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Chapter 4  DISCUSSION 
 

Over the past years, “extremophiles” and especially (hyper)thermophiles have 

received much attention because they are discussed as the closest relatives to the 

last universal common ancestor of life on earth (Forterre, 1996).  

(Hyper)thermophilic Archaea function as model organisms to study adaptation 

strategies to high temperature. Furthermore, the application of enzymes from 

(hyper)thermophiles as well as (hyper)thermophilic production strains are 

considered to have a high potential for many industrial, molecular biology, and 

biotechnological applications (Van den Burg, 2003). 

 In a parallel development in the life sciences the emphasis has shifted from 

single molecules to networks. In particular the new discipline of systems biology 

(Westerhoff et al., 2009) emphasizes that much of the secrets of life reside in 

functionality that arises in the networking of its macromolecules. This thesis 

marries the interests in extremophiles to an interest in systems biology. It asks 

whether the third kingdom of life, the Archaea, also depend much on networking, 

or networking is a phenomenon reserved for prokaryotes and eukaryotes after the 

split from Archaea. It also wonders whether adaptation strategies to temperature 

challenges reside in the individual molecules or in their networks. And it searches 

for possible new challenges for all living organisms that may become clearer with 

extremophiles.  

In order to address the above issues and as part of the SulfoSYS project, 

the work described in this thesis focuses on a part of the CCM, i.e. the unusual, 

branched ED pathway for glucose and galactose catabolism to pyruvate in 

S. solfataricus P2. It studies its regulation under temperature variation with special 

emphasis on kinetic and biochemical characterization of the enzymes involved. 

One long-term goal of the project is to integrate the kinetic and biochemical 

information obtained in this work with genomic, transcriptomic, proteomic and 

metabolomic data and to develop a model of this part of the living cell (“a Silicon 

Cell”) to enable computation of life, particularly of its robustness to temperature 

changes at the system level (Albers et al., 2009). Because it is readily manipulated 

the silicon S. solfataricus should then enable anyone to discover its systems 

biology mechanisms by in silico experimentation and subsequent in vivo and in 

vitro validation. It should also enable effective synthetic biology and metabolic 

engineering. In anticipation of that model, this thesis already aims to recognize 

whether and if so, how the networking of the macromolecules in S. solfataricus P2 

enhances its fitness.  

This thesis began to delineate the relevant network and found it to deviate 

from that of non extremophiles such as E. coli and S. cerevisiae. In particular we 

noted parallel metabolic routes with different energetic efficiencies. It also 

determined the kinetic properties of some of the component enzymes, and found 
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some of these to have new regulatory properties. It took stock of the expression 

levels of enzymes by measuring their activities in extracts from cells grown at 

various temperatures. The thesis also integrated some of the data into bottom up 

kinetic models. In the first section of this discussion chapter I shall discuss the 

systems biology endeavor in some more detail. I shall show that S. solfataricus is 

well suited for bottom up systems biology. 

  In the second section I will discuss in detail possible answers to some of 

the questions raised, answers based on the data collected in this study in the 

perspective of data collected by others in the field. The final section of this 

discussion chapter will deal briefly with the issue whether the S. solfataricus 

mostly deals with challenges of its persistence through special molecular properties 

or through special networking of its molecules. 
 

4.1 TOWARDS A SILICON CELL: Constructing the systems biology model 

 

4.1.1 Pathway reconstruction & improved genome annotation 

The aim of systems biology approaches is to combine and integrate datasets 

derived from different methods to realize a comprehensive and quantitative view 

on cellular networks, such as metabolic pathways. Public databases are one major 

resource, allowing for the reconstruction of complete metabolic networks. 

Metabolic reconstruction is the basis for global analyses on the systems level. 

However, despite the massive amount of available sequence data, one major 

drawback is the uncertain quality of functional assignments, i.e. of the annotation 

of ORFs. In archaeal genomes up to 50% of the ORFs encode proteins with 

unknown function (‘hypotheticals’). Also miss-annotations are widespread in 

databases and increasing biochemical and structural knowledge about specific 

enzymes, enzyme families, super- and suprafamilies indicates that functional 

assignment from sequence data alone is often impossible. Therefore, validation, 

updates and curation of public databases with available experimental information 

like biochemical analysis of enzyme candidates are necessary to improve 

annotations. 

To improve the genome-wide sequence analyses, the SulfoSYS partners 

up-dated the available genome annotation of S. solfataricus P2 and 

S. acidocaldarius 98-3 in collaboration with Kira S. Makarova (NCBI, NLM, NIH, 

Bethesda, USA) using the arCOG database (Makarova et al. 2007) as well as 

available functional information (e.g. BRENDA database (Dietmar Schomburg, 

Technical University Braunschweig, GER), PubMed searches). For S. solfataricus 

P2, 175 ORFs (14 of these encoding orthologs reported from other S. solfataricus 

strains) could be assigned functionally as could be 33 ORFs for S. acidocaldarius 

98-3 (Esser et al., 2011). The curated genome was made publicly available via the 

SulfoSYS homepage (http://www.sulfosys.com/) and the UCSC archaeal genome 
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browser (http://archaea.ucsc.edu; in collaboration with Todd Lowe (University of 

California, USA)). 

