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Aim and outline 

Chapter 1 

Aim and outline of the thesis 



Chapter 1 

Hyperthermophilic microbes that grow optimally at or above the boiling temperature of 

water all belong to the archaea, the third domain of life. Archaea have been found to contain unique 

lipids, enzymes and metabolites that are involved in novel processes. The research presented in this 

thesis is focused on novel metabolic processes and aims to unravel the catabolism of glycosides in 

the hyperthermophilic archaeon Pyrococcus furiosus. This is accomplished by an integrated 

multidisciplinary approach involving laboratories with complementary expertise focusing on the 

analysis of the enzymology, kinetics, bioenergetics of key proteins involved in uptake and 

metabolism of glycosides. This research involves three partners, i.e. Molecular Microbiology, 

University of Groningen; Microbial Physiology, Wageningen University; Bacterial Genetics, 

Wageningen University. The research of the latter is presented in this thesis and focuses on the 

molecular and biochemical characterization of notably the non-canonical enzymes of sugar 

utilization pathways in P. furiosus. Using different approaches the genes coding for these enzymes 

have been identified, cloned and characterized at the sequence level in order to reveal their primary 

structure and signature motifs that allowed a further characterization of their molecular properties. 

Selected glycolytic genes have been overexpressed in heterologous systems and their biochemical 

and physical properties have been revealed. Structure-function analysis has been performed by 

means of site-directed mutagenesis and structure prediction, or crystallization of the proteins in 

close collaboration with the group of Prof. David Rice (Sheffield, UK). Finally, promoter elements 

of the selected genes have been analyzed to reveal specific motifs that might be involved in the 

transcription regulation. 

Chapter 2 introduces various aspects of archaeal sugar metabolism. Latest results are 

incorporated and speculations on the evolution of archaeal sugar metabolic pathways are discussed. 

The first identified unusual glycolytic enzyme is the ADP-dependent phosphofructokinase 

(ADP-PFK) that is described in Chapter 3. The biochemical and molecular properties of this novel 

enzyme from P. furiosus are investigated and compared to those of canonical counterparts. The 

orthologous ADP-PFK from Methanococcus jannaschii is studied in Chapter 4. Variations in the 

properties of the ADP-PFKs from organisms with either a chemolithoautotrophic or a heterotrophic 

life-style are compared, and the distribution of these enzymes is investigated by biochemical and 

molecular analyses. 

Chapter 5 describes the biochemical properties of the canonical ATP-dependent 

galactokinase, and the novel ADP-dependent glucokinase from P. furiosus, with special emphasis 

on adaptations of these enzymes to the extreme conditions encountered by P. furiosus. 

A novel phosphoglucose isomerase is purified from P. furiosus cell extracts and its 

characteristics are described in Chapter 6. Molecular analysis indicates that the enzyme is 

unrelated to canonical glycolytic isomerases, but rather related to a broad family of proteins with 

different functions. 



Aim and outline 

In collaboration with Bettina Siebers (Essen University, Germany) the fructose-1,6-

bisphosphate aldolases from the euryachaeon P. furiosus and the crenarchaeaon Thermoproteus 

tenax are studied (Chapter 7). The mechanism of the enzymes is investigated and a catalytic site 

residue has been identified by site-directed mutagenesis. Phylogenetic analysis is performed and 

evolutionary aspects of these enzymes are discussed. 

The novel gluconeogenic enzyme fructose-1,6-bisphosphatase from P. furiosus contains 

sequence motifs that are present in inositol monophosphatases as well, as described in Chapter 8. 

Its biochemical properties and the effects of inhibitory compounds differ from those of the 

orthologous enzyme from M. jannaschii. As a consequence, the classification of fructose-1,6-

bisphophatases is re-evaluated. 

The promoter architecture of genes that encode glycolytic enzymes in P. furiosus is 

investigated and described in Chapter 9. Transcription initiation sites are mapped and consensus 

sequences for the P. furiosus BRE site and TATA box are proposed. An inverted repeat is identified 

in several promoters of glycolytic genes. The presence and location of this inverted repeat is 

investigated in the complete genomic sequence of P. furiosus and its putative function is discussed. 

Chapter 10 summarizes the obtained results and a laymen version is presented in Chapter 

11 in the Dutch language. 
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Chapter 2 

Unraveling glycolytic pathways in archaea-

unique features in central metabolic routes 

Come H. Verhees, Willem M. de Vos and John van der Oost 

A modified version of this chapter will be submitted for publication 



Chapter 2 

Abstract 

An early divergence in evolution has resulted in two prokaryotic domains, the bacteria and 

the archaea. Whereas the central metabolic routes of bacteria and eucarya are generally well 

conserved, variant pathways involving several novel enzymes with unique control have developed 

in archaea. A spectacular example of convergent evolution concerns the glucose-degrading 

pathways of saccharolytic archaea. The identification, characterization and comparison of the 

glycolytic enzymes of a variety of phylogenetic lineages has revealed a mosaic of canonical and 

unique enzymes in the archaeal variants of the Embden-Meyerhof and the Entner-Doudoroff 

pathways. Current structural and functional insights of the archaeal glycolytic routes are reviewed 

and evolutionary scenarios are discussed. 

Introduction 

Carbohydrates are the main carbon source for heterotrophic life-style in the three domains of 

life, bacteria, archaea, and eucarya. Saccharolytic growth involves extracellular hydrolysis of 

polysaccharides, uptake of oligosaccharides by specific transporters, and a range of catabolic 

pathways to generate monosaccharides and degrade them. Extensive research during several 

decades has resulted in detailed information on the composition of sugar metabolic pathways and 

the regulation thereof in bacteria and eucarya (1) (2). Of archaeal sugar metabolism relatively little 

is known. 

The isolation of microbial life from boiling geysers, geothermally heated sediments, acid 

mudholes, hypersaline inland lakes and below Antarctic ice-floors, has vastly expanded our 

conceptions of which environments are able to sustain microbial life. Most of these exotic microbes 

belong to the domain of the archaea. The archaeal isolates from marine and terrestrial environments 

that share the capacity to grow at temperatures around the boiling point of water are called 

hyperthermophiles, and by definition exhibit optimal growth temperatures above 80 °C (3). Since 

the early 1990s, insight is emerging in the sugar metabolism of archaea in general and that of 

hyperthermophiles in particular. Several modified sugar degradation pathways that are operational 

under these extremely high temperatures have been identified in some of these hyperthermophiles. 

