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Chapter 1  INTRODUCTION 
 

1.1 ARCHAEA  

 

Although most of the cultivatable archaeal species are extremophiles (i.e. 

organisms thriving in extreme environments), it is well established that Archaea are 

ubiquitous and fundamental players of biogeochemical cycles on earth (Chaban et 

al., 2006; De Long, 1998; De Long & Pace, 2001). The assignment of Archaea as 

the third domain of life next to Bacteria and Eukaryotes was in 1977 (Woese & 

Fox, 1977). The classification was based on differences in the DNA sequences of 

the universal small subunit rRNA. Today, Archaea are divided into six kingdoms: 

Euryarchaeota (a group of methanogens, extreme halophiles, thermoacidophiles 

and a few (hyper)thermophiles (Woese et al., 1990)), Crenarchaeota (mostly 

(hyper)thermophiles (Woese et al., 1990)), Korarchaeota (comprising a group of 

uncultivated organisms (Auchtung et al., 2006; Elkins et al., 2008)), 

Nanoarchaeota (one tiny species Nanoarchaeum equitans, which can be only 

cultivated in co-cultures with Ignicoccus hospitalis (Crenarchaeum (Huber et al., 

2002)), Thaumarchaeota (represented by a few mesophilic species (Brochier-

Armanet et al., 2008; Pester et al. 2011)) and the recently proposed phylum 

Aigarcheaota (represented to date by one species Caldiarchaeum subterraneum 

(Nunoura et al., 2011)). 

Archaea are sometimes regarded as “a mosaic” of bacterial and eukaryal 

life forms, but they do exhibit numerous unique features. Bacterial-like features, 

such as being unicellular, the lack of a nuclear membrane and organelles, the 

presence of a circular DNA molecule, plasmids and the organization of genes in 

operon structures, are accompanied by mechanisms involved in information 

processing (e.g. transcription, translation), which represent less complex versions 

of the eukaryal equivalents. For instance, the bacterial RNA-polymerase (RNAP) 

consists of four different subunits associated with one sigma factor (σ-factor) 

forming the RNAP holoenzyme. The archaeal RNAP (consisting of 10 to 12 

subunits) as well as its promoter structure is more similar to the eukaryal RNAP II 

system.  However, it only requires two general transcription factors (as compared 

to nine in Eukaryotes) for initiating transcription: transcription factor IIB (TFB) 

and TATA-binding protein (TBP (Bell et al., 2001)). Despite the resemblance of 

the RNAP between Archaea and Eukarya, most of the transcription regulators from 

Archaea belong to the bacterial families of regulators (e.g. of the Lrp family 

(Aravind & Koonin, 1999)). However, Archaea differ in many aspects of their cell 

composition and cellular processes from Bacteria as well as from Eukaryotes. For 

example, murein, usually found in bacterial cell walls is absent, only in some 

methanogenic species pseudomurein is present (e.g. Methanobacterium 

thermoautotrophicum (König et al., 1983; König et al., 1982)). Many Archaea are 
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surrounded by a paracrystalline surface layer (S-layer, e.g. Sulfolobus solfataricus 

(König et al., 2007)) or harbor no cell wall at all (e.g. Thermoplasmatales (Itoh et 

al., 2007)). One unique archaeal characteristic is the archaeal membrane, which 

consists of glycerol with hydrophobic isoprene side chains bound via ether 

linkages, instead of ester bonds between the glycerol and the fatty acids found in 

Bacteria and Eukaryotes.  

In addition, Archaea are unique with respect to their metabolism, which is 

characterized by unusual, modified pathways (Sato & Atomi, 2011; Siebers & 

Schönheit, 2005). Beside the occurrence of special pathways like methanogenesis 

in Archaea (for review see (Thauer et al., 2008)), some common pathways that 

Bacteria and Eukaryotes have in common, like the oxidative pentose phosphate 

pathway, are absent from Archaea. Pentoses are either generated via the non-

oxidative pentose phosphate pathway and/or the reversed ribulose monophosphate 

pathway (RuMP). However, so far, only two archaeal proteins of the non-oxidative 

pentose phosphate pathway, i.e. ribose-5-phosphate isomerase in Pyrococcus 

horikoshii (Ishikawa et al., 2002) and transaldolase in Methanocaldococcus 

jannaschii (Soderberg & Alver, 2004), have been characterized, whereas it has 

been proposed that the RuMP pathway is utilized in a majority of Archaea (Orita et 

al., 2006). Furthermore, the archaeal pathways are characterized by many new and 

unusual enzymes, which substitute for classical bacterial and eukaryal counterparts 

(Siebers & Schönheit, 2005; Van Der Oost & Siebers, 2007). 

