused membrane vesicles were made by 

mixing an equal volume of liposomes (20 
mg/ml) with carbonate-treated membranes (20 
mg of protein/ml), two consecutive freezing 
(into liquid nitrogen) and thawing steps and 
subsequent sonication (three cycles of 15 s on, 
45 s off). W

lipids to membrane vesicles was used fo
n step. 

 
Measurements of the membrane potential 

The integrity of membrane vesicles, 
liposomes and fused membrane vesicles was 
tested by the ability to maintain an imposed 
membrane protential, ∆ψ. The ∆ψ was followed 
with the fluorescent probe 
diethylthiadicarbocyanine iodide (DiSC3(5)), as 
described (Singh et al., 1985). Fluorescence 
measurements were perform
E
70 oC, using a

d sample compartment.  
 
Transport assays 

Fused membrane vesicles were loaded with 
0.5 mM ADP or ATP (final concentration) in 
the presence of 1 mM MgSO4 by freeze/thawing 
and sonication. To remove non-entrapped 
nucleotide, membrane vesicles were applied to a 
PD10 column (Amersham Pharmacia Biotech 
AB, Uppsala, Sweden) and eluted with HEPES-
KOH, pH 7.0. The fused membrane vesicles (10 
mg of protein/ml) were incubated in HEPES-
KOH pH 7.0 at 80 ºC, and after 3 min, [14C]-
maltose (516 mCi/mmol; Amersham-
Radiochemicals, Little Chalfont, 
Buckinghamshire, United Kingdom) was added 
to a final concentration of 5 µM. Samples of 
100 µl were taken at various times, filtered over 
BA85 nitrocellulose (Protran; Schleicher & 
Schuell, Dassel, Germ

 2 ml 0.1 M LiCl. The radioactivity retained 
on the filters was determined by liquid 
scintillation counting. 

For efflux studies, liposomes or fused 
membrane vesicles were loaded with [14C]-
maltose or [14C]-lactose (516 mCi/mmol; 
Amersham, UK) to a final concentration of 5 
µM by two consecutive freeze/thawing steps 
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to a 
nal concentration of 0.05% to release the 

 radiolabel was 
mea

PAGE and for protein 

cont

 and N-NBD-PE were 
measured at excitation wavelengths of 560 or 
475 nm, and emission wavelengths of 590 or 
530 nm, respectively.  

 
 

and brief sonication (three cycles of 15 s on, 45 
s off). The loaded liposomes or fused membrane 
vesicles were subsequently diluted 20-fold in 
preheated buffer (50 mM potassium phosphate, 
pH 7.0, 1 mM MgSO4) of 80 oC. Samples (100 
µl) were taken before and after the addition of 
ADP, ATP or AMP-PNP (0.5 mM final 
concentration). Triton X-100 was added 
fi
remaining label. Retention of the

sured by filtration as described above. 
 
Sucrose gradient centrifugation 

Sucrose was dissolved in buffer (50 mM 
potassium phosphate, pH 7.0) to the appropriate 
concentrations. A step gradient of 1 ml of 25, 
30, 35, 40, 45, and 50 % (w/v) sucrose was 
made, and the membrane vesicles, cell 
membranes or liposomes were applied on top of 
the gradient. Samples were centrifuged for 16 h 
at 15 oC at 200,000 x g in a swing-out rotor 
(Beckman TLS-55). Subsequently, the gradient 
was fractionated from the top (100 µl fractions) 
and analysed on SDS-

ent (Bradford, 1976). Fractions containing 
the membrane vesicles were washed in buffer 
and used immediately. 

For lipid detection, membrane vesicles 
were labeled with the fluorophore R18 
(Molecular Probes, Leiden, The Netherlands), 
while liposomes were labeled with N-NBD-PE 
that was incorporated during preparation 
(Molecular Probes, Leiden, The Netherlands). 
Membranes (5 mg of protein/ml) were mixed 
with 50 nmol R18 (in 5 µl ethanol) and 
incubated at room temperature for 1 h in the 
dark. N-NBD-PE (60 µl; 1 mg/ml) and lipids (1 
ml; 10 mg/ml) were mixed in chloroform-
methanol (3:1) and vacuum-dried as a lipid film. 
The lipid film was hydrated and converted into 
liposomes as described above. After sucrose 
centrifugation of the membranes or liposomes, 
the fluorescence of R18
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A genomic survey of the distribution of ABC-transporters in the 
hyperthermophilic archaeal Pyrococcus species 

 
 

Sonja M. Koning, Wil N. Konings and Arnold J. M. Driessen 
 
Summary 
 
The complete genome sequences of three Pyrococcus species were 
used for a comparison of distribution and function of ABC-transport 
systems. Of the seventeen to nineteen ABC-transporters present per 
species, eight to nine are predicted to be involved in the uptake of 
carbohydrates or peptides. Although P. abyssi and P. horikoshii 
have been reported not to utilize carbohydrates, several homologs of 
carbohydrate transporters could be identified in the respective 
genomes, including members of the di-/oligopeptide transport family. 
Studies were undertaken to identify the substrates for the 
uncharacterized transporters of P. furiosus. 
 
 
Introduction 
 

During the last few years the genomes 
of a large number of prokaryotes have been 
sequenced, among which three different 
Pyrococcus species 
(http://www.genoscope.cns.fr/) 
(Kawarabayasi et al., 1998; Robb et al., 
2001). Pyrococcus species are anaerobic 
hyperthermophilic organisms that belong to 
the archaeal branch of the tree of life. The 
availability of three Pyrococcus genomes, 
P. abyssi, P. furiosus and P. horikoshii, 
provides the unique possibility for species 
comparison. The three genomes have been 
compared at the total genome level 

(Maeder et al., 1999; Zivanovic et al., 
2002), however, specific information is 
lacking about the conservation of certain 
protein families within the species, in 
particular the solute transporters.  

Whereas in bacteria solutes are 
transported into the cell via secondary 
transporters, phosphoenolpyruvate (PEP)-
dependent phosphotransferase systems 
(PTS), and ATP-binding cassette (ABC-) 
transporters, in archaea only secondary and 
ABC-transporters seem to play a role 
(Koning et al., 2002a). ABC transporters 
form one of the largest solute transport 
families, for both uptake and excretion. An 
ABC-transporter involved in solute uptake 
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consists of a binding protein that captures 
the substrate at the outside of the cell, a 
membrane domain that forms the 
membrane channel, and an cytosolic 
ATPase domain that provides the energy 
for the solute transport process across the 
membrane. ABC-transporters that are 
involved in solute excretion lack the 
binding protein. 

So far three different ABC-
transporters have been described in P. 
furiosus, all of which are involved in 

organic solute uptake, namely a 
cellobiose/β-glucoside, a trehalose/maltose 
and a maltodextrin ABC-transporter 
(Koning et al., 2001; Koning et al., 2002b). 
Genome analysis suggests that there are 
also systems involved in transport of 
peptides, inorganic solutes, and drugs. 
Since in none of the other Pyrococcus 
species, transport studies have been 
conducted, the complete genome sequences 
of these species have been used to analyse 
the inter species distribution of ABC-

5

Table 1. Overview of and homologies between the predicted ABC-transport 
clusters in the three Pyrococcus species. 

 P. abyssi  
 
Familya 

Binding 
protein 

 
Permease(s) 

 
ATPase(s) 

Binding 
protein 

Trk-type K+ - PAB0248 - PAB0249 - - 
Sulphate/Molybdate PAB0101 PAB0102 - PAB0103 - PF0080 
Phosphate PAB2365 PAB0698 PAB0699 PAB0700 - PF1003 
Di/Oligopeptide PAB0091 PAB0092 PAB0093 PAB0094 PAB0095 - 
Di/Oligopeptideb PAB0627 PAB0628 PAB2363 PAB0630 PAB0631 PF1209 
Di/Oligopeptide PAB1343 PAB1344 PAB1345 PAB1346 PAB1347 PF0357 
Di/Oligopeptide PAB1871 PAB1872 PAB1873 PAB1874 PAB1875 PF1408 
Di/Oligopeptide PAB1193 PAB1194 PAB1195 PAB1196 PAB1197 PF0190 
Di/Oligopeptide - - - - - - 
Cobalamine/Fe3+ - PAB1535 - PAB1536 - - 
Cobalamine/Fe3+ PAB0676 PAB0677 - PAB0678 - PF0911 
Cobalt - PAB2261 - PAB2260 - - 
Multidrug - PAB1924 - PAB1923 - - 
Multidrug - - - - - - 
Uncharacterized PAB0302 PAB0305 PAB0304 PAB0303 - PF1695 
Mn2+/Zn2+ PAB0349 PAB0351 - PAB0350 - PF1774 
Carbohydratec - - - - - PF1739 
Carbohydrate - - - - - - 
Carbohydrate PAB2439 PAB2230 PAB2231 PAB2232 - PF0119 
Carbohydrate PAB0302 PAB0305 PAB0304 PAB0303 - PF1967 
Iron/Thiamin PAB1835 PAB0543 - PAB0545 - PF1518 
Iron/Thiamin - - - - - PF1751 
Maltosed PAB0119 PAB0120 PAB0121 PAB0123 - PF1938 
aIndicated by the COG database; bβ-Glucoside transporter (Koning et al. 2001); 

cTrehalose/Maltose transporter (Koning et al. 2002b); dMaltodextrin transporter (Koning et al. 
2002b) 
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transporters and to predict their function. In 
addition, expression analysis has been 
conducted in P. furiosus under different 
growth conditions to provide further 
insight in the substrate specificity of these 
systems. 
 