As outlined above, functional prediction from sequence information alone 

is difficult. Paralogs representing homologs in the same species that do not catalyze 

the same reaction might be misidentified as orthologs (homologs in different 

species that catalyze the same reaction). One example is presented in this study: 

Bioinformatic studies revealed that S. solfataricus harbors five members of the 

ALDH superfamily (Figure 21; Sso-1218, Sso-1629, Sso-1842, Sso-3117, Sso-

3194). The ALDHs Sso-3194 and Sso-3117 had been characterized previously 

(Brouns et al., 2006; Ettema et al., 2008). Biochemical studies showed that Sso-

3117 used hydrophilic aldehydes as substrates, with the highest affinity towards 

DOP, followed by glycolaldehyde and GA (Brouns et al., 2006). The physiological 

role of this enzyme is suggested to be  the oxidation of DOP to 2-oxoglutaric acid 

in the D-arabinose degradation pathway, which is indicated by a combined 

transcriptomic and proteomic approach (Brouns et al., 2006).  Ettema and co-

workers confirmed that Sso-3194 exhibits GAPN activity using NADP
+
 as 

cosubstrate and GAP as substrate and furthermore, that the S. solfataricus GAPN is 

activated by G1P (Ettema et al., 2008). 

In two thermophilic Archaea, Thermoplasma acidophilum and Picrophilus 

torridus (Matthias Reher & Schönheit, 2006), one member of the ALDH enzyme 

superfamily was shown to possess GADH activity, a so far unreported enzyme 

activity in S. solfataricus. For the uncharacterized ALDH homologs in 

S. solfataricus, it had been proposed that these enzymes were paralogos and 

represented GAPN isoenzymes or orthologs constituting the missing GADH. In 

order to unravel the function these three ALDH genes were cloned and 

heterologously expressed in E. coli and their activity towards different aldehydes 

was tested (Table 6 (Esser et al., 2012). Two gene products (Sso-1629, Sso-1842) 

showed activity in the presence of GA, GAP and glycolaldehyde. However, the 

detailed enzyme characterization revealed only low catalytic efficiencies for these 

substrates (e.g. Sso-1629: 0.46 mM
-1

s
-1

 for GAP and 0.26 mM
-1

s
-1

 for GA; Table 

6). Further analyses demonstrated that these two ALDHs are SSADHs and revealed 

that both enzymes are also able to metabolize DOP, an intermediate in pentose (D-

arabinose) as well as ascorbate/ aldarate and amino acid metabolism in 

S. solfataricus (Brouns et al., 2006). For the candidate Sso-1218, methylmalonate-

semialdehyde dehydrogenase activity could be confirmed (Esser et al., 2012). 

Therefore, a major function of the three prospective ALDHs in the branched ED 

pathway, as GADH or GAPN isoenzyme, could be excluded and the np-ED branch 

still misses an identified functional GADH, which catalyzes the conversion of GA 

to glycerate.  

http://archaea.ucsc.edu/
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A homolog of the AOR characterized in S. acidocaldarius has been identified in 

the S. solfataricus genome (AOR consists of three subunits; Sso-2636, Sso-2637, 

Sso-2639; Figure 21), suggesting that GA is converted by a ferredoxin-dependent 

enzyme (Kardinahl et al., 1999). The AOR of S. acidocaldarius is a molybdenum 

containing protein and exhibits catalytic activity with GA, GAP, formaldehyde, 

acetaldehyde, propionaldehyde and isobutyraldehyde (Kardinahl et al., 1999). We 

therefore propose that an aldehyde oxidoreductase with ferredoxin rather than 

NAD(P) as electron acceptor, encoded by Sso-2636, Sso-2637, Sso-2639 functions 

to convert glyceraldehyde to glycerate in S. solfataricus.  

 

 

 

 

 
Figure 21. Reconstruction of the CCM in S. solfataricus. CCM reactions involved in 

the branched ED and the EMP pathway as well as glycogen, trehalose and pentose 

(RuMP) metabolism. Figure was taken from Zaparty et al., 2009 and modified. Enzyme 

abbreviations and identified ORF IDs of candidates are given. For grey shaded ORFs 

different functions have been established from what is indicated here and had been 

postulated before as discussed in the text; for the underlined ORFs corresponding –omics 

data are available Table 21, for the green shaded ORFs a function in the network has been 

confirmed (Sso3003 (Lamble et al., 2003; Milburn et al., 2006); Sso3204 (Haferkamp et 

al., 2011); Sso3198 (Kim & Lee, 2005; Lamble et al., 2004); Sso3195 (Kim & Lee, 2006); 

Sso3197 (Ahmed et al., 2005; Lamble et al., 2005); Sso3194 (Ettema et al., 2008); Sso0528 

(Dello Russo et al., 1995; Littlechild & Isupov, 2001); Sso0527 (Jones et al., 1995); 

Sso0417, Sso0913, Sso0883, Sso0981 (Patrick Haferkamp, 2011); Sso2592 (Esser, 

unpublished data); Sso0666; Sso0286 (this study) ; Sso2093, Sso2095 (Gueguen et al., 