 

1.2 LIFE AT HIGH TEMPERATURE 

 

Challenging habitats for prokaryotic growth are high temperature environments, 

like terrestrial solfataric fields, hot springs as well as submarine hydrothermal and 

abyssal hot vent systems (black smokers). Whereas thermophilic Archaea thrive in 

habitats with temperatures of 60°C to 80°C, hyperthermophiles are known to grow 

in the range above 80°C up to 113°C (Stetter, 1999). Temperature is a pervasive 

environmental factor that influences most biotic as well as abiotic processes.  Thus 

life at high temperature requires efficient adaptation strategies. In the past, a major 

focus has been laid on the structural and mechanistic adaptation of cell components 

and macromolecules such as DNA, proteins and membranes (for review see 

(Daniel & Cowan, 2000; Imanaka, 2011; Kawashima et al., 2000; Stetter, 1999)).  

As compared to their mesophilic counterparts, proteins of hyperthermophiles are 

more stable at elevated temperatures and are often more resistant to chemical 

denaturants. The comparison between (hyper)thermophilic proteins and their 

mesophilic structural homologs revealed that various combinations of distinct 

stabilizing strategies contribute to enhanced protein stability (reviewed by (Daniel 

& Cowan, 2000; Imanaka, 2011). These include differences in the structural 

character (decrease in loop length, higher oligomerization state and more distinct 
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secondary structure) and in the chemical composition (selection of amino acids 

with more stable residues, substitution of polar for neutral amino acids to increase 

the number of ion pairs). Another feature of hyperthermophilic proteins seems to 

be a shift of hydrophobic residues to the interior and of charged residues to the 

surface of the protein, potentially stabilizing the protein through ion-pair formation 

(Cambillau & Claverie, 2000; Imanaka, 2011). 

Beside intrinsic factors, which are determined within the structure of the 

macromolecules itself, extrinsic factors like the accumulation of compatible solutes 

play a major role in thermoadaptation of (hyper)thermophilic organisms. 

Compatible solutes, such as amino acids (proline, glutamate, glycine), sugars 

(sucrose, trehalose), polyols and their derivates (e.g. di-myoinositol-phosphate 

(DIP) (Empadinhas & Da Costa, 2006)) can be accumulated up to high intracellular 

concentrations without interfering with metabolism. One well-known example is 

the disaccharide trehalose, which serves for example as osmolyte in order to 

balance changes in osmotic pressure and stabilizes proteins and membranes at high 

and low temperatures (for review see (Elbein et al., 2003)).  Several biosynthetic 

pathways for trehalose synthesis are known (Chen et al., 2006; Gueguen et al., 

2001; Kouril et al., 2008; Maruta et al., 1996). 

In general, chemical reactions proceed faster as the temperature is raised. 

An increase in temperature imparts more kinetic energy to the reactant molecules, 

resulting in more productive collisions per unit of time. The Arrhenius equation 

describes the temperature dependence of the reaction rate constant. In a certain 

range, enzyme catalyzed reactions are supposed to behave similarly such that their 

reaction rates increase by a factor of two to four when the temperature is increased 

by 10°C (Van 't Hoff's rule). This relationship needs to be reviewed, since no 

strong direct effect of temperature increase (30-38°C) could be found for the Vmax 

of glycolytic enzymes of Saccharomyces cerevisiae (Postmus et al., 2008).  