The constitution of these pathways has established by combining enzyme activities with 13C-

labeling experiments (4) (5). Comparative genomics and recent discoveries of novel sequences have 

resulted in better understanding of these metabolic networks. In this review, the main features of 

sugar metabolism of archaea is discussed, and by integrating different molecular and biochemical 

approaches potential evolutionary scenarios are discussed. 
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Chapter 2 

Saccharolytic archaea 

A variety of archaea share the capacity to grow on carbohydrates under extreme conditions. 

A growing number of saccharolytic archaeal species has been identified, and efficient growth was 

observed on a variety of substrates ranging from poly- to monosaccharides (Table 2.1). Detailed 

studied hyperthermophilic saccharolytic archaea are representatives of euryarchaeota, e.g. 

Pyrococcus furiosus (6) and crenarchaeota, e.g. Sulfolobus solfataricus (7). Both of these 

hyperthermophilic archaea are able to grow on a variety of a- and P-linked glucose saccharides and 

glucose (6) (8) (9) (10) (11) (12). Polysaccharides are degraded by extracellular glycosyl hydrolases 

to oligosaccharides (13) (14) (15) (16) (9) (10) (17), which are subsequently transported into the 

cell by high-affinity ABC-transporters (18) (12) (19) (20). Active transport of glucose has also been 

described for archaea and involves either ABC or secondary transporters (21) (22) (23). Sugar 

transport via the phosphoewo/pyruvate (PEP)-dependent phosphotransferase system (PTS) is very 

common in bacteria but apparently absent in archaea and eucarya. Interestingly, genomic analyses 

reveal that PTS is also missing in the thermophilic bacteria Thermotoga maritima and Aquifex 

aeolicus. Transported oligosaccharides are further hydrolyzed to glucose by specific intracellular 

glycosyl hydrolases (8) (24) (25) (26) (27) (17). It has been shown that, at least in vitro, intra- and 

extracellular glycosyl hydrolases synergistically degrade polysaccharides to monosaccharides (9) 

(10). 

Archaeal sugar metabolic pathways 

Two major pathways are involved in the degradation of glucose to pyruvate in bacteria, 

eucarya and archaea, the Embden-Meyerhof (EM) and Entner-Doudoroff (ED) pathway. The co

existence of both EM- and ED-pathways has been observed in several mesophilic bacteria, but also 

in a hyperthermophilic bacterium {Thermotoga maritima) and a hyperthermophilic archaeon 

(Thermoproteus tenax) (28) (4). It has recently been demonstrated that the archaeon Halococcus 

saccharolyticus discriminates between an ED-like pathway and an EM-like pathway for growth on 

glucose and fructose, respectively (29). A third route, the pentose phosphate pathway, is present in 

bacteria and eucarya, and is needed for growth on pentoses, like xylulose and arabinose. Apart from 

pentose degradation, the pentose phosphate pathway is involved in the synthesis of RNA/DNA 

building blocks and the reduction of NADP to NADPH. 

The two main glucose catabolic pathways, i.e. EM-pathway and ED-pathway differ in the 

key enzymes acting on glucose or glucose-6-phosphate and subsequently, in several of the 

following steps that lead to the formation and aldolytic cleavage of the intermediates fructose-1,6-

bisphosphate (EM) and 2-keto-3-deoxy-6-phosphogluconate (ED) (Fig. 2.1). A major energetic 

difference in both canonical pathways is that in the ED-pathway only 1 mol ATP is formed per mol 
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glucose, instead of 2 mol ATP in the EM-pathway. It appears that the less efficient ED-pathway is 

often found in micro-organisms that possess an (an)aerobic respiration coupled to electron-transport 

phosphorylation in order to provide additional ATP (30). Modifications of the canonical ED and 

EM-pathways are mainly found in archaea (5) (4) (31). 
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Figure 2.1 Glucose metabolic pathways in archaea. 

Reconstruction of archaeal sugar metabolism based on genes, enzyme activities and labeling studies. Thick black 

arrows indicated conversions specific for the (modified) ED-pathway. Thick grey arrows indicate conversions specific 

for the (modified) EM-pathway. Thin grey arrows indicate conversions present in both pathways. The conversions in 

which reducing equivalents (H) or ATP is formed are shown. It should be noted that the last step of the EM-pathway, 

i.e. the conversion of phosphoewo/pyruvate to pyruvate is still unclear in archaea (see text). KDG, 2-keto-3-deoxy-

gluconate; KDPG, 2-keto-3-deoxy-phosphogluconate; DHAP, dihydroxy-acetone-phosphate; P, phosphate. Note that 

the phosphorylation-step of gluconate is missing in archaea. 
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EM-pathway in archaea and its modifications 

The best-studied archaeal EM-pathway is the one of P. furiosus. Six of the ten glycolytic 

steps are chemically identical to the classical pathway. Novel enzymes and unique control points in 

the pyrococcal pathway have been elucidated and involve two phosphorylation and an 

oxidoreduction reaction (32) (33) (34) (35) (36) (37). 

Instead of the classical ATP-dependent glucokinase and the ATP- (or PP;)-dependent 

phosphofructokinase (PFKA), this archaeon contains novel ADP-dependent sugar kinases (32) (34). 

The genes that encode these enzymes from P. furiosus have been identified and found to be 

paralogs. After heterologous expression in E. coli the enzymes have been studied in detail (34) (C. 

Verhees, submitted). The ADP-dependent sugar kinases do not share overall sequence similarity 

with classical sugar kinase sequences. Interestingly, uncharacterized homologs were identified in 

several eucaryal, but not in bacterial genomes (38). The recently solved structure of the ADP-

dependent glucokinase from the archaeon Thermococcus litoralis, closely related to Pyrococcus, 

shows a remarkable resemblance to adenosine kinase and ribokinase of the ribokinase family (Fig. 

2.2). The minor phosphofructokinase (PFKB) from E. coli belongs to this family as well. Classical 

hexo-/glucokinases and phosphofructokinases belong to different monophyletic families. Hence, the 

primary sequence and the fold of the ADP-dependent kinases are not related to that of the ATP-

dependent hexo-/glucokinases and ATP/PPj-dependent phosphofructokinases (PFKA) (39). 

Another major modification concerns the single-step conversion of glyceraldehyde-3-

phosphate to 3-phospho-glycerate by the glyceraldehyde-3-phosphate ferredoxin oxidoreductase 

(GAPOR), instead of the two-step catalysis by the enzyme-couple glyceraldehyde-3-phosphate 

dehydrogenase and phosphoglycerate kinase (35). GAPOR is dependent on ferredoxin and appears 

to function solely in glycolytic direction. For its gluconeogenesis P. furiosus uses the conventional 

enzyme-couple phosphoglycerate kinase and glyceraldehyde-3-phosphate dehydrogenase (36). 