 
Results & Discussion 
 

A genomic survey was performed to 
provide more insight in the presence of 

different ABC-transporters in the three 
complete Pyrococcus genomes. Although 
Pyrococcus abyssi, P. furiosus and P. 
horikoshii are closely related, the 
organisms differ in the total number of 
putative ABC-transporters (Table 2). The 
genes encoding the different components 
of the putative ABC-transporter are usually 
organized within gene clusters. In these 
studies, a set of genes is called a putative 
ABC-transporter when the genes encoding 
the different components are in close 

 
Table 2. continued 

P. furiosus P. horikoshii 
 

Permease(s) 
 

ATPase(s) 
Binding 
protein 

 
Permease(s) 

 
ATPase(s) 

PF1856 - PF1857 - - PH1813 - PH1815 - 
PF0081 - PF0082 - PH0151 PH0154 - PH0157 - 
PF1006 PF1007 PF1008 - - - - - - 

- - - - - - - - - 
PF1210 PF1211 PF1212 PF1213 - - - - - 
PF0358 PF0359 PF0360 PF0361 PH0502 PH0503 PH0504 PH0505 PH0507 
PF1409 PF1410 PF1411 PF1412 PH1409 PH1410 PH1411 PH1411 PH1413 
PF0191 PF0192 PF0193 PF0194 PH1962 PH1961 PH1960 PH1959 PH1958 

- - - - PH0807 PH0808 PH0809 PH0810 PH0811 
PF0503 - PF0502 - - PH0790 - PH0791 - 
PF0910 - PF0909 - PH1237 PH1236 - PH1235 - 
PF0067 - PF0068 - - PH0131 - PH0132 - 
PF0582 - PF0583 - - PH0911 - PH0913 - 

- - - - - PH0821 - PH0820 - 
PF1696 PF1697 PF1698 - PH1714 PH1711 PH1712 PH1713 - 
PF1780 - PF1779 - PH1695 PH1651 - PH1653 - 
PF1740 PF1741 PF1744 - - - - - - 

- - - - PH0753 PH0754 PH0755 PH0756 - 
PF0118 PF0117 PF0116 - PH0206 PH0205 PH0204 PH0203 - 
PF1968 PF1969 PF1970 - PH0025 PH0024 PH0023 PH0022 - 
PF1520 - PF1519 - PH1349 PH1352 - PH1350 - 
PF1748 PF1749 PF1750 - - - - - - 
PF1937 PF1936 PF1933 - - - - - - 
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vicinity to each other. About half of the 
putative ABC-transporters is predicted to 
be involved in organic solute uptake (Table 
2). Table 1 shows an overview of the 
different ABC-transport clusters present in 
the three completed pyrococcal genomes. 

To assign these transporters into a 
family, a single permease of each 
transporter was classified according to the 
COG (clusters of orthologous genes) 
database (Tatusov et al., 1997; Tatusov et 
al., 2001). Twelve different COGs were 
found, of which the family of di-
/oligopeptide/nickel transporters 
(COG0601) is the most abundant (Table 1). 
This family also includes some sugar 
transporters such as the cellobiose/β-
glucoside transporter of P. furiosus 
(Koning et al., 2001).  

Only P. furiosus of the three 
sequenced species has been reported to be 
able to grow on a limited number of 
carbohydrates. However, all three species 
contain members of the ABC carbohydrate 
transport family (Table 1). It is not clear 
why P. abyssi and P. horikoshii are not 
able to utilize carbohydrates as growth 
substrates. Both organisms contain 
orthologs of all genes encoding enzymes 
involved in the Embden-Meyerhof pathway 
as found in P. furiosus. P. abyssi contains a 
homolog of the cellobiose/β-glucoside 
transporter of P. furiosus. When P. abyssi 
is grown in the presence of cellobiose, this 
gene cluster is not induced, while under the 
same conditions the gene cluster in P. 
furiosus is induced (Koning et al., 2001). 
The inability of P. abyssi and P. horikoshii 

to utilize carbohydrates may therefore 
reside in a deficiency to induce the genes 
encoding the required enzymes. 

Several transporters seem to be 
involved in the transport of ions (Table 1). 
P. furiosus contains two gene clusters that 
belong to the iron/thiamin transport family, 
while the other two pyrococci harbour only 
a single member of this family. One of 
these systems in P. furiosus is present on a 
16-kb fragment that is flanked by IS 
elements. On this fragment also the 
characterized trehalose/maltose transport 

o
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Table 2. Number of predicted 
ABC-transporters in the genome of 
sequenced Pyrococcus species. 
 
Organism 

Number of 
predicted 

ABC-transporters  a

P. abyssi 18 (9) 
P. furiosus 19 (9) 
P. horikoshii 17 (8) 
aNumber of predicted ABC-transporters 
peron is located (DiRuggiero et al., 2000). 
his putative iron/thiamin transporter is 
ighly homologous to the system found in 
. abyssi and P. horikoshii and the second 
ystem in P. furiosus. However, the 
utative iron/thiamin transporter present on 
he 16-kb fragment is encoded by four 
enes that specify a binding protein, two 
ransmembrane domains, and one 
ucleotide binding domain. The other 
utative transport cluster, present in all 
hree species, contains a single permease 
ene. Although the two transport clusters 
how high sequence homology, it seems 
nlikely that the transporter present on the 

involved in organic substrate uptake 
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16-kb genomic fragment has evolved from 
the common transporter by a gene 
duplication event. 

In P. abyssi and P. furiosus only a 
single gene cluster seems to be involved in 
multidrug resistance, while P. horikoshii 

N-terminus 
 
PAB0091 --MRQKIVKTLLVFALAAALVAAGCIGGGTPTQTQTQTGTGTSPTETTAA 
PAB0101 ------MRLGLKIASLAIVFLILGCLGGGETETGQKTAKLIIFHAGSLSV 
PAB0119 --MKRGIYAVLLVGVLIFSVVASGCIGGTQTQTETQTPEKTQTPTTTQPS 
PAB0302 ---MRKLGLALSIMGLLLVSIVAGCIGGGTETKTEAKKVKVAILFDVGGR 
PAB0349 ------MRKLLIVTFLALIVFFSGCIGSNSSATPTTTTSPVTQSQPKEVT 
PAB0676 ---------MKRILALILVAFILGCIGENPSSSKGVTIKDMLGRSVEVPK 
PAB1835 -----MKRMKKAIVPILIVLLALGCIGGKTETETKVENKELTVYAYDSLE 
PAB1871 --MNRALLSLLLVGVLVLGTVASGCIGGGTQTQSPTQTASPTQTQTTTQP 
PAB2333 ---MDRYLKVIATILLGLVVVASGCIGGGEVTKVVWASTQFTPPQERAFV 
PAB2365 MVSSMRWMALLLMGLVGVGLLISGCIG ETPTHQPKVNSRSKAKNPEIIV E
PAB2439 ----MKARVLILVGLLLFAVIASGCIGGGQKTETQPSSTEIQLTGDFNKD 
 