However, if an enzyme absorbs too much energy, its structure will be 

disrupted and the enzyme will be denatured and lose its activity. Consequently, a 

plot of the velocity versus temperature usually resembles a Gaussian distribution, 

with the angular point giving the optimal temperature of the enzyme. However, 

beside this dramatic effect of temperature, some organisms are able to keep some 

of their metabolic fluxes constant over a certain temperature range as reported for 

cold-adapted ectotherms (fish) living in costal zones (Hazel & Prosser, 1974). 

Temperature compensation was observed for single enzymes (“instantaneous 

temperature compensation”), balancing between their substrate affinity and their 

turnover number (Hochachka & Somero, 1968; Somero, 2004). A decrease in 

temperature was accompanied by an increase of affinity of the enzyme to its 

substrate, compensating the cold-induced reduction of velocity. Vice versa an 

increase in temperature was accompanied by a decrease in affinity; thus the 

catalytic efficiency of an enzyme remained constant (Andjus et al., 2002). In this 
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case, mechanisms that include enzyme-substrate interactions like conformational 

changes are involved. Theoretical studies discovered principles of temperature-

compensated fluxes of whole metabolic networks (Ruoff et al., 2007), showing that 

certain network topologies can lead to temperature compensation. The network 

should have more than one output flux, positive or negative feedforward and/or 

feedback loops and should be regulated by signal transduction events (e.g. by 

phosphorylation/ dephosphorylation) or by adaption through gene expression to 

balance input and output fluxes (Ruoff et al., 2007).  

 

1.3 CENTRAL CARBOHYDRATE METABOLISM  

 

Polysaccharides are a major source of carbon for many members of the three 

domains of life. Their utilization generally involves extracellular hydrolysis, uptake 

of oligosaccharides by specific transporters, followed by intracellular hydrolysis to 

generate hexoses like glucose, galactose, mannose and fructose. Subsequently, 

these monosaccharides are oxidized via well-conserved central metabolic 

pathways. The process of glycolysis is a central metabolic route, which consists of 

a series of well-known steps. Although these pathways have been studied in detail, 

their investigation is still challenging concerning pathway robustness, 

improvement, design for biotechnological applications and suitability as a basis for 

Synthetic Biology. 

Most anaerobic species utilize the revertible Embden-Meyerhoff-Parnas 

(EMP) pathway to form pyruvate from glucose (Figure 1), whereas organisms with 

an aerobic lifestyle use the Entner-Doudoroff (ED) pathway for glucose 

degradation (Figure 2). Also, a number of (hyper)thermophilic Archaea have the 

ability to utilize sugars as a source of carbon and energy. Many of them possess 

modifications of the classical sugar degradation pathways. In general, the bacterial 

phosphoenolpyruvate-dependent phosphotransferase systems (PTS (Kotrba et al., 

2001)) appear to be absent in Archaea. It was demonstrated that representatives of 

the anaerobic archaeal genera Pyrococcus and Thermococcus (Thermococcales) 

use a modified EMP pathway (Figure 1 (Ronimus & Morgan, 2003; Siebers & 

Schönheit, 2005; Verhees et al., 2004)). In contrast, the aerobic Sulfolobales utilize 

an unusual branched ED pathway (Figure 2 (Selig et al., 1997; Verhees et al., 

2004)) consisting of a semiphosphorylating (sp) branch and nonphosphorylating 

(np) branch (Figure 2). Another model organism of archaeal glucose metabolism is 

the hyperthermophilic, anaerobic crenarchaeon Thermoproteus tenax (Zillig et al., 

1981), which was shown to use the sp- and the np-ED branch as well as a modified 

EMP pathway in parallel for glucose breakdown (Ahmed et al., 2004; Zaparty et 

al., 2008). 
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Figure 1. Classical glycolytic EMP pathway (left) and modified glycolytic EMP 

pathway of the Thermococcales (right). Reactionson the right that differ from those of 

the classical pathway on the left are catalyzed by 
(1)

ADP-dependent glucokinase (Kengen et 

al., 1995), 
(2)

ADP-dependent phosphofructokinase (PFK; (Tuininga et al., 1999), 
(3)

glyceraldehyde-3-phosphate ferredoxin oxidoreductase
 
(GAPOR; (Mukund & Adams, 

1995)), 
(4)

non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN; 