2001; Maruta et al., 1996) 

Intermediates: Xyl5P, xylulose 5-phosphate; R5P, ribose 5-phosphate 

Enzymes (including EC number): HK (EC 2.7.1.1); PFK (EC 2.7.1.11); ENO (EC 

4.2.1.11); FBPA (EC 4.1.2.13); FBPA/ase (EC 3.1.3.11); GA, glucan-1,4-a-glucosidase 

(EC 3.2.1.3); GAD (EC 4.2.1.39); GADH (EC 1.2.1.3); GAPDH (EC 1.2.1.12/13); GAPN 

(EC 1.2.1.9); GDH (EC 1.1.47); AOR (EC 1.2.7.3); GK (EC 2.7.1-); GLGA, glycogen 

synthase (EC 2.4.1.11); GLGP, glycogen phosphorylase (EC 2.4.1.1); UGPA, UTP-

glucose-1-phosphate uridylyltransferase (EC 2.7.7.9); KD(P)GA (active on KDG as well as 

KDPG; EC 4.1.2.-); KDGK (EC 2.7.1.45); PEPS, phosphoenolpyruvate synthetase (EC 

2.7.9.2); PGAM, phosphoglycerate mutase (EC 5.4.2.1); PGI, glucose-6-phosphate 

isomerase (EC 5.3.1.9); PGK (EC 2.7.2.3); PGM, phosphoglucomutase (EC 5.4.2.2); PK, 

pyruvate kinase (EC 2.7.1.40); PPDK, pyruvate, phosphate dikinase (EC 2.7.9.1); TIM, 

triosephosphate isomerase (EC 5.3.1.1);PHI/HPS, 3-hexulose-6-phosphate isomerase/3-

hexulose-6-phosphate synthase (EC 5.-.-.-/4.1.2.-); TK, transketolase (EC 2.2.1.1); TreT, 

trehalose glycosyltransferring synthase (E.C 2.4.1.B2); TreY, maltooligosyltrehalose 

synthase (EC 5.4.99.15); TreZ trehalose hydrolase (EC 3.2.1.141).  
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One implication is that the electrons enter the electron transfer chain at a less 

negative redox potential and that their ATP yield is smaller than if the enzyme had 

been an NAD(P) dependent dehydrogenase.  

A potential advantage for the organism is that the oxidation of 

acetaldehyde is more irreversible and active at lower glyceraldehyde 

concentrations. This would be consistent with the hypothesis that detoxification of 

aldehydes including glyceraldehyde is an issue in the organism.  Although, the use 

of promiscuous enzymes (e.g. GDH, GAD, KD(P)GA) in sugar metabolism seems 

to be a general feature in S. solfataricus, also isoenzymes with higher specificity 

seem to be used. In S. solfataricus for example two enzymes have been 

characterized for the GDH reaction. The enzyme GDH-2 (Sso-3204, Figure 21) 

seemed to be specific for D-glucose with dual co-substrate (NAD
+
/NADP

+
) 

specificity (Haferkamp et al., 2011), whereas the GDH-1 protein (Sso-3003; Figure 

21)) catalyzes the oxidation of miscellaneous C5 (xylose, arabinose, ribose, 

lyxose), C6 (glucose, galactose, idose, glucosamine, fucose, 2-desoxy glucose, 6-

desoxy glucose) and C12 (maltose, lactose, sucose) sugars (Lamble et al., 2003; 

Milburn et al., 2006). The comparison of kinetic parameters suggests that GDH-2 

might represent the major player in glucose catabolism via the branched ED 

pathway, while GDH-1 might have a role in the degradation of a variety of sugars. 

The utilization of isoenzymes with different catalytic properties seems to allow for 

a high metabolic flexibility (Haferkamp et al., 2011). BLAST analyses also 

suggested the presence of several GAD as well as KD(P)GA isoenzymes in 

S. solfataricus but biochemical identification shall be necessary (see above; Figure 

21).  

Various archaeal sugar kinases with different (co-)substrate specificity are 

members of the diverse ribokinase superfamily (e.g. ADP-glucokinases, ADP-

PFKs, ATP-PFKs and KDGK) and the ROK (repressors, open reading frames of 

unknown function, and sugar kinases) family (e.g. ATP-glucokinases/ HKs). Four 

possible, uncharacterized sugar kinases were identified in the S. solfataricus 

genome, two of which belong to the ribokinase family (Sso-0004, Sso-2449; 

COG00524: sugar kinase, ribokinase family) and two are members of the 

BadF/BadG/BcrA/BcrD ATPase family (Sso-0950, Sso-3218; COG02971: N-

acetylglucosamine kinase; Figure 21). BLAST search analyses (blastp) revealed 

low sequence similarity to the characterized KDGK (Sso-3195; relevant hits: Sso-

0004, e-value 4e
-09

, Sso-2449, e-value 6e
-06 

(Ahmed et al., 2005; Kim & Lee, 

2006)). ATP as well as ADP-dependent HK activity could be identified during this 

study in cell-free extracts of S. solfataricus P2. ATP-dependent HK activity has 

been demonstrated in S. solfataricus MT4 cell-free extracts (8 U/g cell-free extract 