PF0080 MREGGVMKKRLLALIVAFAVLTAGCLGSESKEVTLIVFHAGSLSVPFQEV 
PF0119 ----MKHKAVFLLVVLISGVLASGCIGGETKETQASKKVQLTGDFAKDVI 
PF0911 --------MKKSLIALLIIFITLGCINSPSTTQESKVKVVDALGREVFVP 
PF1003 ---MKRLATIFIIFALGLSLVASGCISEGNASNVPQATSKTEIITIRTTG 
PF1408 --MKKGLLAILLVGVMVLGTFGSGCIGGGTQTQTQTPTETGSPTQTTTPS 
PF1518 ------MNKIVTGILLVLVLMASGCITSPGEQEKVLTVYAYDSLEYWLKE 
PF1695 ---MRKVGITLSVVALVIMGFVAGCIGGTQTQGEKVKVAVLFDVGGRGDL 
PF1739 MNVKKVLLGLFLVGVLGIAVVASGCIGGQQTSTVTSTPTETSLQGKIVFA 
PF1751 ------MKRFAVILGLLLIATTLGCITQSQTSTESTVKEEQKLVIYSYDS 
PF1774 ------MKRAIPVFLLIVLVWISGCIGGGTSTIPTTPSAPETTTITKTEK 
PF1938 --MRRATYAFALLAILVLGVVASGCIGGGTTTPTQTSPATQPTTTQTPTQ 
PF1967 ---MNKKISMLLIVLLGIAVFASGCIGGGGAKIVWASTQLNPPEERAFVL 
 
PH0025 ---MRSGLKVLIAALIGMAVVVSGCIGGGGPAKIVWASTQLNPPEERAFV 
PH0151 -----MRKVIPILGILLLSFII GC G ESREARLIIFHAGSLSIPLSQV L L S
PH0206 ----MRGKGVILVALMLFAVFASGCIGGTSTKTQAPSEVKLTGDFNKDVI 
PH0753 --MRKPLLVGFLILALVLSTIAAGCIGGGTTQTSPTQSPTGTQSPTPTQT 
PH1237 ---------MKRLLSIILIAFILGCINTGQTSTTGVTVKDMLGRTVDVPK 
PH1349 -----MNMRWKVIAGIVMILLVAGCIGGKGEEEKTLTVYAYDSLEYWLKE 
PH1409 --MNRALLSLLLVGVLVLGTMASGCIGGGTQTQSPTQTQSPTQTQSPTQT 
PH1659 ------MKRLIVPLFLAIIVLVSGCIGSSTTPTTTTTPQTQSTHTITKTK 
PH1714 ----MKAKLALSIIGLVLASLVAGCIGGGTQTQTQTQGKSIKVAILFDVG 
 
C-terminus 
 
PAB0627 PTSTPTPTQTPSTSSPTATSTSPTETTTKGGICGPALLVGIAVVPILLRKRRK 
PAB1193 SPQQTTTSTPQQTSSPTATGTSPTETTTKGGICGPAILVGLAVLPLLLRRRDN 
PAB1343 KTQTVEKTQTVEKTQTIEKTVEKTVTQTKGGICGPALIIALAAIPLVAVRRKRR 
 
PF1209 TTTTEEKTETIVQTVTVTPTETATSSTETGGICGPAILVGLAVVPLLLRRRRS 
PF0357 VTQEKTKTVVQTVTVTQTPTETATSPTETEGICGPAILVGLAVVPLLLRRRRR 
PF0190 TQTTTTQTTTTTPSPTQTQPTTTQSPTETGGICGPAILVGLAVVPLLLRRFKK 
 
PH0502 QEKTEVKTVTVTKSPSPTKTTTPTTTTTKGGVCGPAALVGLVVVPLLLRRRRG 
PH1962 TTSSPSPTQTTSPSQTTTTTTSPSQTKTGGGICGPALIVGLAAIPLILRRRR 
PH0807 PIEETTNKPTSETKTSISSASPTQTATKEKGVCGPASILSLIIIPVVFRLKRRFSS 
 
Figure 1. SGCIGG consensus sequence present close to the N- and the C-terminus of binding 
proteins. 



Chapter 5 
 
contains two transport clusters that relate to 
this activity. Only P. endeavori and P. 
glycovorans have been tested for 
sensitivity to antibiotics. Both species are 
insensitive to a diverse range of antibiotics 
(Barbier et al., 1999; Pledger and Baross, 
1991), and this has been attributed to the 
high impermeable archaeal cell envelope 
structure which might prevent entry of 
these antibiotics into the cell. In contrast, 
thermophilic bacteria are sensitive towards 
the same range of antibiotics (Barbier et 
al., 1999; Pledger and Baross, 1991). The 
presence of the multidrug transporters, 
however, now suggests that the high 
resistance could be caused by the ability to 
expell these compounds from the cell.  

Surprisingly, all but nine binding 
proteins of the pyrococcal ABC 
transporters contain a consensus sequence 
SGCIGG close to the N-terminus (Fig. 1). 
This sequence follows immediately after 
the putative signal sequence, and may 
represent a consensus motif for post-
translational modification, such as 
lipidation. The binding proteins that have 
been studied experimentally are all 
membrane-bound. The only hydrophobic 
part in the primary sequence of the 
trehalose/maltose (TMBP) and 
maltodextrin (MDBP) binding proteins that 
could function as a membrane anchoring 
domain is the putative signal sequence. 
Since this sequence is most likely removed 
during maturation, lipidation appears a 
likely mechanism for membrane anchoring. 
The putative lipidation motif is found only 
in members of the Thermococcales, i.e. 

Pyrococcus and Thermococcus (Koning et 
al., 2002a). The nine binding proteins that 
lack this N-terminal consensus sequence 
are all members of the di-/oligopeptide 
binding protein family. These proteins, 
however, contain a GGICG sequence motif 
in the vicinity of the C-terminus (Fig. 1). 
This region is followed by a hydrophobic 
region that may function as a membrane 
anchoring domain, and a minimum of four 
positive charges at the C-terminus. 
Lipidation close to the C-terminus of S-
layer glycoproteins has been described for 
some halophilic archaea but a consensus 
sequence has not been determined (Kikuchi 
et al., 1999; Konrad and Eichler, 2002). 
Taken together these data suggest that the 
binding proteins of Pyrococcus species are 
lipidated at either their N- or C-terminus.  

When the binding proteins of the 
organic solute uptake ABC-transport 
families, i.e. the di-/oligopeptide transport 
family and the carbohydrate, including 
maltose, transport families, are compared, a 
remarkable size difference is observed. 
Binding proteins of the di-/oligopeptide 
binding protein family are large and have 
predicted sizes ranging from 67 to 104-
kDa. The predicted sizes of proteins 
belonging to the carbohydrate binding 
protein family range between 48 to 61-kDa 
(Table 3). Due to post-translational 
modifications, like the cleavage of a signal 
sequence, glycosylation and possibly 
lipidation, the actual mass of these proteins 
might be different. 
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Comparisons di-/oligopeptide binding 
protein family 

One of the four P. furiosus ORFs 
encoding a binding protein of the di-

/
P
a
(
b
/
r
g
h
i
g
e
i
e
2

binding protein PF0357 shows the highest 
amino acid homology to PF1209 (38 % 
identity, 54 % homology). As observed for 
the cellobiose/β-glucoside transporter 
Table 3. Predicted sizes of the binding proteins, including the COG family 
and function as indicated in the COG database. 

P. 
abyssi 

P. 
furiosus 

P. 
horikoshii 

COG COG Function Size 
(kDa) 

PAB2365 PF1003 - COG0226 Phosphate 40.9 
PAB0349 PF1774 PH1659 COG0614 Cobalamin/Fe  3+ 40.3 
PAB0676 PF0911 PH1237 COG0614 Cobalamin/Fe  3+ 40.1 
PAB0101 PF0080 PH0151 COG0725 Molybdate 37.1 
PAB0091 - - COG0747 Di-/Oligopeptide/Nickel 62.8 
PAB0627 PF1209 - COG0747 Di-/Oligopeptide/Nickel 74.0 
PAB1193 - - COG0747 Di-/Oligopeptide/Nickel 104.3 
PAB1343 PF0357 PH0502 COG0747 Di-/Oligopeptide/Nickel 71.9 
PAB1871 PF1408 PH1409 COG0747 Di-/Oligopeptide/Nickel 79.7 
PAB1193 PF0190 PH1962 COG0747 Di-/Oligopeptide/Nickel 94.8 

- - PH0807 COG0747 Di-/Oligopeptide/Nickel 67.5 
- PF1739 - COG1653 Sugar 50.4 
- - PH0753 COG1653 Sugar 52.2 

PAB0302 PF1695 PH1714 COG1744 Surface lipoprotein 44.6 
PAB1835 PF1518 PH1349 COG1840 Iron/Thiamin 39.7 

- PF1751 - COG1840 Iron/Thiamin 40.7 
PAB0119 PF1938 - COG2182 Maltose 48.2 
PAB2439 PF0119 PH0206 COG2182 Maltose 61.2 
PAB2333 PF1967 PH0025 COG2446 ABC-type 47.4 
oligopeptide binding protein family, 
F1209, has been characterised previously 
s a cellobiose/β-glucoside binding protein 
Koning et al., 2001). Although this 
inding protein is a member of the di-
oligopeptide binding protein family, it 
ecognizes several carbohydrates of the β-
lucoside class. P. abyssi contains a 
omolog of PF1209, i.e. PAB0627 (72 % 
dentity, 79 % homology), while a similar 
ene is missing in P. horikoshii. The gene 
ncoding PAB0627 is, however, not 
nduced under conditions where PF1209 is 
xpressed in P. furiosus (Koning et al., 
001). The ORF encoding the putative 

where a sugar utilization gene (i.e., a β-
mannosidase) is present upstream of the 
transporter gene cluster, a putative β-
galactosidase is located upstream of 
PF0357. Therefore, PF0357 might also 
encode a carbohydrate binding protein. 
Likewise, P. abyssi and P. horikoshii 
contain a homolog of PF0357 with in its 
vicinity genes encoding sugar metabolizing 
proteins. The function of these binding 
proteins is, however, not known.  