(Matsubara et al., 2011)),
 (5)

phosphoenolpyruvate synthase (PEPS; (Imanaka et al., 2006; 

Sakuraba et al., 2001). Abbreviations: G6P, glucose 6-phosphate; F6P, fructose 6-

phosphate; FBP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; GAP, 

glyceraldehyde 3-phosphate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, 

phosphoenolpyruvate; PYR, pyruvate. 
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The modified EMP pathway differs from the classical EMP pathway by the 

presence of several unusual enzymes. For example, the Thermococcales use ADP-

dependent glucokinases (Kengen et al., 1995), ADP-dependent 6-

phosphofructokinase (PFK (Tuininga et al., 1999)), glyceraldehyde-3-phosphate 

(GAP) ferredoxin oxidoreductase (GAPOR (Mukund & Adams, 1995)), non-

phosphorylating NAD(P)
+
-reducing GAP dehydrogenase (GAPN (Matsubara et al., 

2011)), a novel type of glucose-6-phosphate (G6P) isomerase (PGI (Hansen et al., 

2004)), an archaeal class I type fructose 1,6 bisphosphate aldolase (FBPA) and 

involve a reversible phosphoenolpyruvate synthase (PEPS) involved in the 

conversion of phosphoenolpyruvate (PEP) to pyruvate beside pyruvate kinase (PK) 

(Figure 1 (Imanaka et al., 2006; Ma et al., 1997)). 

Notably, the EMP pathway of T. tenax involves a number of distinct 

enzymes that differ from those in Thermococcales, like a pyrophosphate (PPi)-

dependent PFK (Siebers et al., 1998) and an ATP-dependent hexokinase with 

broad substrate-specificity (Dörr et al., 2003), a unidirectional gluconeogenic PEPS 

and a reversible pyruvate-phosphate dikinase (PPDK (Tjaden et al., 2006)). 

Whereas the classical ED pathway seems to be restricted to aerobic 

Bacteria, for example Pseudomonas species, modifications have been identified in 

numerous Archaea (for review see (Conway, 1992)). Bioinformatic analysis 

suggested that the branched ED pathway is the common pathway found in Archaea 

(Zaparty & Siebers, 2010). One well studied organism is S. solfataricus. Previous 

studies revealed that S. solfataricus uses a promiscuous branched ED pathway for 

the catabolism of glucose and galactose to pyruvate (Figure 2 (Ahmed et al., 2005; 

Lamble et al., 2005)). The common part of the branched ED pathway in 

S. solfataricus involves the initial oxidation of glucose/galactose to 

gluconate/galactonate by glucose dehydrogenase (GDH (Haferkamp et al., 2011; 

Lamble et al., 2003)) and the dehydration by gluconate dehydratase (GAD (Kim & 

Lee, 2005; Lamble et al., 2004)) forming 2-keto-3-deoxygluconate (KDG)/ 2-keto-

3-deoxygalactonate (KDGal), the characteristic intermediates of this pathway.  

At the beginning of the sp-ED branch, KDG/KDGal is phosphorylated to 2-keto-3-

deoxy-6-phosphogluconate KDPG/ 2-keto-3-deoxy-6-phosphogalactonate 

(KDPGal) via KDG kinase (KDGK). KDPG/KDPGal as well as KDG/KDGal are 

cleaved by the bifunctional KD(P)G aldolase (KD(P)GA) yielding GAP and 

pyruvate in the sp-ED branch and glyceraldehyde (GA) and pyruvate in the np-ED 

branch (Figure 2 (Ahmed et al., 2005; Buchanan et al., 1999; Lamble et al., 2003; 

Lamble et al., 2005)). GAP is further metabolized either via the glyceraldehyde 3-

phosphate dehydrogenase (GAPDH)/ phosphoglycerate kinase (PGK) couple 

(Dello Russo et al., 1995; Hess et al., 1995; Jones et al., 1995) or via GAPN 

(Ettema et al., 2008). The formed 3PG is further converted to 2-phosphoglycerate 

(2PG) and further phosphoenolpyruvate (PEP) is formed via phosphoglycerate 

mutase (PGAM) and enolase (ENO).  
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Figure 2. Classical bacterial ED pathway (left) and the modified glycolytic ED 

pathway of aerobic Sulfolobales (right). Reactions on the right that differ from those of 

the classical pathway on the left are catalyzed by 
(1)