An additional unique glycolytic enzyme has recently been studied from P. furiosus, i.e. the 

phosphoglucose isomerase. Based on its primary structure this enzyme is unrelated to the canonical 

phosphoglucose isomerases (37) (40). However, it contains a cupin domain, often involved in sugar 

binding, that is absent in the canonical phosphoglucose isomerases (37). 

The existence of novel ADP-dependent sugar kinases, phosphoglucose isomerase and 

GAPOR are examples of non-homologous enzyme displacement in the pyrococcal glycolysis. This 

excessive replacement of enzymes in a metabolic pathway is a compelling example of functional 

convergent evolution. The non-homologous enzyme displacement of GAPOR is a special case, 

because the canonical enzyme-couple glyceraldehyde-3-phosphate dehydrogenase and 

phosphoglycerate kinase is still functionally present in P. furiosus. However, GAPOR has replaced 

the canonical enzyme-couple in glycolytic direction (36). 

10 
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The modified EM-pathway as present in P. furiosus might also be operating in several 

Thermococcus species (4), and in the starch-degrading Archaeoglobus fulgidus strain 7324, in 

which ADP-dependent glucokinase, ADP-dependent phosphofructokinase and GAPOR activities 

have been demonstrated (41). Moreover, ADP-dependent phosphofructokinases appear to be 

present in thermophilic and mesophilic glycogen-degrading methanogenic species belonging to 

Methanococcales and Methanosarcinales (38). Interestingly, the crenarchaeon Desulfurococcus 

amylolyticus was found to contain a partially modified EM-pathway, including GAPOR activity, 

but with classical ATP-dependent phosphofructokinase activity (4). The latter was confirmed after 

purification and characterization of the ATP-dependent phosphofructokinase from D. amylolyticus 

(42). Another type of variation was observed in the EM-pathway of the crenarchaeon 

Thermoproteus tenax. Instead of GAPOR, a distinct NAD+-dependent glyceraldehyde-3-phosphate 

dehydrogenase catalyzes the phosphate-independent, single-step oxidation of glyceradehyde-3-

phosphate to 3-phospho-glycerate in glycolysis (43). Furthermore, the T. tenax EM-pathway 

includes an ATP-dependent glucokinase and a PPi-dependent phosphofructokinase activity (4) (44). 

Figure 2.2 Structural similarity between ribokinase and ADP-dependent glucokinase. 
Ribbon diagram of (A) E. coli ribokinase (1RKA; PDB) and (B) Thermococcus litoralis ADP-dependent glucokinase 
(1GC5; PDB) is shown. Both enzymes are (structural) members of the ATP-dependent ribokinase family (39). 

ED-pathway in archaea and its modifications 

Two main modifications in the archaeal ED-pathway have been described. Halophilic 

archaea (and some eubacteria) use a partially non-phosphorylated ED-pathway in which 2-keto-3-

deoxy-gluconate (KDG) is phosphorylated to 2-keto-3-deoxy-6-phosphogluconate (KDPG) by 

KDG-kinase. Phosphorylation at a different level of the C6-stage in the pathway allows the gain of 

ATP by substrate-level phosphorylation during conversion of glyceraldehyde-3-phosphate via 1,3-

diphosphoglycerate to 3-phosphoglycerate in the canonical EM-pathway (Fig. 2.1) (45). 

Thermoproteus, Thermoplasma and Sulfolobus use an ED-like pathway in which none of the hexose 

11 
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intermediates are phosphorylated. However, at a late C3-stage phosphorylation of glycerate to 2-

phospho-glycerate occurs, which is further metabolized to pyruvate via the EM-enzymes enolase 

and pyruvate kinase (46) (45) (47) (48) (4). Because most (if not all) archaea appear to lack a 

glyceraldehyde-3-phosphate oxidation system that allows substrate-level phosphorylation, it does 

not matter at what level phosphorylation occurs. The modified versions of the ED-pathway in 

archaea have often been referred to as "non-phosphorylating"-ED; however, phosphorylation occurs 

at another level in the pathway: not at the level of gluconate, but at the level of 2-keto-3-deoxy-

gluconate or glycerate (Fig. 2.1). 

The first enzyme of the ED-pathway, i.e. NADP-dependent glucose dehydrogenase activity 

was purified from T. tenax cell extract (49). Two unrelated types of glucose dehydrogenases have 

been described in literature: a pyrroloquinoline-quinone (PQQ)-dependent glucose dehydrogenase, 

which appear to be restricted to gram-negative bacteria, and a NAD(P)-dependent glucose 

dehydrogenase that has been isolated and characterized form all three domains of life (49). Non

homologous enzyme displacement of NADP-dependent glucose dehydrogenase by the PQQ-

dependent glucose dehydrogenase might have occurred in some gram-negative bacteria. A novel 

non-phosphorylated KDG-aldolase has been purified and characterized from S. solfataricus (50). In 

the genome of Halobacterium a distantly related gene has been identified by similarity search and 

gene context and is predicted to encode the missing phosphorylated KDPG-aldolase (Table 2.2). 

Pentose phosphate pathway in archaea 

Two pathways have been proposed for the pentose biosynthesis in methanogens, i.e. a non-

oxidative branch of the pentose phosphate pathway, or an oxidative decarboxylation of one of the 

hexoses (51) (52) (53). Isotope labeling studies have suggested that the oxidative branch of the 

pentose phosphate pathway is absent in Methanococcus (54). Genes encoding canonical enzymes of 

the oxidative branch of pentose phosphate pathway have not been found in archaea (55) (56) (57). 

Therefore, it would be unlikely that catabolism of glucose proceeds via the complete pentose 

phosphate pathway in archaea, but rather via an EM-like or ED-like pathway. 

Novel pathways in archaea 

A novel glycolytic pathway has recently been demonstrated in Thermococcus zilligii that 

makes use of a glucose-6-P dehydrogenase, a novel lyase and subsequent secretion of formate. Cells 

were grown on tryptone with or without glucose and after harvesting the cells the conversion of 13C-

glucose was recorded by NMR. A relative contribution of 2:1 (novel pathway versus EM-pathway) 

was calculated for cells grown on tryptone. The presence of glucose in the growth medium appears 

to repress the enzymes in this novel pathway, and results in inversion of the relative contributions of 

the two pathways (58). Alternatively, another route appears to be consistent with the labeling 
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pattern (H. Santos, pers. comm.) that would involve hexulose-6-P isomerase, hexulose-6-P synthase 

and formaldehyde ferredoxin oxidoreductase. The intermediate ribulose-5-P may be further 

degraded by the pentose phosphoketolase pathway, commonly found in lactic acid bacteria (59). 