The binding proteins PF0190 and 
PF1408 show only weak homology to 
PF1209 and PF0357, although these are 
members of the same binding protein 
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family. PF0190 shows the highest 
homology with bacterial oligopeptide 
binding proteins, while PF1408 shows 
highest homology to dipeptide binding 
proteins. In both cases, no ORFs encoding 
carbohydrate hydrolysing enzymes are 
located in the vicinity of the transport 
clusters. This may imply that these ORFs 
are involved in di- and oligopeptide 
transport. A homolog of the putative 
oligopeptide binding protein PF0190 is 
found in P. horikoshii (PH1962). In P. 
abyssi, the N-terminal part of PAB1193 is 
homologous to the C-terminal part of 
PF0190, while the C-terminal part of 
PAB1193 shows homology to the N-
terminal part of PF0190. Apparently, gene 
shuffling has occurred which may have led 
to a reorientation of the binding protein 
domains 

Homologs of the putative dipeptide 
binding protein PF1408 are found both in 
P. abyssi (PAB1871) and P. horikoshii 
(PH1409). The genome of P. abyssi 
contains a second putative dipeptide 
binding protein, PAB0091, that appears 
absent in the other Pyrococcus species. 
Also, P. horiskohii seems to contain a 
unique additional putative dipeptide 
binding protein (PH0807). 
 
Comparisons of the carbohydrate 
binding protein family 

Five gene clusters in P. furiosus seem 
to encode putative transporters belonging 
to the carbohydrate ABC-transport 
families. Two of these have been 
characterised previously as the 

trehalose/maltose and maltodextrin 
transporters (Koning et al., 2002b). The 
binding proteins of these transporters, 
PF1738 and PF1938, show a high 
homology with the maltose/maltodextrin 
binding protein, MalE, of E. coli. The 
trehalose/maltose binding protein, PF1738, 
is unique for P. furiosus, while P. abyssi 
contains a homolog (PAB0123) of the 
maltodextrin binding protein encoded by 
PF1938.  

The remaining three ORFs, PF0119, 
PF1695, and PF1967, seem to belong to the 
carbohydrate binding protein family but the 
identity of the substrate is unknown. 
Homologs of all three ORFs can be found 
both in P. abyssi (PAB2439, PAB0302, 
and PAB2333, respectively) and P. 
horikoshii (PH0206, PH1714, and PH0025, 
respectively). P. horikoshii contains an 
additional unique ORF, PH0753. For all 
ORFs close homologs can be found in 
other archaea and bacteria, but in none of 
these cases, a clear hint for a possible 
function of the transport clusters is 
obtained. 
 
Expression and induction of binding 
proteins in P. furiosus 

To assign a potential function to the 
different unknown transport clusters in P. 
furiosus, mRNA levels of the binding 
proteins were determined using Northern 
hybridization techniques. DIG-labeled 
DNA probes of the different ORFs were 
used to hybridize Northern blots containing 
total RNA isolated from P. furiosus cells 
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grown on different substrates, both 
carbohydrates and peptides.  

Of the ORFs which are members of 
the di-/oligopeptide binding protein family, 
PF0190 and PF1408 are induced when 
cells are grown on peptides and pyruvate 
(Table 4). PF1408, a putative dipeptide 
binding protein, is also induced after 
growth on cellobiose and maltose. PF1209, 
the cellobiose/β-glucoside binding protein 
(CbtA) is not only induced when cells are 
grown on cellobiose but also on peptone, 
tryptone and casein. The fourth pyrococcal 
member of this carbohydrate binding 
protein family, PF0357, is not induced 
under any of the tested growth conditions. 

The characterized members of the 
carbohydrate binding protein family, 
PF1739 (TMBP) and PF1938 (MDBP) are 
induced when cells are grown on maltose 
and starch (Table 4) (Koning et al., 2002b). 
PF1739, however, is also expressed when 

c
l
t
a
g

not induced under any of the tested growth 
conditions, while PF1695 is induced only 
at low levels when cells are grown on yeast 
extract. PF1967 is induced under all 
growth conditions except when cells are 
grown on cellobiose and starch. 
 
Conclusions 
 

Homologs of most of the ABC-
transport systems present in P. furiosus can 
also be identified in P. abyssi and P. 
horikoshii. The largest families of ABC-
transport systems found in the three 
Pyrococcus species are those of the 
carbohydrate and di-/oligopeptide 
transporters, even though only P. furiosus 
has been reported to be able to grow on 
carbohydrates. The distinction between the 
carbohydrate- and di-/oligopeptide binding 
protein families is not only evident on the 
primary amino acid sequence but also on 
Table 4. Expression of the predicted P. furiosus organic solute binding proteins 
after growth on different substrates. Experiments were performed in duplicate. 

Predicted Binding proteins Growth 
substrate PF0119 PF0190 PF0357 PF1209 PF1408 PF1695 PF1739 PF1938 PF1967 
Casein -a ++ - + ++ - - + ++ 
Cellobiose - - - ++ + - - - - 
Maltose - - - - + - ++ ++ ++ 
Peptone - ++ - ++ ++ - - + ++ 
Pyruvate - + - - + - - - + 
Starch - - - - - - ++ ++ - 
Tryptone - ++ - ++ ++ - - - ++ 
Yeast extract - + - - - + ++ - + 
a- not induced; + slightly induced; ++ highly induced 
ells are grown on yeast extract, most 
ikely because yeast extract contains 
rehalose. PF1938, on the other hand, is 
lso induced at low levels when cells are 
rown on casein and peptone. PF0119 is 

domain structure and predicted protein 
size.  
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the uncharacterized ABC-transporters of P. 
furiosus, but the studies suggest that this 
organism is able to accumulate, and 
possibly utilize, a greater variety of 
carbohydrates than previously anticipated. 
 
 
Experimental procedures 
 
Organism and growth conditions 

P. furiosus Vc1 (DSM 3638) was grown 
routinely at 80 ºC in modified Methanococcus 
medium (Kengen et al., 1993) under anaerobic 
conditions in the presence of 0.1 % (w/v) of the 
indicated carbohydrate or with 0.2 % (w/v) 
pyruvate. 
 

Total RNA isolation and Northern analysis 
Total RNA isolation and Northern analysis 

were performed as described before (Koning et 
al., 2001). Briefly, total RNA was isolated from 
exponentially growing P. furiosus cells using 
the TRIZOL Reagent (Gibco BRL Life 
Technologies, Breda, The Netherlands). For 
Northern blot analysis, 10 µg total RNA was 
separated on formaldehyde-agarose (1%) gels, 
and transferred to a Zeta-probe membrane 
(BIORAD, Veenendaal, The Netherlands) by 
capillary blotting. Primers were designed 
according to the gene sequences present in the 
P. furiosus (http://www.genome.utah.edu/) 
database (Table 5). Probes were DIG-labelled 
using PCR on genomic DNA. Detection was 
done with DIG-AP antibodies (Boehringer 
Mannheim, Germany) and CDP-Star (Tropix 
Inc., Bedford, USA). 