(70°C); (De Rosa et al., 1984)). However, the responsible enzyme could not be 

identified. 
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Nucleoside triphosphate (e.g. ATP (100%), CTP (81%)) dependent HK 

activity was demonstrated in S. tokodaii (ST2354, (Nishimasu et al., 2006, 2007) 

and the crystal structure has been solved (Nishimasu et al., 2007). S. tokodaii HK 

has a broad substrate specificity; it is able to phosphorylate glucose, mannose, 

glucosamine, N-acetylglucosamine (GlucNAc), 2-desoxyglucose and to a small 

extent also fructose (Nishimasu et al., 2006, 2007). The inhibitory effect of ADP 

(Ki= 18 µM) on S. tokodaii HK activity is a new feature, which has not been 

observed for other known archaeal ATP-HKs so far (Dörr et al., 2003).  

Since Sso-3218 has the highest sequence similarity (51% aa identity, e-

value 2e
-104

) to S. tokodaii HK, it was suggested that the encoded enzyme is the 

candidate for ATP-dependent glucose phosphorylation in S. solfataricus 

(Nishimasu et al., 2006). However, also Sso-0950 shows sequence similarity to the 

S. tokodaii HK (31% aa identity, e-value 1e
-31

) and could exhibit HK activity.  

The function of HK in S. solfataricus might be to provide the precursors 

G6P and by the phosphoglucose/-mannose isomerase (PGI; Sso-2281; Figure 21) 

reaction F6P for pentose formation (via reversed RuMP pathway), and G1P (via 

the phosphoglucomutase (PGM) Sso-0207) for glycogen and trehalose formation 

(Figure 21). The activity of Sso-HK in cell extracts of S. solfataricus was about 

400-fold lower than that of GDH in cell extracts of S. solfataricus (ATP-HK: 

2.5 U/gCE (80°C); GDH: 1000 U/gCE (80°C)), suggesting that intracellular glucose 

is predominantly metabolized to pyruvate for Gibbs energy harvest production, 

whereas a small proportion of glucose is phosphorylated to G6P for biosynthesis. 

Due to inhibition of S. tokodaii HK by ADP it is tempting to speculate that, under 

conditions of low-energy charge, glucose is used for energy production via the ED 

pathway rather than for biosynthesis (e.g. pentoses via RuMP pathway; Nishimasu 

et al., 2006). 

ATP, ADP nor PPi-dependent PFK activity could be detected in cell-free 

extracts of S. solfataricus (Table 17), thus, as reported previously, supporting the 

strict gluconeogenic function of the EMP pathway in S. solfataricus (Albers et al., 

2009; Lamble et al., 2003; Nunn et al., 2010; Selig et al., 1997; Verhees et al., 

2004). However, cell-free extract measurements of sugar kinase activity in 

S. solfataricus turned out to be generally difficult: only low kinase activity (HK, 

GK) was detected. Therefore, for a final evaluation of a possible glycolytic 

function of the EMP pathway in S. solfataricus ongoing functional analyses of the 

identified sugar kinases homologs has to be awaited. 

 

4.1.2 Non enzymatic pathways: Thermal instability of glycolytic intermediates  

Adaptation to a new environment via regulation of gene transcription and protein 

synthesis is supposed to take place on a timescale of multiple minutes to hours 

(depending on the organism), whereas accumulation of metabolites occurs in 

seconds. Therefore, a special challenge for organisms growing at high temperature 
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is the change in carbohydrate concentrations and composition due to the instability 

of some carbohydrates at high temperature. Especially some triosephosphates are 

extremely heat labile, raising questions about the resulting decay products as well 

as the adaptation of the organisms to this challenge.  

The decompositions at high temperatures add extra reactions to the metabolic 

network that is otherwise specified by the genome (see the section above).   

Closer inspection of the stability of metabolic carbohydrates at high 

temperature revealed that most intermediates, like 3PG, 2PG (Patrick Haferkamp, 

2011), G6P, F6P, FBP (this thesis) showed no considerable decay at 80°C, while 

some compounds, like PEP (half-life: 22 min, (Patrick Haferkamp, 2011)), GAP 

(half-life: 1.6 min), DHAP (half-life: 5.3 min), GA (half-life: 32 min) and 1,3BPG 

(half-life 60°C: 1.6 min; (Ahmed et al., 2004) decompose at 80°C (Figure 26). 

Also, previous studies, dealing with the carbon metabolism of (hyper)thermophilic 

Archaea (Ahmed et al., 2004; Imanaka & Atomi, 2002; Kouril et al., 2012; Say & 

Fuchs, 2010), indicated that the reactions involved in GAP conversion are one of 

the biggest challenges for (hyper)thermophiles, due to the high instability of 

DHAP, GAP and 1,3BPG. 

 

4.1.3 Kinetics of the pathway enzymes 

The enzymes involved in DHAP, GAP and 1,3BPG conversion were characterized 

in detail at various temperatures. The aim was to gain insights, if a metabolic 

network can adapt to high temperatures specifically by regulating kinetic properties 

of enzymes, i.e if temperature has a strong effect on the kinetic properties of 

enzymes, i.e. Vmax and KM –values. 