Genome based reconstruction of archaeal sugar metabolism 

With the increasing number of completely sequenced archaeal genome sequences, a 

reconstruction can be made of glycolytic enzyme encoding genes present in archaea (Table 2.2). 

The identification of novel gene products involved in archaeal sugar catabolic and anabolic 

pathways allows for the compilation of a nearly complete set of enzymes involved in archaeal sugar 

metabolism. In the present paper the focus is on the main glycolytic pathways, i.e. EM-pathway and 

ED-pathway, and the non-oxidative branch of pentose phosphate pathway. However, genes that are 

yet to be identified in archaeal genomes concern the oxidative pentose phosphate pathway enzymes, 

and the (partially) non-phosphorylated ED-pathway enzyme gluconate dehydratase. The 

unsuccessful identification of the genes in genomic sequences suggests them to be either not 

present, highly diverged, or unique. 

The identification of the novel paralogous ADP-dependent glucokinase and ADP-dependent 

phosphofructokinase, together with the GAPOR in P.furiosus, allowed us to genetically identify the 

major modifications in the pyrococcal EM-pathway (34) (36). Orthologs of the ADP-dependent 

phosphofructokinase were also identified in M. jannaschii (38). Interestingly, ADP-dependent 

kinase homologs were identified in several higher eukaryotes including man, suggesting these 

homologs to be distributed over at least two domains of life (38). 

Genes encoding canonical phosphoglucose isomerases are present in M. jannaschii and 

Halobacterium NRC-1. However, a unique phosphoglucose isomerase, with a predicted cupin 

domain, was found in P. furiosus, P. horikoshii and P. abyssi. Remarkably, the distribution of this 

gene appears to be restricted to these Pyrococci (37). Phosphoglucose isomerase homologs have not 

been identified in the other available archaeal genomes. These organisms appear to contain a 

gluconeogenic pathway up to the level of fructose-6-phosphate, which probably acts as the 

intermediate to enter the non-oxidative pentose phosphate pathway. 

A homolog of a canonical fructose-1,6-bisphosphatase (FBPase I) could be identified in the 

crenarchaeal genome sequence of Halobacterium NRC-1. No obvious orthologs of this gene are 

present in the other archaeal genomes. However, recent characterization of the bi-functional 

fructose-1,6-bisphosphatase/TMyo-inositol-l-phosphatase from M. jannaschii (MJ0109) (60) resulted 

in the identification of this gene in euryarchaeal genome sequences (FBPase IV) (C. Verhees, 

submitted). Putative homologs, but no orthologs of this fructose-1,6-bisphosphatase gene were 

identified in the crenarchaeal genomes (Table 2.2). 
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Table 2.1 Genome based reconstruction of archaeal and thermophilic sugar metabolism. 

EM-pathway/gluconeogenesis 
Hexokinase (ATP) 
Glucokinase (ADP) 
Phosphoglucose isomerase (PGI/SIS) 
Phosphoglucose isomerase (CUPIN) 
Phosphofructokinase (ATP) 
Phosphofructokinase (PPi) 
Phosphofructokinase (ADP) 
Fructose-1,6-bisphosphatase (I) 
Fructose- 1,6-bisphosphatase (IV) 
Fructose-1,6-bisphosphatase (IV-related) 
Fructose-1,6-bisphosphate aldolase (II) 
Fructose-1,6-bisphosphate aldolase (IA) 

Triose-phosphate isomerase 

Species code.... 
PF PH PAB 

0312 

0196 

1784 

2014 

1956 

1920' 

0589 0967 

1956 1199 

1645 2013 

1897 0189 

0082 0049 

1884 1208 

MJ 

1605 

1604 

0109 

0400 
1585 
1528 

MT 

0871 

0579 

1041 

AF TA 

0825 

2372 

0108 
0230 
1304 0313 

SSO 

2418 

3226 

2592 

APE 

2091 

0012 

1798 

0011 

1538 

VNG 

1992 

0684 

1379 

0683 
0309 
1027 

TM 

1469 

1385 

0209 
0289 

1415 
0273 

0689 

Glyceraldehyde-3-phosphateferredoxin 0464 0457 1315 1185 

oxidoreductase 
Non-phosphorylatingglyceraldehyde-3-

phosphate dehydrogenase (NADH) 
Glyceraldehyde-3-phosphate 

dehydrogenase (NADH) 
Phosphoglycerate kinase 

0755 3194z 1718 

1874 1830 0257 1146 1009 1732 1103 0528 0171 0095 0688 

1057 1218 1679 0641 1042 1146 1075 0527 0173 1216 0689 
Phosphoglycerate mutase (family A) 
Phosphoglycerate mutase 

(2,3-bisphosphoglycerate independent) 
Phosphoglycerate mutase (archaeal) 

1347 2236 

1959 0037 2318 1612 1591 0413 0417 1616 
0010 0418 1751 

1425 

1374 
1887 

Phosphopyruvate hydrolase (enolase) 
Pyruvate kinase 
Phosphoeno/pyruvate synthase 

0215 1942 1126 0232 0043 
1188 0570 1441 0108 
0043 0092 0057 0542 1118 

1132 0882 
0896 

0710 0886 

0913 2458 
0981J 0489 
0883 0650 

1142 
0324 
0330 

0877 
0208 
0272 

ED-pathway 

Glucose dehydrogenase (NADP+) 0897 3204 
3003 
3042 

0446 

Glucose-6-phosphate dehydrogenase 

Gluconate kinase 

1155 

0443 

Gluconate dehydratase 

Phosphogluconate dehydratase 

KDG-kinase 

KDPG-aldolase (hypothetical) 

KDG-aldolase 

Glyceraldehyde dehydrogenase (NADP+) 
(hypothetical) 