Glucose dehydrogenase (P. Haferkamp 

et al., 2011; Lamble et al., 2003), 
(2)

Gluconate dehydratase (GAD; (Ahmed et al., 2005; 

Kim & Lee, 2005; Lamble et al., 2004)), 
(3)

2-keto-3-deoxygluconate kinase (KDGK; 

(Lamble et al., 2005)), 
(4)

2-keto-3-deoxy(6-phospho)gluconate aldolase (KD(P)GA;(Ahmed 

et al., 2005; Buchanan et al., 1999; Lamble et al., 2003; Lamble et al., 2005)), 
(5)

aldehyde 

dehydrogenase (J. H. Jung & Lee, 2006) or aldehyde ferredoxin oxidoreductase (Kardinahl 

et al., 1999) and 
(6)

glycerate kinase (GK) (Liu et al., 2009). Abbreviations: sp, semi-

phosphorylative; np, non-phosphorylative; G6P, glucose 6-phosphate; 6P-gluconate, 6-

phosphogluconate; KDG, 2-keto-3-deoxygluconate; KDPG, 2-keto-3-

deoxyphosphogluconate; GAP, glyceraldehyde 3-phosphate; GA, glyceraldehyde; 3PG, 3-

phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate. 
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Finally, a second molecule of pyruvate is formed via the PK reaction (Figure 2). In 

the np-ED branch, GA is supposed to be oxidized to glycerate via either aldehyde 

dehydrogenase (ALDH) or an aldehyde ferredoxin oxidoreductase (AOR). The 

latter has broad substrate specificity and has been characterized from 

S. acidocaldarius (Kardinahl et al., 1999). Glycerate is then converted to 2PG via 

GK and channeled into the lower shunt of the EMP pathway forming a second 

molecule of pyruvate (Figure 2 (Zaparty & Siebers, 2010). S. solfataricus harbors 

in addition homologues of enzymes of the EMP pathway. However, because of the 

absence of a PFK homologue in S. solfataricus, it is suggested that the EMP 

pathway is utilized only in the gluconeogenic direction (Zaparty & Siebers, 2010). 

Under gluconeogenic growth conditions of S. solfataricus, pyruvate is 

converted to GAP via PEPS, ENO, PGAM, PGK and GAPDH in the common 

lower shunt of the EMP pathway. Triosephosphate isomerase (TIM) catalyzes the 

interconversion of GAP and dihydroxyacetone phosphate (DHAP) and a carbon-

carbon bond is formed via the archaeal type class I fructose 1,6-bisphosphate 

aldolase (FBPA), yielding fructose 1,6-bisphosphate (FBP). Archaeal type FBP 

phosphatase (FBPase) class V further dephosphorylates FBP to fructose-6-

phosphate (F6P).  

Recently, this class V FBPase was described as a bifunctional enzyme 

(FBP aldolase/ phosphatase (FBPA/ase)) in the (hyper)thermophilic Archaea 

Ignicoccus hospitalis, Metallosphaera sedula and Thermoproteus neutrophilus, 

catalyzing the direct conversion of DHAP and GAP to FBP as well as of FBP to 

F6P (Fushinobu et al., 2011; Say & Fuchs, 2010)). F6P can be either converted into 

G6P by PGI or might be used as a precursor for pentose formation via the reversed 

ribulose monophosphate (RuMP) pathway (Orita et al., 2006). G6P can be further 

utilized for formation of the energy- and carbon storage compound glycogen 

(König et al., 1982) and the compatible solute trehalose (Maruta et al., 1996; Park 

et al., 2007; Zaparty & Siebers, 2010).  