 

4.1.3.1 GAPN 

Within this study the influence of temperature on the rate parameters of Sso-GAPN 

in presence and in absence of its effector G1P was analyzed. The analyses in 

absence of G1P, revealed that the catalytic efficiency of GAPN for its substrate 

GAP increased proportionally with temperature (Table 8), indicating that heat-

instable GAP will be more efficiently converted to heat-stable 3PG with increasing 

temperature, therefore compensating for the decay of GAP, which increases 

exponentially with temperature (Figure 18). In contrast, it could be shown for 

NADP
+
 that, the catalytic efficiency of GAPN reduces by about 50% (due to a 

higher KM-value) at temperatures above 70°C.  

In the presence of G1P the velocity of S. solfataricus GAPN is strongly 

enhanced and the affinity of the enzyme for GAP increases in the presence of 

µmolar amounts of G1P, whereas the affinity towards NADP
+
 remains unaffected 

(Figure 10). Addressing the effect of G1P on Sso-GAPN at different temperatures, 

our effectors studies revealed that the activation by G1P is strongest at rather low 
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temperatures (Figure S1). This implicates that accelerated glycolysis is important 

especially at lower temperatures to enhance glycolytic flux rates.  

 

4.1.3.2 GAPDH 

The GAPDH of S. solfataricus has been investigated previously and the 

characterization revealed that it is able to use both NAD
+
 and NADP

+
, but exhibits 

a clear preference for NADP
+
 (Dello Russo et al., 1995; Littlechild and Isupov 

2001). In this study the influence of temperature on the anabolic as well as the 

catabolic direction was investigated. The data revealed that the GAPDH of S. 

solfataricus is a reversible enzyme, but possesses a clear preference for the 

anabolic direction, which is reflected by a significantly higher catalytic efficiency 

for NADPH in comparison to NADP
+
 (e.g 9-fold at 80°C) and for 1,3BPG in 

comparison to GAP (e.g 4-fold at 80°C; Table 10,11). Remarkably, the GAPDH 

characterization in dependence of phosphate (catabolic reaction) revealed a KS-

value for Pi of 300 (+/- 40) mM at all investigated temperatures, thus decreasing 

the catabolic efficacy of the enzyme to nearly zero (Table 10).  

  However, when GAP oxidation via GAPDH was assayed in vitro in the 

presence of high phosphate or arsenate concentrations, the efficiency of the enzyme 

was constant over the investigated temperature range, regulating the GAP flux 

through the GAPDH reaction by compensating the temperature-induced increase in 

enzyme velocity with a decreasing affinity for GAP (temperature compensation).  

The affinity of GAPDH for 1,3BPG and NADPH revealed to be constant 

over the investigated temperature range (Table 11), thus the anabolic efficiency of 

the GAPDH increases with temperature. Hereby the enzyme might compensate for 

the enhanced spontaneous decay rate of 1,3BPG with temperature.  

 

4.1.3.3PGK 

The PGK reaction in S. solfataricus is reversible, synthesizing 3PG and ATP from 

1,3BPG and ADP in an Mg
2+

-dependent reaction and vice versa. 

  In vitro, catabolic PGK activity was hard to detect, since 1,3BPG is 

commercially not available and had to be synthesized by GAPDH during the assay 

and therefore the determined kinetic parameters exhibit only an indicative character 

as described above (see 3.3.4). However, these are the first available studies on 

catabolic kinetics of a (hyper)thermophilic PGK. Catabolic PGK activity was 

determined at 70°C and exhibited a maximal velocity of 15 U/mgPP with KS-values 

of 2 mM for 1,3BPG and 0.016 mM for ADP (Table 13). Moreover, ADP-

inhibition of PGK with a Ki-value of 5.3 mM was observed (Figure 13). The high 

catalytic efficiency of PGK for ADP (740 mM
-1s-1

; Table 13) suggests that, 

intracellular ADP is efficiently recruited by PGK, allowing a rapid conversion of 

1,3BPG.  
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Anabolic Sso-PGK activity was inhibited in the presence of AMP (0.1 mM AMP 

61% and 1 mM AMP 45.7% residual activity) and ADP (0.1 mM ADP 60%, 1 mM 

ADP 18% residual activity). The affinity of PGK for ATP was low and decreased 

with increasing temperature (Table 13), thus resulting in very low catalytic 

efficiencies between 2 mM
-1s-1

 at 60°C and 1 mM
-1s-1

 at 80°C. The decrease in ATP 

affinity in combination with  increasing velocity of the enzyme at high 

temperature, results in a compensatory response with low, constant ATP-fluxes 

through the PGK reaction at all temperatures. The affinity of PGK for 3PG was 

nearly constant through the lower temperature range (60-70°C), but increased at 

80°C about 3-fold. Therefore, the flux through the gluconeogenic PGK reaction 

seems to be influenced by the cellular AMP, ADP and ATP concentration, i.e. by 

the energy charge of the cell and the actual growth temperature.            