Glycerate kinase 

Non-oxidative pentose phosphate pathway 

Ribose-5-phosphate epimerase 

Ribulose-phosphate 3-epimerase 

Transketolase 

Transaldolase 

0024 

1258 

1689 
1688 

0495 

1375 

1021 

0522 

0296 
0295 

1411 

1603 

0680 

0679 
0681 

0960 

0978 

0608 

0619 

0453 

0943 0878 

1315 

0617 
0618 

0616 

3197 

1629 
1842 
0666 

0978 

0299 
0297 

0996 

0665 

0583 
0586 

0158 

0444 

2272 

0066 

1585 

1718 

0953 
0954 
1762 
0295 

Numbering of the genes is according to http://www-archbac.u-psud.fr/projects/sulfolobus/. PF = P. furiosus; PH = P. 
horikoshii; PAB = P. abyssi; MJ = Methanococcus jannaschii; MT = Methanobacterium thermoautotrophicum; AF = A. 
fulgidus; TA = T. acidophilum; SSO = S. solfataricus; APE = Aeropyrum pernix; VNG = Halobacterium NRC-1; TM = 
Thermotoga maritima. Experimentally confirmed gene products are underlined. 'Characterized from P. woesei (97). 
Characterized from Thermoproteus tenax (43). 'Characterized from T. tenax (68). KDPG-aldolase and glyceraldehyde 
dehydrogenase is highly speculative and need to be experimentally confirmed. 
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A distantly diverged archaeal type of fructose-1,6-bisphosphate aldolase was recently 

identified in T. tenax and P. furiosus (61), confirming an earlier function prediction (53). Orthologs 

are present in all sequenced archaeal genomes, except for Thermoplasma acidophilum. Paralogs of 

the aldolase are present in M. jannaschii (MJ1585), A. fulgidus (AF0230), Halobacterium NRC-1 

(VNG0309), and the encoded enzymes were predicted to function as deoxyribose phosphate 

aldolase or transaldolase (53). 

Archaeal phosphoglycerate mutase, distantly related (11% amino acid identity) to its E. coli 

counterpart, has been predicted by comparative analysis of metabolic pathways in different 

genomes (62). The prediction has been confirmed experimentally for P. furiosus and M. jannaschii 

(MJ1612) (C. Verhees, unpublished). Interestingly, a gene duplication event has led to a second 

copy of this gene in M jannaschii (MJ0010), M. thennoautotrophicum (MT0418), and A. fulgidus 

(AF1425), the physiological role of which is unknown (Table 2.2). The same holds true for the 

three copies of the S. solfataricus glucose dehydrogenase, which contrasts with a single copy of this 

gene in T. acidophilum (Table 2.2). Experimental work will have to determine the physiological 

role of these three copies in the former. 

Regulation of archaeal glycolysis 

Regulation of glycolysis is a very complex process. Swift initiation of the glycolytic flux 

relies on the coordinated triggering of multiple events, including allosteric regulation of en2ymatic 

activities, protein modification and modulation of gene expression (2). In bacteria and eucarya 

transcriptional control of glycolysis can be positively or negatively regulated. In gram-positive 

bacteria the catabolite control protein (CcpA) was found to be a transcriptional activator of the las 

operon, consisting of genes encoding phosphofructokinase, pyruvate kinase and lactate 

dehydrogenase (63) (64). In gram-negative bacteria the fructose repressor protein (FruR) negatively 

regulates transcription of genes encoding glycolytic enzymes, and positively regulates transcription 

of genes encoding gluconeogenic enzymes (65). In yeast, a DNA-binding protein (GRC1) was 

found to strongly reduce the transcription levels of most glycolytic enzyme encoding genes (66) 

(67). 

Glycolytic control in archaea is still poorly understood. However, novel insights have 

recently been gained in the control of the modified EM-pathways from P. furiosus and T. tenax (34) 

(37) (61) (44) (68) (36). The activities of P. furiosus glycolytic enzymes appear often to be higher 

in cells grown on sugars compared to cells grown on peptides or pyruvate (69) (32) (37) (70). 

Transcript analysis of P. furiosus glycolytic enzymes encoding genes revealed more abundant 

signals on sugar-grown cells then on peptide- or pyruvate-grown cells (36) (37) (61) (71). The co-
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transcription of the genes coding for the T. tenax reversible PP;-dependent phosphofructokinase and 

fructose- 1,6-bisphosphate aldolase was 6-fold higher in heterotrophically then in autotrophically 

grown cells (61). In bacteria fructose-1,6-bisphosphate aldolase genes are sometimes co-transcribed 

with genes coding for other reversible enzymes of glycolysis, e.g. glyceraldehyde-3-phosphate 

dehydrogenase or phosphoglycerate kinase (72) (73). In the gram-positive bacterium Lactococcus 

lactis genes encoding irreversible phosphofructokinase and pyruvate kinase are organized as an 

operon and co-transcribed (74). Higher transcript levels under catabolic conditions might reflect the 

necessity of higher carbon flux rates through the glycolytic pathway. 

Nothing is known about potential regulators of the transcription of glycolytic enzyme 

encoding genes in archaea. However, an inverted repeat has recently been identified in promoter 

sequences of the genes encoding glycolytic enzymes in P. furiosus (not shown) (C. Verhees, 

unpublished). This repeat was not present in promoter sequences of genes encoding fructose-1,6-

bisphosphatase, glyceraldehyde-3-phosphate and phosphoglycerate kinase, enzymes that solely act 

in gluconeogenesis. Remarkably, it was apparent in the promoter structure of phosphoenolpyruvate 

synthase as well, but not in that of pyruvate kinase. Although it has been suggested before that 

phosphoenolpyruvate synthase rather than pyruvate kinase might be operating in glycolytic 

direction (75), this is still a matter of debate (76) (J. Tuininga, pers. comm.). Since the motif is 

present in promoter sequences of genes encoding glycolytic enzymes, it might represent a specific 

site for regulation the P. furiosus glycolytic pathway by a yet unidentified transcriptional regulator. 

In classical glycolysis, the reactions catalyzed by hexokinase, phosphofructokinase and 

pyruvate kinase are virtually irreversible. Hence, they would be expected to have regulatory as well 

as catalytic roles. In fact, all three enzymes are allosterically regulated control sites. The ADP-

dependent glucokinase from P. furiosus, the ADP-dependent phosphofructokinase and PPj-

dependent phosphofructokinase from P. furiosus and T. tenax, respectively, and the pyruvate kinase 

from T. tenax have been investigated on their regulatory roles (C. Verhees, unpublished) (34) (44) 

(68). Interestingly, none of these enzymes was allosterically regulated by any of the known 

allosteric effectors. Therefore, they presumably do not act as the major allosteric control point of 

the glycolytic pathway. Alternatively, GAPOR could be an important enzyme in control of the 

Pyrococcus glycolysis. GAPOR acts solely in glycolysis and the expression of its gene is induced 

by growth on sugars. In contrast, the expression of the glyceraldehyde-3-phosphate dehydrogenase 

gene is constitutively expressed. This confirms the involvement of GAPOR in the pyrococcal 

glycolysis, and has been proposed to be a novel site for glycolytic control (36). 