Some of these differences in the archaeal and bacterial sugar metabolism 

affect the net ATP yield. In the classical EMP pathway the metabolism of one 

molecule of glucose to two molecules of pyruvate has a net yield of two molecules 

of ATP, gained by substrate phosphorylation at the level of the GAP to 3PG 

conversion and a final substrate-level phosphorylation forming a molecule of 

pyruvate and a molecule of ATP by the means of PK. By contrast in the modified 

EMP pathway no ATP per molecule of glucose is gained, since, due to the 

utilization of GAPOR or GAPN, no ATP is produced during the conversion of 

GAP to 3PG (Figure 1). The bacterial ED pathway yields two molecules of 

pyruvate from glucose (same as the EMP pathway) and the net energy yield is one 

mole of ATP per mole of glucose utilized, since G6P is oxidized to KDPG which is 

cleaved by KDPGA to pyruvate and GAP, and GAP is further oxidized to pyruvate 

by EMP enzymes (where two ATP are produced by substrate level 

http://en.wikipedia.org/wiki/Substrate-level_phosphorylation
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phosphorylations (Figure 2)). In contrast, there is no net ATP yield gained in both 

archaeal ED branches, considering that GAPN and/or GAPOR is utilized in the sp-

ED branch. Presumably, in Archaea a major source of energy is the respiratory 

chain or anaerobic electron transport chain with O2 or S
0
 as final electron acceptor 

and the reduced ferredoxin or pyridine nucleotides as electron donors.  

 

1.4 SULFOSYS PROJECT 

 

The transnational Systems Biology of Microorganisms (SysMO) project 

„SulfoSYS” (Sulfolobus Systems Biology; www.sulfosys.com) was a collaborative 

project involving 10 European partners (Albers et al., 2009). It aimed to establish 

the first systems biology model of a (hyper)thermophile, a “Silicon Cell Model for 

the central carbohydrate metabolism of the Archaeon Sulfolobus solfataricus under 

temperature variation”, a precise replica for a part of the living cell (“a Silicon 

Cell”) to enable computation of life, particular of its robustness to changes in 

temperature. Several mechanisms to withstand and respond to such changes could 

contribute to different extents, like different temperature coefficients of enzymes, 

metabolic regulation of enzymes (effectors), changes in protein translation or gene 

transcription, posttranslational modifications, rerouting of metabolic flows or the 

formation of compatible solutes. In terms of systems biology, the SulfoSYS project 

proposed to quantify each of these mechanisms by the integration of genomic, 

transcriptomic, proteomic, metabolomic, kinetic and biochemical information as 

well as modeling (Albers et al., 2009). 

Model organism of the project is the crenarchaeon S. solfataricus P2, an 

acidophilic thermophile belonging to the order of the Sulfolobales. S. solfataricus 

(strain P2, DSM1617 (Zillig et al., 1980) Figure 3) was isolated from a Solfatara at 

the Pisciarelli fumarole field in Naples (Italy) and grows optimally at 80°C (60-

92°C) and pH 3 (pH 2-4). Because S. solfataricus is genetically tractable and the 

genome sequence is available, it is a suited archaeal model organism for systems 

biology analyses (Albers et al., 2006; Deng et al., 2009; Wagner et al., 2009; 

Worthington et al., 2003). Furthermore, it qualifies for studying archaeal 

metabolism, because it is very easy to cultivate under defined conditions and grows 

heterotrophically on a great variety of carbohydrates such as monosaccharides (e.g. 

arabinose, glucose, galactose), disaccharides (e.g. maltose, sucrose) and 

polysaccharides (e.g. starch), or amino acids or peptides (Grogan, 1989). Sugar 

substrates, such as glucose, trehalose and arabinose, are transported into the cell via 

a binding protein-dependent ATP-binding cassette (ABC) type transporter (Albers 

et al., 1999; Elferink et al., 2001). 
 

http://www.sulfosys.com/
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Figure 3. Electron micrograph of S. solfataricus P2 (Kindly provided by S.-V. Albers, 

MPI Marburg, Germany)  

 

In S. solfataricus, it has been demonstrated that galactose and glucose are 

metabolized via the promiscuous branched ED pathway (Ahmed et al., 2005; 

Lamble et al., 2003; Lamble et al., 2005). Although some enzymes of the CCM of 

S. solfataricus have been analyzed in detail (see 1.3), the complexity of the CCM 

network and in particular the functionality of that complexity is still not 

understood. BLAST searches with sequences of known bacterial and archaeal 

enzymes identified for several reactions a multiplicity of possible candidates in 

S. solfataricus, belonging to the same enzyme-, super- and suprafamilies. From the 

sequence, an exact functional prediction of the respective activity is not possible. 