 

Table 5. Primers used for the construction of DIG-labeled DNA probes. 
ORF Forward primer (5’-xn-3’) Reverse primer (5’-xn-3’) 
PF0119 cccccccatggagcacaaagctgtattcc tatttatcttatatgcagcg 
PF0190 ccccctcatgaggaaaaaacttgttgg gtagtcaccctcaatacccc 
PF0357 cccccctcgagatgaagaaataccttgctacagttttagttgctgcc attagctgttaaagacttcc 
PF1209 cccccgatatcatgaagccgcccaggaaca aaccttaacctcttggagcc 
PF1408 cccccgatatcatgaagaaaggactgttagc ataagttacggtaattacc 
PF1695 cccccctcagatgagaaaggtaggaattacactttctgta catattccttgctttcgcc 
PF1739 cccccgatatcatgaatgtcaagaaggtactgc ttagctcaacagtgacccc 
PF1938 cccccgatatcatgaggagagcaacatacgcc tgccatgtattcttccgc 
PF1967 ccccccatatgaacaaaattagcatgc acatctagggttacttctcc 
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Summary and concluding remarks 
 
 

The archaeon Pyrococcus furiosus 
grows optimally at 100 oC under anaerobic 
conditions. In its natural habitat it faces the 
problem of gaining energy from nutrients 
that are available only in low 
concentrations. Transport of nutrients 
across the cell membrane has to be 
extremely efficient and therefore requires 
high affinity transport systems. P. furiosus 
is able to utilize a number of carbohydrates 
for growth and the transporters responsible 
for the uptake of these substrates were 
studied during this thesis work. Three 
inducible ATP-binding cassette (ABC-) 
transport systems were described 
biochemically. The carbohydrates that are 
known to be utilized by P. furiosus as 
carbon source are all transported by one of 
these three ABC-transporters. 
 
Cellobiose/β-Glucoside transport 

P. furiosus is able to utilize the β-
glucoside cellobiose as a sole carbon 
source. After cellobiose has entered the 
cell, it is hydrolyzed intracellularly by the 
β-glucosidase CelB to yield glucose. 
Glucose subsequently enters a modified 
Embden-Meyerhof pathway. The 
cellobiose/β-glucoside transport system is a 
member of the ABC-transport family 
(Chapter 2) and transports cellobiose with 
an affinity of 175 nM at 80 oC. The 
transport system is inducible and utilizes a 
membrane-bound binding protein to 

capture substrate. The glycosylated binding 
protein (CbtA) was purified and 
characterized. CbtA is a high affinity, 70-
kDa binding protein that binds cellobiose 
with an dissociation constant of 45 nM at 
60 oC. It not only binds cellobiose but also 
higher cello-oligomers and other β-
glucosides, like sophorose, laminaribiose 
and laminaritriose. These substrates can 
also be used as growth substrates for P. 
furiosus, a feature which was previously 
not known. 

Using the amino-terminal sequence of 
the purified binding protein, the gene 
encoding the binding protein was identified 
from the complete genome sequence of P. 
furiosus. Surprisingly, CbtA shows more 
homology to the di-/oligopeptide binding 
protein family than to the carbohydrate 
binding protein family, two distinct 
families within the ABC binding proteins. 
The gene encoding the binding protein, 
cbtA, was functionally expressed in E. coli. 

A homolog of cbtA is found in the 
related Pyrococcus abyssi, although this 
organism is unable to utilize cellobiose as 
carbon source. Northern hybridization 
techniques were used to study 
transcriptional regulation of cbtA in P. 
furiosus and P. abyssi. cbtA was 
transcribed only when P. furiosus was 
grown in the presence of cellobiose. In P. 
abyssi, a cbtA messenger could not be 
detected. 
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Transport involved in starch metabolism 

P. furiosus can also utilize the 
polysaccharide starch as sole carbon 
source. This substrate is first cleaved 
extracellularly into smaller maltodextrins, 
that are further hydrolyzed intracellularly 
to glucose. Glucose is subsequently 
metabolized in the previously mentioned 
modified Embden-Meyerhof pathway. In 
E. coli, maltose and maltodextrins are 
transported by the maltose/maltodextrin 
ABC-transporter. The genome of P. 
furiosus contains two binding proteins that 
show high homology to the 
maltose/maltodextrin binding protein of E. 
coli (Chapter 3). To identify the substrates, 
both genes were heterologously expressed 
in E. coli. Binding protein PF1739 (TMBP) 
was found to bind trehalose and maltose, 
while the binding protein encoded by 
PF1938 (MDBP) binds maltotriose and 
other maltodextrins, but not maltose. 
Northern hybridization techniques were 
used to study transcriptional regulation of 
both genes. These genes were induced 
simultanously when P. furiosus was grown 
on either substrate. In P. furiosus, the 
binding proteins are glycosylated. TMBP 
was purified to homogeneity and further 
characterized. 

Maltose is readily taken up by 
maltose- or starch-grown P. furiosus cells. 
The high affinity ABC-transporter 
catalyzes the uptake of maltose with a Km 
of 30-40 nM. An accurate determination of 
the substrate affinity of the transporter is in 
whole cells, however, not possible due to 
substrate utilization. Attempts were made 

to develop a membrane vesicle system of 
P. furiosus (Chapter 4) in order to study 
transport kinetics more accurately. To this 
end, isolated membranes treated with 
chaotropic agents were fused with 
liposomes made from tetra-ether lipids 
isolated from Sulfolobus acidocaldarius. 
Unfortunately, the presence of the high-
affinity trehalose/maltose binding protein 
TMBP on both faces of the membrane 
makes these membrane vesicles less suited 
for uptake studies. High levels of substrate 
binding interfered with an accurate 
assessment of the uptake activity. 
 
ABC-transporters in three Pyrococcus 
species 

The availability of the complete 
genome sequences of P. furiosus and the 
related P. abyssi and Pyrococcus horikoshii 
allows a genomic survey on species level 
of the different ABC solute transporters in 
these three species (Chapter 5). Depending 
on the species, seventeen to nineteen ABC-
transporters could be identified in the 
respective genomes, of which eight to nine 
are involved in uptake of organic solutes. 
Different families of ABC-transporters are 
found of which the di-/oligopeptide 
transport family is the most abundant. 
Although this family appears to be mainly 
involved in transport of di-/oligopeptides, 
the cellobiose/β-glucoside transporter of P. 
furiosus (Chapter 2) was found to belong to 
this family suggesting a more broader 
function in carbohydrate transport. Also 
four other gene clusters found in the three 
Pyrococcus species might be involved in 

 68



Summary and concluding remarks 
 
carbohydrate transport rather than in 
peptide transport. These four gene clusters 
show high amino acid sequence homology 
to the characterized transporters while 
genes encoding carbohydrate metabolism 
enzymes are present in close vicinity of the 
transport clusters. Using Northern 
hybridization techniques, induction levels 
of the genes encoding the different binding 
proteins were studied in P. furiosus after 
growth on different substrates in order to 
identify potential substrates for the 
uncharacterized transporters. These studies, 
however, did not result in an unequivocal 
identification of the substrates implying 
that more direct biochemical approaches 
are needed for substrate identification. 
 
 
Concluding remarks 
 

This thesis describes the 
characterization of three transporters 
involved in carbohydrate uptake in P. 
furiosus. Each of these transporters 
mediates the uptake of one or more of the 
carbohydrates that can be readily utilized 
by P. furiosus as sole carbon source (Fig. 
1).  

P. furiosus was originally isolated 
from geothermally heated sediments (Fiala 
and Stetter, 1986). Information on the 
availability of different types of 
carbohydrates in these sediments is 
lacking. Laminaribiose and laminaritriose 
are hydrolysis products of the 
polysaccharide laminarin. These hydrolysis 

products might be the natural substrates for 
the cellobiose/β-glucoside transporter as 
laminarin is found in the cell wall of brown 
seaweeds of the Laminaria family. 
Although P. furiosus is able to grow on the 
hydrolysis products of cellulose, i.e. 
cellobiose and cellotriose, it is unable to 
utilize cellulose itself. The natural ability 
of P. furiosus to grow on starch might 
relate to the fact that this polysaccharide is 
a storage product in several (marine) 
plants. 