 

4.1.3.3 FBPA/ase 

The FBPA/ase of S. solfataricus exhibits anabolic bifunctionailty. Temperature-

dependence of single phosphatase activity of Sso-FBPA/ase was analyzed by 

adding FBP as single substrate. The turnover number (kcat) for FBP approximately 

doubled when the temperature was increased by 10°C (Table 7). In contrast, the 

substrate affinity for FBP increased with temperature, which results in similar 

catalytic efficiencies for the single phosphatase reaction of Sso-FBPA/ase at all 

investigated temperatures (Table 7, Figure 7).  

Aldolase activity was only determined coupled with the phosphatase 

activity, i.e with GAP&DHAP as substrates using a continuous spectrophotometric 

assay for F6P formation. Thereby, it was observed that the efficiency of the 

coupled aldolase/phosphatase activity of Sso-FBPA/ase was virtually constant over 

the temperature range from 60-80°C, whereas it decreases at 88°C (Table 7). The 

decrease in efficiency with increasing temperature might be due to degradation of 

the enzyme with concurrent loss in activity or due to non-enzymatic decay of the 

metabolites DHAP and GAP (possibly producing toxic methylglyoxal and 

phosphate and changing substrate concentrations) interfering with the assay.  

However, in comparison to FBP the efficiency (kcat/KM) for the 

triosephosphates was about 50% lower. This might indicate that the coupled 

aldolase/phosphatase activity of the Sso-FBPA/ase is only required when large 

amounts of the triosephosphates have to be transformed quickly to prevent heat-

induced metabolite decay, since in addition to the bifunctional enzyme, a homolog 

of the archaeal type class IA FBPA was identified in S. solfataricus (see below 

4.2.6). In our assays we have not been able to detect a specific/single aldolase 

activity , i.e the release of FBP during enzymatic activity. Furthermore we could 

not detect the reverse reaction; that is, FBP cleavage. Interestingly, structural 

investigations of the homolog in S. tokodaii revealed that the enzyme consists of 
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one single catalytic domain, catalyzing this two distinct chemical reactions 

(Fushinobu et al., 2011). 
 

4.2 LIFE IN THE HOT LANE: HOW S. SOLFATARICUS DEALS WITH 

TEMPERATURE CHALLENGE 

 

4.2.1 Two ways to be robust against temperature variation that the organism 

does not use 

One of the issues studied by this thesis is how some living organisms can deal with 

such pervasive challenges as strong temperature changes in their environments. 

Because of the fairly strong temperature dependence of most chemical reactions 

one would expect strong changes in the metabolism of the organism which would 

not automatically be consistent with optimal function. To address a number of 

hypotheses how robustness with respect to temperature variation might be 

achieved, S. solfataricus was grown at 60, 70 and 80°C temperature. Subsequently, 

the measurements of activities of ED enzymes with cell-free extracts derived from 

these fermentations were performed at 65, 70°C, 80°C (Table 16). Generally, for 

all enzymes of the branched ED pathway, except GK (Vmax < 5 U/gCE), KDGK, 

GADH and ENO, significant enzyme activities could be determined and an 

overview of ED enzyme activities in S. solfataricus grown at different temperatures 

could be generated (Table 15). As outlined above, GADH enzyme is absent from 

S. solfataricus. Instead it is suggested that S. solfataricus uses an AOR for GA 

degradation, as described for S. acidocaldarius (Kardinahl et al., 1999). Since the 

assays for GK, KDGK (Lamble et al., 2005) and ENO (Patrick Haferkamp, 2011) 

activities have been approved with the available recombinant enzymes, these 

enzyme activities seem to be below the detection limit, although at least ENO is 

required for growth (Figure 21). 

One hypothesis was that evolution had selected for enzymes that catalyzed 

their reactions in a temperature independent way. Table 16 (see also Table 20 

below) falsifies this hypothesis: Vmax’s are significantly temperature dependent. 

Most enzyme activities decrease by factors ranging from 1.3 to 2.7 for the decrease 

in temperature from 80°C to 70°C (except GDH reaction with galactonate and 

NADP
+
 as substrates), which is in line with the Van ‘t Hoff law of a 2 to 3-fold 

increase in rate constants for each 10 degrees increase in temperature (Table 16, 

20). I conclude therefore that the hypothesis that the organism has reduced the 

temperature dependence of its individual enzymes below, which would be normal 

in order to deal with temperature changes, can be considered falsified for S. 

solfataricus. This conclusion is consistent with the phenomenon that the growth 

rate of the organism is strongly temperature dependent: apparently the organism is 

happy to use the possibility offered by chemistry to have higher reaction rates at 

higher temperatures and thereby grow faster. We found that S. solfataricus neither 
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expressed different isoenzymes at lower temperatures, that reactions are catalyzed 

at the same high rates as with high temperature (complete temperature 

compensation) nor that it expressed different isoenzymes at different temperatures 

such that the temperature optimum of the cell-free extract was equal to the 

temperature of cell growth. Accordingly, if the flux through the metabolic network 

is only dependent on the activation energy, the doubling time of S. solfataricus 

should reduce 50% by a decrease in growth temperature from 80°C to 70°C. 