Therefore, enzymatic studies are an essential prerequisite in the SulfoSYS project 

to identify all players in the investigated pathway. 

 

1.5 SYSTEMS BIOLOGY 

 

Any temperature challenge outside organisms is immediately present to all 

molecules inside the organisms. Temperature might influence all cellular processes 

and therefore an approach that determines and integrates all cellular mechanisms is 

obligate to study temperature adaptation strategies. 

Systems biology is a field of science combining experimental data, 

computer-based modeling and mathematical theory. This approach aims to 

comprise a “system-level” understanding of life and is therefore a valuable tool for 

the prediction of biological processes. A system can be a microbial community, a 

single organism or a particular metabolic network. All these systems have in 

common that their macromolecule activities are well-orchestrated in ways that 

involve the activities of multiple genes, mRNAs, and proteins (Westerhoff et al., 

2009). The interactions between all these molecules lead to new properties that 

matter for their collective biological functions. These interactions are controlled by 

many processes, including transcription, translation and metabolism. Metabolic 

systems are characterized by a number of parameters (e.g. enzyme concentrations, 

rate constants, temperature) and (time-dependent) variables, like metabolite 
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concentrations and reaction rates of enzymes. A system is considered to be in a 

steady-state when all its internal variables have become independent of time 

(Bruggeman & Westerhoff, 2007). Systems biological models aim to describe a 

defined part of a system in terms of their relevant elements and the interactions 

between them. They often also aim to link the layer of interacting molecules with 

the systemic function of the organism.  

Various strategies exist which all allow to build up such models. One way 

is the bottom-up approach, which starts with the collection of experimental data 

concerning the system components. It then describes the behavior of the system in 

terms of an integration of mathematical equations describing the components and 

their interactions as defined by existing pathway understanding (Bruggeman & 

Westerhoff, 2007). The integral model thereby predicts system functions. In order 

to evaluate the accuracy of the predictions, the behavior(s) of the in silico model is 

compared to those of the in vivo system (Westerhoff et al., 2009). These model-

types, often called silicon cell models, are mechanism based (optimally all 

parameter values are obtained in experimental measurements) and are rather small, 

describing distinct metabolic parts like glycolysis (e.g. (Teusink et al., 2000)) as 

part of the entire cellular metabolism. Another strategy is the top-down modeling 

approach, starting by describing the behavior of a system upon variation of 

parameters (e.g. temperature, C-source). Based on the observed phenotypes, 

models are created which describe the behavior in terms of correlations, e.g. 

correlated changes in fluxes and/or yield. This type of model is not mechanism-

based, since parameters of the processes do not correspond to physically real 

properties; they are phenomenological. Parameterization is achieved by fitting the 

behavior of the model to a real system (in vivo situation (Bruggeman & 

Westerhoff, 2007)). Yet, the empirical correlations observed may be so recurrent 

that they become empirical laws that inspire the discovery of mechanisms. 

The availability of experimental data for individual parameters drives the 

bottom-up strategy, whereas the availability of large sets of measured variables 

supports the top-down strategy. However, the goal of both approaches can be the 

same. Thus, results obtained from both models should be equivalent, especially 

when the systematic function is extended to a larger scale (e.g. whole organism). 

Optimal is the use of an iterative process including model development and 

experimental testing of hypotheses. Thus mathematical models design new 

experiments and the gained experimental data improve the estimates of the 

modeling parameter (Gadkar et al., 2005). 

Such models derived from systems biological approaches can be used, for 

example, to design a metabolic network to produce or desired commodities, like 

enzymes or metabolites relevant for industrial and medical applications (Jung et 

al., 2010; Vogel, 2010). Metabolic models are also used to identify new target 



Chapter 1  

   

28 

 

enzymes for drugs or to design new drugs with reduced side effects (Bakker et al., 

2000).  