The characterized transporters are 
members of the binding protein-dependent 
ABC-transport family. The three 
characterized binding proteins are all 
glycosylated. The glycoside residues 
present on TMBP and CbtA have been 
identified as glucose residues. As in the S-
layer proteins of halophilic archaea, these 
glucose residues are most likely connected 
to the serine/threonine-rich linker region 
present either at the amino- or carboxyl-
terminus region of the binding proteins. 
The advantage of glycosylating the binding 
proteins is not known as this modification 
is not necessary for the synthesis of an 
active protein as shown by the 
heterologous production of these enzymes 
in E. coli. Due to the flexible nature of the 
ST-linker, one would expect that this 
region will be highly susceptible to 
proteolytic cleavage. The presence of 
glucose residues might therefore fulfil a 
protective role to maintain these binding 
proteins at the cell surface. 
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A remarkable feature of P. furiosus is 
the presence of a modified Embden-
Meyerhof (EM-) pathway. This pathway 
contains a glucokinase and 
phosphofructokinase which both utilize 
ADP instead of ATP. The increased 
thermostability of ADP relative to ATP 
was given as a possible explanation for the 
ADP- instead of ATP-dependency of these 
enzymes (Amend and Shock, 2001). In 
periods of starvation, the more stable ADP 
would be longer available to the cell. The 
results described in this thesis suggest that 
carbohydrate transport is ATP-dependent. 
In this scenario, ADP formed during the 

carbohydrate transport reaction can be 
utilized immediately in the subsequent 
glycolytic steps allowing an efficient 
coupling between the transport and first 
metabolic steps. In other 
(hyper)thermophilic archaea ATP-
dependent enzymes are present in the EM-
pathway. The organisms containing the 
ADP-dependent enzymes are all members 
of the Thermococcales, have a higher 
growth-rate and might be more responsive 
to the availability of carbohydrates. 

Figure 1. Scheme of α- and β-glucoside transport and utilization in P. furiosus. 

The exact stoichiometry of ATP 
utilization by ABC-type transporters is not 
known, but it is generally assumed that two 
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molecules of ATP are used per molecule 
substrate transported. P. furiosus is only 
known to utilize efficiently di- and 
oligosaccharides, while externally added 
monosaccharides are either not used at all 
or inefficiently metabolised. P. furiosus has 
a faster growth-rate and reaches a higher 
cell density when it is grown on starch 
compared to maltose. Under both growth 
conditions the trehalose/maltose and 
maltodextrin transporters are induced 
(Chapter 3). However, when P. furiosus is 
grown on maltose, only the 
trehalose/maltose transporters can be used. 
During growth on starch, both transporters 
are involved in uptake of the substrate and 
higher oligosaccharides may enter the cell 
in single transport cycles. This more 
efficient influx of carbohydrates as 
oligomers may lead to faster growth rates 
and an improved energy balance. At this 
stage it is not possible to explain the final 
energy balance after growth on 
carbohydrates.  

Using whole cells, it is not possible to 
define the maximum size of the 
oligosaccharides that can be transported 
into the cell. Extracellular enzymes may 
hydrolyze the oligosaccharides to smaller 
sized carbohydrates. Even membrane 
vesicles consisting of right-side-out, or a 
mixture of right-side-out and inside-out, 
are not suitable for these studies as many of 
these hydrolytic enzymes in P. furiosus are 
predicted to be membrane-bound. Purified 
transport systems reconstituted in 
proteoliposomes provides an excellent 
model for such studies as these liposomes 

will be devoid of hydrolytic enzymes. This, 
however, requires an efficient and 
functional overexpression of the various 
components of the transporter which sofar 
has not been possible. For instance, 
reconstitution studies of the 
trehalose/maltose transporter of 
Thermococcus litoralis did not result in the 
restoration of the transport activity (Greller 
et al., 2001). 

The characterized carbohydrate 
transporters are induced after growth on 
their respective substrates. One might 
speculate that for a fast growing organism 
like P. furiosus, it is more efficient to 
constitutively express the different 
transporters, so the cells are primed for 
uptake of a given carbohydrate when 
available. However, for P. furiosus it was 
observed that induction of two different 
transporters, the trehalose/maltose and 
maltodextrin transporters, led to lower 
growth rates and growth yields when only 
the substrate of one transporter was 
available, as described above. Therefore it 
seems likely that a fast induction of the 
genes encoding the transport system leads 
to a more efficient utilization of the 
available substrate. It is not known whether 
the induction is concentration-dependent. 
Also, it is not known how fast the transport 
proteins disappear from the membrane 
when the substrate is no longer available.  

P. furiosus was originally isolated 
from geothermally heated sediments, while 
the related P. abyssi and P. horikoshii were 
isolated from hydrothermal vents, an 
environment in which carbohydrates are 
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relatively less abundant as compared to 
geothermally heated sediments (Robb et 
al., 2001). Although P. abyssi and P. 
horikoshii seem to have all the enzymes 
and transporters available for carbohydrate 
utilization, both organisms are unable to 
grow on carbohydrates. One of the 
transporters of P. abyssi shows high 
sequence homology to the cellobiose/β-
glucoside transporter of P. furiosus. 
However, when P. abyssi is grown in the 
presence of cellobiose, the transport system 
is not expressed. This indicates that the 
genes of several transporters in P. abyssi 
may be cryptic genes that are not 
expressed. At this stage it is not possible to 

explain the inability of P. abyssi or P. 
horikoshii to grow on carbohydrates, as all 
required genes appear to be present. 
Possibly, these organisms have lost the 
ability to express these genes due to a 
defect in the inducing systems. 

In the genome of P. furiosus several 
ABC-transporters are present which are 
involved in uptake of organic solutes. Two 
of these seem to be involved in transport of 
peptides. To define the substrate specificity 
of these ABC-transporters, it will be 
necessary to purify the binding proteins 
and to assess their substrate binding 
characteristics. 
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Nederlandse samenvatting 
 
 

Archaea en hyperthermofielen 
 

De levende organismen op onze aarde 
kunnen verdeeld worden in twee groepen, 
de prokaryoten en de eukaryoten. 
Eukaryote cellen hebben een celkern, een 
apart compartiment in de cel, waar zich het 
erfelijk materiaal, het DNA zich bevindt. 
Het DNA in de prokaryote cel zit niet in 
een celkern. De eukaryoten, dat zijn wij, 
samen met ondermeer de dieren, planten en 
schimmels. De prokaryoten zijn de 
bacteriën en de archaea. De archaea lijken 
erg op bacteriën maar in bepaalde 
eigenschappen lijken ze weer meer op 
eukaryoten. Vandaar dat ze een eigen 
groep vormen binnen de prokaryoten.  

Waarom zijn archaea nu zo 
interessant? Archaea komen vaak voor en 
groeien in omgevingen waar de mens niet 
zou overleven. De (hyper)thermofiele 
archaea groeien het best bij temperaturen 
tussen de 55 en 113 oC. Psychrofielen 
groeien bij lage temperatuur zoals op 
Antarctica, barofielen doen het alleen 
onder grote druk, acidofielen gedijen in een 
zure omgeving (pH 0,5 tot 4), terwijl 
alkalifielen juist in een basische (zeep-
achtige) omgeving leven (pH 8 tot 11,5). 
En tenslotte halofielen die alleen bij zeer 
hoge concentraties zout gedijen, zoals in de 
Dode Zee. Er zijn uiteraard ook archaea die 
alleen groeien bij een combinatie van 

extreme omstandigheden, bijvoorbeeld een 
acidofiel thermofiel. 

Archaea die onder extreme 
omstandigheden leven, zijn interessant 
vanwege het feit dat zij kunnen groeien 
daar waar wij het niet kunnen. Het opent 
ook unieke mogelijkheden voor de 
industrie. Enzymen en andere eiwitten 
gewonnen uit deze extremofielen, zijn erg 
stabiel. De industrie gebruikt deze stabiele 
enzymen om op een schonere en 
efficiëntere manier bepaalde processen te 
laten verlopen. Maar ook voor het 
fundamentele onderzoek is er genoeg te 
onderzoeken aan deze extremofielen. 
Waarom kunnen deze organismen 
overleven onder deze extreme 
omstandigheden? Als een ei gekookt 
wordt, wordt het hard vanwege de eiwitten 
in het ei, die de hoge temperatuur niet 
aankunnen en samenklonteren. Echter, een 
hyperthermofiele archaeon voelt zich juist 
lekker bij deze temperatuur en zijn eiwitten 
kunnen onder die omstandigheden prima 
functioneren. Dit lijkt in eerste instantie 
vreemd, omdat de bouwstenen van de 
archaeale cel gelijk aan die van andere 
cellen zijn. Het is de combinatie, ofwel de 
volgorde, van de bouwstenen in deze 
eiwitten die bepaalt of een eiwit onder de 
extreme omstandigheden stabiel is of niet. 