It is concluded that regulation of the glycolytic flux in P. furiosus might involve modulation 

of gene expression rather than allosteric regulation of enzyme activities. Complete genome micro-

arrays of P. furiosus are underway and will certainly provide more insight in the actual significance 

of regulation of gene expression in archaeal central metabolism (71) (M. Adams, pers. comm.). 
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Evolutionary aspects of archaeal glycolytic pathways 

In most organisms glucose catabolism is accomplished by an EM-like, an ED-like or 

sometimes a pentose phosphate pathway, that converge at the level of glyceraldehyde-3-phosphate, 

which is subsequently converted by a common core pathway of enzymes to pyruvate (77). The non-

phosphorylated ED-pathways in Sulfolobus, Thermoproteus and Thermoplasma form an exception 

since they converge with the EM-pathway at the level of 2-phospho-glycerate (Fig. 2.1). The 

common reversible core pathway that consist of the enzymes, glyceraldehyde-3-phosphate 

dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase, enolase, pyruvate kinase, 

and/or phosphoe«o/pyruvate synthase, appears to be present in all organisms. The complete 

conservation of the reversible core pathway, or C3-stage of glycolysis might suggest it to represent 

an ancient pathway, that might have been present in the common ancestor. 

The question remains which catabolic pathway, i.e. ED-pathway or EM-pathway represents 

the most ancient complete glycolytic pathway. It has been suggested that the ED-pathway predates 

the EM-pathway because the latter is more efficient from an energetic point of view, and thus less 

primitive (30) (78). However, the presence of an EM-pathway in anaerobic archaea and in deeply 

rooted bacteria would suggest the EM-pathway to represent a more ancient pathway (5). ED-

pathways are commonly found in organisms capable of respiration. It has been proposed that the 

ED-pathway in aerobic organisms co-evolved in conjunction with the complete citric acid cycle and 

aerobic respiration (5). However, the complete citric acid cycle is proposed to have evolved first as 

partial cycle, with reductive biosynthetic capacity in anaerobic organisms (78) (79) and presumably 

predate complete cycles present in aerobic deeply rooted archaea like Sulfolobus (57). The presence 

of an ED-pathway (similar to halophiles) in strictly fermentative organisms such as Zymomonas 

mobiles and in the strictly anaerobic Clostridium aceticum raises questions about the implied 

requirement for ED-metabolism coupled to (an)aerobic respiration (30). Thus, the historical 

question which pathway was first remains to be answered, although it seems likely that both 

pathways have partly (from glucose to glyceraldehyde-3-phosphate) evolved independently, and 

that the energy-poor ED-pathway can be used efficiently in combination with energy-rich 

(an)aerobic respiration (5). 

Modifications in the ED-pathway and EM-pathway appear to be mainly restricted to the C6-

stage of the pathways, i.e. above the level glyceraldehyde-3-phosphate. Modifications in the EM-

pathway include non-homologous enzyme displacements, natural inheritance and lateral gene 

transfer (37) (61). The modified versions of the ED-pathway mainly correspond to phosphorylation 

of the intermediates at a different level in the pathway and non-homologous enzyme displacement 

of at least the glucose dehydrogenase (49). The variations that occur above the level of 
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Abstract 

Pyrococcus furiosus uses a modified Embden-Meyerhof pathway involving two ADP-

dependent kinases. Using the N-terminal amino acid sequence of the previously purified ADP-

dependent glucokinase, the corresponding gene as well as a related open reading frame were 

detected in the genome of P. furiosus. Both genes were successfully cloned and expressed in 

Escherichia coli, yielding highly thermoactive ADP-dependent glucokinase and 

phosphofructokinase. The deduced amino acid sequences of both kinases were 21.1% identical but 

did not reveal significant homology with those of other known sugar kinases. The ADP-dependent 

phosphofructokinase was purified and characterized. The oxygen-stable protein had a native 

molecular mass of approximately 180 kDa and was composed of four identical 52-kDa subunits. It 

had a specific activity of 88 units/mg at 50 °C and a pH optimum of 6.5. As phosphoryl group 

donor, ADP could be replaced by GDP, ATP, and GTP to a limited extent. The Km values for 

fructose 6-phosphate and ADP were 2.3 and 0.11 mM, respectively. The phosphofructokinase did 

not catalyze the reverse reaction, nor was it regulated by any of the known allosteric modulators of 

ATP-dependent phosphofructokinases. ATP and AMP were identified as competitive inhibitors of 

the phosphofructokinase, raising the Km for ADP to 0.34 and 0.41 mM, respectively. 

Introduction 

During growth on poly- or disaccharides, the hyperthermophilic archaeon Pyrococcus 

furiosus uses a novel type of glycolytic pathway that is deviant from the classical Embden-

Meyerhof pathway in several respects (1, 2). First, instead of the classical ATP-dependent 

hexokinase, the pathway involves a novel ADP-dependent glucokinase (3, 4). Second, a novel 

ADP-dependent phosphofructokinase replaces the more common ATP-dependent 

phosphofructokinase (3). Third, the pathway is modified in the degradation of glyceraldehyde 3-

phosphate, which involves glyceraldehyde-3-phosphate ferredoxin oxidoreductase instead of the 

conventional couple glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase (5, 

6). Modifications of the classical Embden-Meyerhof pathway at one or more of these three steps 

have also been observed in members of the hyperthermophilic archaeal genera Thermococcus, 

Desulfurococcus, and Thermoproteus (2, 7). The presence of these modifications in P. furiosus and 

other hyperthermophilic microorganisms suggests that these are adaptations to elevated 

temperatures as a result of an altered biochemistry or a decreased stability of biomolecules. 

Although ATP is regarded as the universal energy carrier and the most common phosphoryl 

group donor for kinases, several gluco- and phosphofructokinases with a different cosubstrate 

specificity have been described. Beside ADP-dependent gluco- and phosphofructokinases that have 

been demonstrated in Pyrococcus and Thermococcus spp. (3, 4, 7), polyphosphate-dependent 
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glucokinases have been found in several other microorganisms. In addition, the glucokinase of 

Propionibacterium can use both ATP and polyphosphate as phosphoryl group donor (8). 

Furthermore, PPi-dependent phosphofructokinases have been described in several eukarya and 

bacteria and the hyperthermophilic archaeon Thermoproteus tenax (9). 

Phylogenetic analyses of phosphofructokinases grouped these enzymes into three clusters. 

In a multiple alignment of representatives of each cluster, functionally important residues were 

identified that were highly conserved between all phosphofructokinases (9). ADP-dependent 

phosphofructokinases were not included in this study, because primary sequences of these enzymes 

were not yet available. 