 

1.6 AIM OF THIS WORK 

 

Archaea, the organisms of the domain of life recognized only 35 years ago, differ 

substantially from Bacteria and Eukarya both in the nucleotide and amino-acid 

sequence and in the biochemical properties of many of their macromolecules. In 

this thesis I do not ask how an individual macromolecule enables archaeal life. 

Rather I ask how specifically the networking of the molecules of Archaea 

determines the distinct ability of the latter to live under extreme conditions. 

Because emergence of biological functionality is a systems biology issue and 

because the field of archaeal research is relatively young, this thesis will develop 

one of the first systems biology approaches to Archaea. It will address the issue 

whether single-molecule evolutionary changes have sufficed to enable life under 

highly different conditions, or changes in networking of the molecules have been 

essential. 

Because of the anticipated complexity, the thesis will limit itself to a 

strategic subtopic. It will focus on how the systems biology of the carbon and 

energy metabolism of some Archaea contributes to the challenges of surviving at 

very high temperatures. More particularly it will address the extraction of Gibbs 

energy in the form of phosphorylated AMP from hexoses (C6 sugars) being 

degraded to pyruvate. The aim of the present work is to contribute to the current 

understanding of the complexity in the central carbohydrate metabolism (CCM) of 

S. solfataricus, to unravel its regulatory properties and finally to address the 

question, how metabolic networks in (hyper)thermophiles respond to temperature 

change. It will (i) inspect the complexity of this CCM of the Archaeon 

S. solfataricus, (ii) unravel some of its network regulatory properties, (iii) address 

the question how metabolic networks in (hyper)thermophiles respond to 

temperature change, and then (iv) discuss whether it is the networking of the 

molecules or the individual molecules themselves that enable life. The research 

described in this thesis is part of the SulfoSYS project and as prerequisite for this 

bottom-up systems biology approach, network reconstruction was done in order to 

identify all players of the central carbon network in S. solfataricus. In particular, 

candidate genes encoding different members of the aldehyde dehydrogenase 

superfamily were investigated in this work. CCM enzyme activities were 

determined in cell-free extracts of S. solfataricus cells grown on glucose at 65, 70 

or 80°C, respectively, in order to provide data for creating the metabolic silicon 

cell model of the S. solfataricus network. Based on model simulations (as 

discussed in 4.3) a special focus was laid on enzymes involved in the conversion of 

thermo labile intermediates in terms of their purification and characterization, i.e. 
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reaction kinetics and substrate specificity of GAPN, the GAPDH/ PGK couple and 

FBPA/ase are described at different temperatures. Also, the GK of S. solfataricus, 

an enzyme in the np-ED branch was analyzed at various temperatures, in order to 

get insight into the regulatory properties as well as the physiological role of this 

enzyme and the np-ED branch in general in the networks ability to deal with high 

temperature challenges. To clarify the role of GAPN, KDGK as well as the 

GAPDH/PGK couple in the metabolic networking, the phenotypes of gene deletion 

strains of these genes in S. solfataricus or S. acidocaldarius were analyzed under 

glycolytic and gluconeogenic growth conditions. 

 
1.7 STRUCTURE OF THE THESIS  

 

Chapter 2 of this thesis describes the various methodologies that were used and 

fine-tuned for the systems biology issues addressed. This often involved an 

increase in accuracy and robustness. Chapter 3 shows the results obtained, i.e. the 

heterologous expression, partial purification and kinetic characterization of the 

most relevant enzymes, the determination of the stability of relevant metabolites at 

elevated temperatures, and the effects of deletions of the enzymes on growth at 

various carbon sources. Using mathematical modeling and analyses, Chapter 4 

discusses the experimental results in the context of the importance of 

macromolecular networking for cell survival at various and life-challenging 

temperatures. It will conclude that a relevant data set now exists for archaeal 

systems biology and that it is likely that the proper networking of the molecules is 

crucial for the survival of S. solfataricus at variable temperatures. The special 

properties of S. solfataricus molecules may serve to enable this special networking. 

  



   

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 