Mijn onderzoek richtte zich op een 
hyperthermofiele archaeon. 
Hyperthermofielen komen voor op plaatsen 
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waar de omgeving verhit wordt door 
vulkanische activiteit. Veel van deze 
hyperthermofielen komen voor in de 
(diep)zee. Bij breuken in de aardkorst spuit 
het hete gesteente uit het binnenste van de 
aarde in zee. De lava, die uit de aardkorst 
omhoog komt is zeer heet, zo’n 400 oC. 
Het zeewater is koud circa 4 oC. Op die 
plaatsen ontstaan een soort torens waaruit 
zwarte ‘rook’ lijkt te ontsnappen. Deze 
‘rokende’ torens worden Black-smokers 
genoemd. Door het koude zeewater en de 
hete lava bestaat er rondom zo’n black-
smoker een enorm temperatuursverval, 
waardoor de in het hete water opgeloste 
mineralen als een zwarte gloed neerslaan. 
Rondom black-smokers komen allerlei 
organismen voor, die zich aangepast 
hebben aan de hoge temperaturen, 
bijvoorbeeld kokerwormen en mossels. 
Hoewel deze organismen zich dus dicht bij 
de black-smoker bevinden met zijn hoge 
temperatuur, kunnen ze alleen overleven 
door het temperatuursverval. 
Kokerwormen bijvoorbeeld kunnen 
overleven bij een maximum temperatuur 
van 40 °C, terwijl sommige 
hyperthermofiele archaea zelfs nog bij 113 
ºC kunnen leven. Niet alleen in de diepzee 
komen van die heetwaterbronnen voor, ook 
op een paar meter diepte. Hyperthermofiele 
archaea worden ook aangetroffen bij 
geisers en warmwaterbronnen, 
bijvoorbeeld in het Yellowstone Park in de 
Verenigde Staten. 
 
 
 

Mijn onderzoek 
 

De archaeon, die tijdens mijn 
onderzoek bestudeerd is, Pyrococcus 
furiosus, is gevonden in Italië in de 
aardlagen van een heetwaterbron in zee 
vlakbij Volcano Island. Het organisme 
werd voor het eerst beschreven in 1987. P. 
furiosus is een hyperthermofiele archaeon, 
die zich alleen prettig voelt bij 
temperaturen tussen de 70 en 105 oC. De 
mens heeft zuurstof uit de lucht nodig om 
te overleven, P. furiosus is een anaëroob 
organisme en kan alleen leven als er geen 
zuurstof in zijn omgeving aanwezig is. 
Onder een microscoop bekeken, is het een 
bolletje met een staartje. Het staartje wordt 
gebruikt om zich voort te bewegen. De 
naam Pyrococcus furiosus zegt iets over 
zijn groei-eigenschappen en het uiterlijk. 
Het betekent letterlijk furieuze vuurbal. P. 
furiosus is een zeer snel groeiend 
organisme. Onder optimale 
omstandigheden verdubbelt deze archaeon 
zich elke 30 minuten. 

Archaea zijn vrij aanwezig in het 
zeewater, maar kunnen alleen groeien bij 
de hogere temperaturen. De archaea 
moeten dus, zodra ze in een omgeving zijn 
met de juiste temperatuur, voedsel zien te 
vinden. Dat voedsel bestaat voor P. 
furiosus uit suikers en eiwitten. Deze 
voedingsstoffen moeten eerst opgenomen 
worden door de cel voordat ze gebruikt 
kunnen worden voor de groei en 
onderhoud. Omdat er zich om de cel een 
ondoordringbare vetachtige laag bevindt, 
de membraan genaamd, moeten de 
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voedingsstoffen deze laag eerst passeren. 
Dit gebeurt door middel van kanaaltjes, die 
worden gevormd door speciale eiwitten, de 
zogenaamde transporteiwitten. De 
transporteiwitten transporteren 
voedingsstoffen de cel in, terwijl ze de 
afvalstoffen weer de cel uit transporteren. 
Tijdens mijn onderzoek is een aantal van 
deze transporteiwitten van P. furiosus 
bestudeerd. 

P. furiosus kan groeien op een aantal 
verschillende suikers, bijvoorbeeld 
maltose, cellobiose en zetmeel. Voor mijn 
onderzoek was al wel het een en ander 
bekend hoe P. furiosus de suiker kan 
afbreken om hier energie uit te halen, het 
zogenaamde metabolisme. Het was echter 
niet bekend hoe de suikers de cel binnen 
komen. Dat was de belangrijkste vraag 
tijdens het onderzoek. We hebben 
gevonden dat P. furiosus voor elke suiker 
een ander transporteiwit gebruikt. Voor de 
belangrijkste suikers hebben we drie 
verschillende transporteiwitten kunnen 
identificeren, die allen tot de zogenaamde 
familie van ABC-transporters behoren. 
ABC staat voor ATP bindende cassette. De 
ABC-transporters behoren tot een grote 
familie van transporteiwitten en worden 
gevonden in alle bacteriën, archaea en 
eukaryoten, waaronder de mens. ATP, 
adenosine trifosfaat, is de energievorm die 
deze transporteiwitten gebruiken om de 
verbindingen over de celmembraan te 
transporteren. De ATP bindende cassette 
slaat dus op het gedeelte van het 
transporteiwit, dat het ATP bindt en dat is 

gelijk voor alle transporteiwitten die tot 
deze grote familie behoren.  

Een ABC-transporteiwit complex 
bestaat uit een zogenaamd bindingseiwit, 
twee eiwitten, die samen een kanaaltje 
vormen in het membraan en twee eiwitten, 
die aan de binnenkant van de cel voor 
energie zorgen. Het bindingseiwit bevindt 
zich aan de buitenzijde van de cel en vangt 
de suikers uit de omgeving, houdt deze vast 
en geeft ze vervolgens door aan de twee 
eiwitten, die het kanaaltje in het membraan 
vormen. Onder verbruik van ATP worden 
de suikers vervolgens door het kanaaltje 
geleid en komen ze in de cel terecht. In de 
cel worden de suikers dan verder 
afgebroken en omgezet in energie in de 
vorm van ATP. 

Omdat P. furiosus in zee leeft en niet 
in een afgesloten gedeelte, moet het 
organisme in staat zijn suikers uit de 
omgeving direct op te nemen, en wel zo 
snel en zo veel mogelijk anders spoelen 
deze suikers weg. Het bindingseiwit van P. 
furiosus is in staat de suikers al bij zeer 
lage concentratie zeer efficiënt te binden. 
Opvallend is, dat dit efficiënter gebeurt dan 
met bindingseiwitten van organismen, die 
bij 37 oC groeien. P. furiosus moet dus snel 
kunnen reageren op de aanwezigheid van 
een bepaalde suiker. Voor een organisme is 
het niet optimaal om altijd alle 
transporteiwitten aan te moeten maken, 
aangezien dit veel energie en bouwstoffen 
kost. We hebben gevonden, dat P. furiosus 
alleen die transporteiwitten aanmaakt, die 
het organisme op dat moment nodig heeft 
om suikers uit zijn omgeving op te nemen. 
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Dus als P. furiosus groeit op cellobiose, is 
alleen het ABC-transportsysteem voor 
cellobiose aanwezig. Tijdens mijn 
onderzoek heb ik de genen, coderende voor 
de verschillende bindingseiwitten, 
overgezet in de bacterie E. coli waarna 
deze de soortvreemde bindingseiwitten 
aanmaakte. Hierdoor was het mogelijk om 
aan te tonen welk gen codeert voor welk 
type suiker-bindingseiwit. Ook hebben we 
de verschillende bindingseiwitten 
gezuiverd van andere eiwitten, zodat we de 
bindingseiwitten konden bestuderen zonder 
de mogelijk storende invloed van andere 
eiwitten. Door middel van deze 
experimenten was het mogelijk om vast te 
stellen welke suikers wel en niet gebonden 
worden door de verschillende 
bindingseiwitten. Verrassend was het 
resultaat dat bepaalde suikers door deze 
bindingseiwitten werden herkend, waarvan 
niet bekend was dat P. furiosus hierop kon 
groeien. Deze suikers blijken nu ook 
groeisubstraten te zijn. 

De volledige erfelijke informatie, de 
zogenaamde genoomsequentie, van P. 
furiosus en twee andere Pyrococcus 
soorten, P. abyssi en P. horikoshii is 
bekend. We hebben gekeken in de 
genoomsequenties welke bindingseiwitten 
aanwezig en welke afwezig zijn. Hoewel 
de drie soorten verwant zijn aan elkaar 
hebben ze niet allemaal dezelfde 
bindingseiwitten. Opmerkelijk is, dat P. 
abyssi en P. horikoshii bindingseiwitten 
hebben die waarschijnlijk bepaalde suikers 
herkennen, terwijl het bekend is, dat beide 
soorten niet op suikers kunnen groeien. 
Waarschijnlijk missen ze andere eiwitten, 
die noodzakelijk zijn om op suikers te 
kunnen groeien. 

