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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 



Summary and concluding remarks 
 

 3 

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. 

The exact stoichiometry of ATP 
utilization by ABC-type transporters is not 
known, but it is generally assumed that two 

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



Summary and concluding remarks 
 

 5 

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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