However, the experimentally observed doubling times in S. solfataricus (80°C 

(td=14 h), 70°C (td= 19 h (Zaparty et al., 2009)) showed only a 35% decrease in 

growth rate.  

 
Table 20. Relative decrease of specific activities (kcat) of enzymes of the ED pathway 

with decreasing temperature. Specific activities are those at 80°C relative (in terms of 

ratio) to those at the lower temperature (see Table 16). 

 

Growth T 80°C 70°C 65°C 

Assay T [°C] 80 vs 70 80 vs 65 80 vs 70 80 vs 65 80 vs 70 80 vs 65 

GDH 
Glu, NADP+ 

2.1 2.3 2.2 3.2 1.8 3.5 

GDH 
Glu, NAD+ 

1.8 2.5 2.3 8 1.6 3.5 

GDH 

Gal, NADP
+
 

0.3 2 1.2 1.3 2.3 2.8 

GDH 

Gal, NAD
+
 

2.2 2.9 2.3 3 1.7 3.1 

GAD  
Gluconate 

1.3 1.8 1.2 1.7 1.3 1.4 

GAD  
Galactonate 

1.5 2.4 1.5 2 2.2 11.2 

KD(P)GA 
PYR, GAP 

2.2 5.8 2.7 6.1 2.2 3.2 

KD(P)GA 
PYR, GA 

1.9 2.4 1.3 1.6 2.3 3.4 

GAPN 
GAP, NADP+ 

1.7 2.4 2.6 3.6 2.2 2.7 

GAPDH 
GAP,NADP+, NaAs 

1.3 3.8 1.7 2 2.7 3.1 

PGK 
3PG, ATP 

1.5 1.9 1.3 1.7 1.3 1.4 

PGAM 
3PG 

1.3 2.1 1.3 2.7 1.7 3.5 

Measurements were performed by Patrick Haferkamp (Patrick Haferkamp, 2011) 
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A second way, in which an organism could reduce the metabolic challenge of 

temperature variation, is by making the temperature dependence of the Vmax’s of all 

its enzymes identical. In that case an increase in temperature by a certain factor 

would increase the steady state fluxes by the same factor and leave the steady state 

metabolite concentrations unchanged. Table 20 also falsifies this hypothesis:  he 

temperature dependence of the various enzymes of the ED pathway differed 

substantially. The experiments showed that all enzymes (independent of the growth 

temperature) do not have the same temperature-dependence of the enzymatic rate.  

We should remark here, that we registered from in vitro assays with recombinant 

enzymes that temperature also influences the affinity for substrate, product or 

effector (see 3.2). The measurements of activities in cell-free extracts were 

performed at a single substrate concentration and we therefore do not register those 

effects for the corresponding reactions.   

 

4.2.2 Does the organism alter the relative expression of pathways? Are all 

pathways fully expressed at all temperatures? 

An important aim of the SulfoSYS project (Albers et al., 2009) was to examine 

how the enzyme activities depended on temperature to compare these effects to 

temperature effects on transcription and translation level. The respective enzyme 

activities were determined in extracts of S. solfataricus cells grown at different 

temperatures (65, 70 and 80°C) by technical and biological replication at 80°C and 

pH of 6.5, since this is the supposed internal pH-value of S. solfataricus (Moll & 

Schäfer, 1988). For S. solfataricus, the standard deviation between the different 

fermentations at the same temperature was relatively high, underlining the 

importance of biological replicates. Considering the high variations of the ED 

enzyme activities within the biological replicates, the differences observed between 

the enzyme activities in S. solfataricus grown at different temperatures (65, 70 and 

80°C) were small (Table 15). Therefore, no significant changes with temperature in 

ED enzyme activities were observed (Table 15, 21), suggesting no changes of the 

amount of functionally expressed ED enzymes at the investigated growth 

temperatures. Accordingly, genome wide microarray as well as proteomic analysis 

via iTRAQ (using isobaric tags for relative and absolute quantitation) and 

metabolome studies via GC-MS analysis, using samples from the same 

fermentations, revealed no differences in transcript and protein levels of ED 

candidates in response to different growth temperatures (Table 21, Figure 21 

(Zaparty et al., 2009)). The data created within the SulfoSYS project on the 

transcriptome (Pawel Sierocinski University of Wageningen, Netherlands), 

proteome (Trong Khoa Pham, University of Sheffield, UK) metabolome (Patricia 

Wieloch, Technical University Braunschweig, GER) and kinetics, determined in 

this study as well as by P. Haferkamp (Patrick Haferkamp, 2011) provide first 
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evidence that the glycolytic network of S. solfataricus is robust against moderate 

temperature variation within the growth range of S. solfataricus. 

 

 
Table 21. Results of transcriptomic, proteomic analysis and enzyme activity 

measurements of the branched ED pathway of S. solfataricus in response to the 

growth temperature (80°C versus 70°C). (Table from Zaparty et al., 2009 (Zaparty et al., 

2009) with slight modifications). Omics data are given as log2 ratios, in which a log2 ratio 

>1 indicates up-regulation at 80°C, log2 < −1 indicates down-regulation at 80°C. Fold 

change in enzyme activities are given relative to those at 80°C (see Table 15). 