Mijn onderzoek heeft tot een groter 
inzicht geleid in de mechanismen van 
suikertransport in P. furiosus. Hierdoor is 
een completer beeld verkregen van het 
suiker-metabolisme in P. furiosus en 
verwante soorten. 
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English summary 
 
 
Archaea and hyperthermophiles 
 

Living organisms of our earth can be 
divided into two groups, the prokaryotes 
and the eukaryotes. Eukaryotic cells have a 
nucleus, a special compartment in the cell, 
where the genetic material, the DNA is 
located. The DNA in the prokaryotic cell is 
floating freely in the cell. The eukaryotes, 
that is where we belong to, together with 
animals, plants and fungi. Bacteria and 
archaea belong to the prokaryotes. Archaea 
resemble bacteria but in certain features 
they resemble more the eukaryotes. That is 
the reason why they form a distinct group 
within the prokaryotes. 

Why are archaea so interesting? 
Archaea are found and thrive in 
environments where a human being would 
not survive. The (hyper)thermophilic 
archaea grow best at temperatures between 
55 and 113 oC. Psychrophiles grow at low 
temperatures, like on Antarctica, barofiles 
only survive under high pressure, 
acidophiles at acidic environments (pH 0.5 
to 4), while alkaliphiles prefer a basic 
(soap-like) environment (pH 8 to 11.5). 
And last but nor least, halophiles only 
survive at very high salt concentrations, as 
found for instance in the Dead Sea. Of 
course there are also archaea which only 
can grow at a combination of extreme 
conditions, like an acido thermophile. 

Archaea which survive and grow 
under extreme conditions are interesting 
because these organisms can grow there 
where we can not survive. This feature 
opens possibilities for industry. Enzymes 
and other proteins isolated from 
extremophiles are very stble. The industry 
uses these extremely stable enzymes to be 
able to have processes done in a more 
efficient and environmentally clean way. 
But also for fundamental research there is 
enough to discover on extremophiles. Why 
can these organisms live under these 
extreme conditions? When an egg is 
boiled, the egg solidifies because the 
proteins in the egg can not stand the high 
temperature and agregate. A 
hyperthermophilic archaeon, however, 
thrives at these high temperatures and its 
proteins function perfectly under these 
circumstances. This seems strange at first, 
because the building blocks of the archaeal 
cell are the same as of all other cells. It is 
the combination, the order, of the building 
blocks that determines whether a protein is 
stable under these extreme conditions. 
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My research focussed on a 
hyperthermophilic archaeon. 
Hyperthermophiles are found at places 
where the surrounds are heated by volcanic 
activity. Many hyperthermophiles are 
found in the (deep)sea. At cracks in the 
crust of the earth the hot lava flows into the 
sea. The lava is very hot, around 400 oC. 
The seawater is cold, around 4 oC. Where 
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the hot lava contacts the seawater, a sort or 
towers appear from which black ‘smoke’ 
seems to escape. These ‘smoking’ towers 
are called Black-smokers. Because of the 
combination of cold seawater and hot lava, 
a large temperature gradient excists around 
these black-smokers and the minerals 
which are in soluble in the hot water 
precipitate as a black rain. In the direct 
surroundings of a black smoker, several 
different organisms are found which have 
adapted to these high temperatures, like 
tube-worms. Although these organisms are 
found close to the black-smoker, they can 
only survive because of the high 
temperature gradient. Tube-worms for 
instance can grow at temperatures of 
maximally 40 oC, while certain 
hyperthermophilic archaea still survive at 
113 oC. These hot-springs are not only 
found in the deepsea but also a few meters 
below the sea level. Hyperthermophilic 
archaea are also found at geysers and in 
hot-springs, for instance in Yellowstone 
Parc in the Unites States. 
 
 
My research 
 

The archaeon which I studied during 
my research, Pyrococcus furiosus, was 
found in Italy in geothermally heated 
sediments of a hot-spring in the sea, close 
to Volcano Island. This organism was 
described in 1987. P. furiosus is a 
hyperthermophilic archaeon which only 
feels happy at temperatures between 70 and 
105 oC. Humans need oxygen from the air 

to survive, P. furiosus is an anaerobic 
organism and can only survive when there 
is no oxygen in its environment. Seen 
through a microscope, the organism looks 
like a little ball with a tail. The tail is used 
for movement. The name Pyrococcus 
furiosus says something about its looks and 
its growth. Literally it means furious fire-
ball. P. furiosus is a very fast growing 
organism and doubles itself every 30 
minutes under ideal conditions. 

Archaea are freely present in the 
seawater but can only grow at high 
temperatures. The moment archaea are in 
an area with the right temperature, the 
organisms have to find food. The food of 
P. furiosus consists of proteins and sugars. 
These nutrients first need to be taken up by 
the cell before they can be used for growth 
and maintainance. Around the cell is a fatty 
layer, the membrane, which is 
impermeable. Therefore, the cell needs 
small channels in this membrane for 
nutrients to enter the cell and for waste 
products to leave the cell. The channels are 
formed by special proteins, called transport 
proteins. During my research a number of 
these transport proteins were studied. 

P. furiosus can grow on several 
different sugars, for instance maltose, 
cellobiose and starch. When I started my 
research, already something was known 
about how P. furiosus can utilize sugars for 
energy, the so-called metabolism. But it 
was not known how these sugars enter the 
cell. That was the most important question 
during my research. We found that P. 
furiosus uses a different transport protein 
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for each sugar. For the most important 
sugars we identified three different 
transport proteins, which all are members 
of the family of ABC-transporters. ABC 
stands for ATP-binding cassette. The ABC-
transporters belong to a large family of 
transport proteins and are found in all 
bacteria, archaea and eukaryotes, among 
which humans. ATP, adenosine tri-
phosphate, is the form of energy that is 
used by these transport proteins to transport 
their substrate over the membrane. The 
ATP-binding cassette is that part of the 
transport protein which binds ATP. This 
part is similar for all ABC-transport 
proteins which belong to this large family. 
An ABC-transport protein complex 
consists of a so-called binding protein, two 
proteins which together form the channel in 
the membrane, and two proteins on the 
inside of the cell which form the driving 
force of the transporter by supplying the 
transporter with energy. The binding 
protein is present on the outside of the cell 
and catches sugars from the environment, 
keeps them and transfers them to the two 
proteins which form the channel in the 
membrane. At the expense of ATP the 
sugars are then led through the channel and 
enter the cell. In the cell the sugars are 
broken down, metabolised, and new energy 
is formed for growth and maintainance. 

Because P. furiosus originates from 
the open sea and not from a closed system 
like for instance a lake, the organism needs 
to be able to immediately take up sugars, as 
fast as possible and as much as possible, 
otherwise the sugars disappear again out of 

reach. The binding protein of P. furiosus is 
capable of binding these sugars very 
efficiently already at very low 
concentrations. Interesting is that this 
binding is done much more efficiently than 
with binding proteins from organisms 
which live at 37 oC. P. furiosus has to be 
able to react quickly on the presence of a 
particular sugar. It is not ideal for an 
organism to continuously have all transport 
proteins present and maintain them because 
this costs a lot of energy and building 
blocks. We found that P. furiosus only 
makes those transport proteins which it 
needs at that moment. So, when P. furiosus 
grows on cellobiose, only the ABC-
transport system for cellobiose transport is 
present. During my research I transferred 
the genes encoding the different binding 
proteins to the bacterium E. coli, resulting 
in E. coli making the binding proteins. This 
made it possible to determine which gene 
encoded for which sugar binding protein. 
We also purified the different binding 
proteins from all other proteins, to be able 
to study them more accurately without the 
possibly interfering influence of other 
proteins. Using these experiments we could 
determine which sugars are bound by the 
binding proteins and which not. 
Surprisingly, a number of sugars were 
bound by the binding proteins from which 
was previously not known that P. furiosus 
could grow on them. These sugars turned 
out also to be grow substrates for P. 
furiosus. 

The complete genetic information, the 
so-called genome sequence, of P. furiosus 
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and two other Pyrococcus species, P. 
abyssi and P. horikoshii, is known. We 
examined these genome sequences to 
check which binding proteins were present 
and which were absent. Although the three 
species are related, they do not share all the 
different binding proteins. Remarkable was 
the finding that P. abyssi and P. horikoshii 
do have binding proteins for sugars while 
these two species are unable to grow on 
sugars. Most likely other proteins are 

missing which are necessary for growth on 
sugars. 

My research led to a greater 
understanding in the mechanisms of sugar 
transport in P. furiosus. A more complete 
picture is now present on sugar metabolism 
in P. furiosus and related species. 
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