In this paper, we describe the cloning, expression, purification, and characterization of the 

ADP-dependent phosphofructokinase from P. furiosus. It is the first molecular and biochemical 

characterization of an ADP-dependent phosphofructokinase to date. 

Experimental procedures 

Materials 

Acetyl phosphate (potassium-lithium salt, crystallized), ADP (disodium salt), AMP 

(disodium salt, crystallized), aldolase (D-fructose-l,6-bisphosphate D-glyceraldehyde-3-phosphate-

lyase, EC 4.1.2.13; rabbit muscle), ATP (disodium salt), fructose 1,6-bisphosphate (trisodium salt, 

crystallized), GDP (dilithium salt), glucose 6-phosphate (disodium salt), glucose-6-phosphate 

dehydrogenase (D-glucose-6-phosphate:NADP+ 1-oxidoreductase, EC 1.1.1.49; yeast), glycerol-3-

phosphate dehydrogenase (s«-glycerol-3-phosphate:NAD+ 2-oxidoreductase, EC 1.1.1.8; rabbit 

muscle), NADH (disodium salt), phosphoenolpyruvate (tricyclohexylammonium salt), 

phosphoglucose isomerase (D-glucose-6-phosphate ketol-isomerase, EC 5.3.1.9; yeast), and 

triosephosphate isomerase (D-glyceraldehyde-3-phosphate ketol-isomerase, EC 5.3.1.1; rabbit 

muscle) were obtained from Roche Molecular Biochemicals. D-Fructose-1-phosphate (barium salt), 

D-fructose 2,6-bisphosphate (sodium salt), D-fructose 6-phosphate (disodium salt), (3-NADP 

(sodium salt), sea salts, sodium phosphate glass type 35, tetrapotassium pyrophosphate, 

tripolyphosphate pentasodium, and trisodium trimetaphosphate were from Sigma. All other 

chemicals were of analytical grade. Pfu DNA polymerase was obtained from Life Technologies Inc. 

Mono Q HR 5/5, Phenyl-Superose HR 5/5, Q-Sepharose fast flow, and Superdex 200 prep grade 

were obtained from Amersham Pharmacia Biotech, hydroxyapatite Biogel HT was from Bio-Rad. 

P. furiosus (DSM 3638) was obtained from the German Collection of Microorganisms 

(Braunschweig, Germany). Escherichia coli XL-1 Blue and E. coli BL21(DE3) were obtained from 
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Stratagene (La Jolla, CA). The expression vector pET9d was obtained from Novagen Inc. 

(Madison, WI). 

Organisms and growth conditions 

P. furiosus was mass-cultured (200 liters) in an artificial seawater medium supplemented 

with Na2W04 (10 (xM), yeast extract (1 g/liter), and vitamins, as described before (10) but with 

lower concentrations of Na2S (0.25 g/liter) and NaCl (20 g/liter). The fermentor (Bioengineering 

AG, Wald, Switzerland) was sparged with N2 , and potato starch was used as substrate (8 g/liter). 

E. coli XL1 Blue was used as a host for the construction of pET9d derivatives. E. coli 

BL21(DE3) was used as an expression host. Both strains were grown in Luria Bertani medium with 

kanamycin (50 ug/ml) in a rotary shaker at 37 °C. 

Preparation of cell-free extract from P. furiosus 

P. furiosus cells from a 200-liter culture were harvested by continuous centrifugation 

(Sharpies, Rueil, France) and stored at -20 °C until used. Cell-free extract was prepared by 

suspending cells in 2 volumes (w/v) of 50 mM Tris/HCl buffer, pH 7.8, and treatment in a French 

press at 100 megapascals. Cell debris was removed by centrifugation for 1 h atl00,000 x g at 10 °C. 

The supernatant was used for purification of the phosphofructokinase. 

Purification of the phosphofructokinase from P. furiosus cell-free extract 

The phosphofructokinase was partially purified from cell-free extract of P. furiosus. All 

purification steps were done without protection against oxygen. To prevent microbial 

contamination, all buffers contained 0.02% sodium azide. Phosphofructokinase activity was 

recovered from cell-free extract following precipitation between 40 and 60% ammonium sulfate 

saturation. The subsequent purification included chromatography on phenyl-Superose HR 5/5, Q-

Sepharose fast flow, hydroxyapatite Bio-Gel HT, mono Q HR 5/5, and Superdex 200 prep grade gel 

filtration. Alternatively, cell-free extract was applied to a dye affinity chromatography system as 

described before (11). 

Cloning of the phosphofructokinase gene 

The previously obtained N-terminal amino acid sequence of the ADP-dependent 

glucokinase from P. furiosus, partially published as MTAEALYKN(I/A), where X = ambiguous 

residue (4), was used for BLAST search of the P. furiosus data base (http://www.genome.utah.edu). 

After exchanging the ambiguous residues with several possible amino acids, a putative glucokinase 

gene was identified. Using the sequence of this gene, another open reading frame was identified by 

nucleotide sequence similarity in the P. furiosus data base. The following primer set was designed 
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to amplify this open reading frame by polymerase chain reaction: BG447 (59-

GCGCGTCATGATAGATGAAGTCAGAGAGCTCG, sense) and BG448 (59-GCGCGGGAT-

CCTTACTGATGCCTTCTTAGGAGGGA, antisense), with BspHl and BamHl restriction sites in 

bold. 

The 100-ul polymerase chain reaction mixture contained 100 ng of P. furiosus DNA, 

isolated as described before (12), 100 ng each of primer BG447 and BG448, 0.2 mM dNTPs, Pfu 

polymerase buffer, and 5 units of Pfu DNA polymerase and was subjected to 35 cycles of 

amplification (1 min at 94 °C, 45 sec at 60 °C, and 3 min 30 sec at 72 °C) on a DNA Thermal 

Cycler (Perkin-Elmer Cetus). The polymerase chain reaction product was digested (BspHI/BamHl) 

and cloned into an AfcoI/5o/wHI-digested pET9d vector, resulting in pLUW572, which was 

transformed into E. coli XL1 Blue and BL21(DE3). Sequence analysis on pLUW572 was done by 

the dideoxynucleotide chain termination method with a Li-Cor automatic sequencing system (model 

4000L). Sequencing data were analyzed using the computer program DNASTAR. 

Overexpression of the phosphofructokinase gene in E. coli 

An overnight culture of E. coli BL21(DE3) containing pLUW572 was used as a 1% 

inoculum in 1 liter of Luria Bertani medium with 50 |ag/ml kanamycin. After growth for 16 h at 37 

°C, cells were harvested by centrifugation (2200 x g for 20 min) and resuspended in 10 ml of 20 

mM Tris/HCl buffer, pH 8.5. The suspension was passed twice through a French press (100 

megapascals), and cell debris was removed by centrifugation (10,000 x g for 20 min). The resulting 

supernatant was used for purification of the recombinant phosphofructokinase. 

Purification of the recombinant phosphofructokinase 

The E. coli cell-free extract was heated for 30 min at 80 °C, and precipitated proteins were 

removed by centrifugation. The supernatant was filtered through a 0.45-um filter and loaded onto a 

Q-Sepharose column that was equilibrated with 20 mM Tris/HCl buffer, pH 8.5. Bound proteins 

were eluted by a linear gradient of NaCl (0 to 1 M in Tris/HCl buffer). Active fractions were pooled 

and desalted with 20 mM Tris/HCl buffer, pH 8.5, using a Centricon filter with a 30-kDa cutoff. 

Protein concentration and purity 

Protein concentrations were determined with Coomassie Brilliant Blue G250 as described 

before (13) using bovine serum albumin as a standard. The purity of the enzyme was checked by 

SDS-PAGE as described before (10). Protein samples for SDS-PAGE were heated for 5 min at 100 

°C in an equal volume of sample buffer (0.1 M citrate-phosphate buffer, 5% SDS, 0.9% 2-

mercaptoethanol, 20% glycerol, pH 6.8). 
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Determination of enzyme activity 

ADP-dependent phosphofructokinase activity was measured aerobically in stoppered 1-ml 

quartz cuvettes at 50 °C as described before (3). The assay mixture contained 100 mM MES buffer, 

pH 6.5, 10 mM MgCl2, 10 mM fructose 6-phosphate, 0.2 mM NADH, 2.5 mM ADP, 3.9 units of 

glycerol 3-phosphate dehydrogenase, 11 units of triosephosphate isomerase, 0.23 units of aldolase, 

and 5-25 JLII of enzyme preparation. The absorbance of NADH was followed at 340 nm (e = 6.18 

mM"'cm"). Care was taken that the auxiliary enzymes were never limiting. Specific enzyme 

activities were calculated from initial linear rates and expressed in units/mg of protein. 1 unit was 

defined as that amount of enzyme required to convert 1 umol of fructose 6-phosphate/min. The 

activity of the enzyme in the reverse direction was measured in an assay containing 100 mM MES 

buffer, pH 6.5, 12.5 mM fructose 1,6-bisphosphate, 2.5 mM AMP, 0.5 mM NADP, 0.35 units of 

glucose-6-phosphate dehydrogenase, 1.4 units of phosphoglucose isomerase, and 5-25 JJ.1 of 

enzyme preparation. The absorbance of NADPH was followed at 340 nm (e = 6.18 mM'cm"1). 

Molecular mass determination 

The molecular mass of the partially purified phosphofructokinase from P. furiosus cell-free 

extract was determined on a Superdex 200 gel filtration column using 100 mM Tris/HCl buffer, pH 

7.8, with 150 mM NaCl. The column was calibrated using the following standard proteins: 

ribonuclease A (13.7 kDa), chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), bovine serum 

albumin (67 kDa), aldolase (158 kDa), and catalase (232 kDa). 

Molecular mass determination of the purified recombinant phosphofructokinase was done 

by running PAGE gels at various acrylamide percentages (5, 6, 7, 8, 9, 10, 11, and 12%) as 

described before (14). The following molecular mass standards were used: lactalbumin (14.2 kDa), 

carbonic anhydrase (29 kDa), chicken egg albumin (45 kDa), bovine serum albumin monomer and 

dimer (66 and 132 kDa), and urease trimer and hexamer (272 and 545 kDa). 

The subunit molecular mass of the purified recombinant protein was determined by SDS-

PAGE, using a molecular mass standard mix of carbonic anhydrase (31.0 kDa), ovalbumin (45.0 

kDa), serum albumin (66.2 kDa), and phosphorylase b (97.4 kDa). 

pH optimum 

The pH optimum of the phosphofructokinase was determined at 50 °C in 200 mM 

Tris/maleate buffer over the pH range 5.0 -8.0. Buffer pH values were adjusted at this temperature. 

Care was taken that the auxiliary enzymes were not limiting at the various pH values. 
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Substrate specificity 

As possible phosphoryl group donors, ATP, GDP, GTP, pyrophosphate, phospho-

enolpyruvate, acetylphosphate, tripolyphosphate, trimetaphosphate (each 2.5 mM), and 

polyphosphate (sodium phosphate glass type 35, 0.25 mg/ml) were used in the activity assay instead 

of ADP. The divalent cation requirement was tested by adding 10 mM MnCl2 , CaCl2 , C0CI2 or 

ZnCl2 instead of MgCl2. 

Kinetic parameters 

Kinetic parameters were determined at 50 °C by varying the concentration of ADP (0.0125-

5 mM) or fructose 6-phosphate (0.1-10 mM) in the assay mixture in the presence of 10 mM 

fructose 6-phosphate or 2.5 mM ADP, respectively. Data were analyzed by computer-aided direct 

fit to the Michaelis-Menten curve. Furthermore, the data were used to construct Hill plots (log 

{VIV^-V) versus log 5). 

Allosteric effectors 

Regulation of phosphofructokinase activity by possible allosteric modulators was 

investigated by adding adenine nucleotides (ATP, ADP, or AMP; 2, 5, and 10 mM), metabolites 

(glucose, pyruvate, phosphoenolpyruvate, or citrate; 5 mM) or fructose 2,6-bisphosphate (0.1 and 1 

mM) to the assay mixture. Furthermore, the effect of KC1 and NaCl (30, 150 and 500 mM) on the 

enzyme activity was tested. 

Results 

Purification of the phosphofructokinase from P. furiosus cell-free extract 

Cell-free extracts of P. furiosus showed a phosphofructokinase activity of 0.038 units/mg. 

However, despite the use of various chromatographic techniques, we were unable to obtain a highly 

purified enzyme, because it tended to stick to other proteins, resulting in similar band patterns upon 

PAGE after each purification step. When applied to a hydrophobic interaction column, 

phosphofructokinase activity was completely lost. Moreover, the use of dye affinity 

chromatography was not successful; although the phosphofructokinase did bind to a number of the 

tested dye ligands, it could not be eluted specifically with ADP. Aspecific elution with NaCl did not 

result in loss of contaminating proteins. Consequently, following chromatography on five different 

columns, the enzyme was purified 80-fold to a specific activity of 3 units/mg but still contained 

several contaminating proteins (Fig. 3.1). 
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