 
ORF ID Enzyme  Transcriptomics 

log2 ratio (±SD) 
Proteomics  

log2 ratio (±SD) 
Enzyme 

activities 

 fold change 

Sso-3003 GDH -0.34 +/- 0.11  Not found 0.94 

Sso-3198 GAD -1.28 +/- 0.20 -0.44 +/- 0.06 0.93 

Sso-3197 KD(P)GA -0.78 +/- 0.15 -0.27 +/- 0.60 0.84 

Sso-2639 
AOR,  

α-subunit  
-1.28 +/- 0.88 -0.05 +/- 0.10 

 

Not determined 
Sso-2636 

AOR, 

β-subunit 
-0.54 +/- 0.23  0.29 +/- 0.04 

Sso-2637 
AOR,  

γ-subunit 
-1.12 +/- 0.53  0.36 +/- 0.17 

Sso-0666 GK -0.45 +/- 0.21 -0.40 +/- 0.14 Not detectable 

Sso-0913 ENO  0.02 +/- 0.09 -0.25 +/- 0.21 Not detectable 

Sso-0981 PK  0.63+/- 0.43 -0.07 +/- 0.13 1.32 

Sso-3195 KDGK -0.09+/- 0.21  Not found Not detectable 

Sso-0528 GAPDH -0.12+/- 0.32  0.62 +/- 0.13 1.22 

Sso-0527 PGK -0.50+/- 0.44  0.45 +/- 0.16 1.92 

Sso-3194 GAPN -1.18+/- 0.44 -1.47 +/- 0.65 1.39 

Sso-0417 PGAM -0.51+/- 0.36 -1.36 +/- 0.47 0.73 

Sso-0883 PEPS -0.65+/- 0.37 -0.40 +/- 0.20 Not determined 

 

 



                                                                             DISCUSSION 

111 

 

There seems to be no response to temperature fluctuations by adjusting the RNA-

transcript levels and protein levels of enzymes. From the obtained data, the first 

kinetic CCM model for an archaeal thermoacidophilic organism is under 

construction (by Peter Ruoff, University of Stavanger, Norway; 

http://jjj.biochem.sun.ac.za/sysmo/models/Sulfo-Sys/index.html). On the basis of 

the genes that encode enzyme activities does not guarantee that the complete 

topology is expressed under all conditions. The results also show that the enzymes 

of the branched ED pathway are fully expressed and active at all temperatures. 

Since some intermediates (GAP, DHAP, GAP and PEP) are instable at high 

temperature, one could suggest major temperature effects on expression and 

catalytic rates of the involved in their concentration. The enzymatic measurements 

showed that the cell does not substitute GAPN for GAPDH at the higher 

temperatures under glycolytic growth conditions, which would omit the formation 

of the extreme thermo-instable 1,3BPG. GAPDH and GAPN are functionally 

expressed at all investigated temperatures (Table 21) and comparable activities of 

both enzymes were observed at the higher as well as the lower temperatures 

investigated (Table 16). One could also suggest that PK is repressed at higher 

temperatures, to reduce the formation of thermoinstable PEP. Table 15 falsifies this 

hypothesis: Vmax’s of PK are similar independent of the growth temperature. 

 

4.2.3 Is the organism able to adapt perfectly through gene expression to 

lowered growth temperatures? 

In section 4.2.1 (Table 20) we observed that the catalytic activity kcat of all enzymes 

decreased with decreasing temperature. Given sufficient selective pressure, the 

cells could have developed in evolution the capability to compensate for this 

decrease in chemical activity by increasing the expression level of the enzyme. In 

order to make this possibility explicit, we define the adaptation coefficient α as 

 

α   
             

             
 

 

We emphasize the operational meanings of the two terms in this definition: the 

%kcat change was measured by comparing the Vmax of the same enzyme preparation 

as measured at the two different temperatures (Table 20), and the %Vmax change 

was measured at the same temperature of 80°C, but for the two preparations 

obtained from cells grown at the two different temperatures (Table 21). If  

α    
the adaptation of Vmax through hierarchical regulation (i.e. gene expression and 

stable signal transduction) is perfect in the sense that the reduced catalytic capacity 

of enzyme at the lower temperature is precisely compensated for by a 

correspondingly increased expression level with the effect that the Vmax in the cells 

http://jjj.biochem.sun.ac.za/sysmo/models/Sulfo-Sys/index.html
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at the lower temperature should be the same as that in the cells at the higher 

temperature. Is there adaptation and if so, to what extent is it ‘perfect’ in this 

sense? For GAPN and GAPDH we indeed observed such perfect adaptation: the 

activity of GAPN (α = -1) and GAPDH (α = -0.9) was unaffected by the growth-

temperature (Table 22). The reduction of growth temperature from 80°C to 70°C 

resulted in α <-1 for PGK, i.e the expression levels of the enzymes increased 

strongly and more than counteracted the reduction in kcat: consequently, the activity 

of PGK was 3-fold enhanced at 70°C. In contrast, the activities of GDH, GAD, 

KD(P)GA and ENO were more reduced at 70°C (α > 1) as compared to 80°C than 

could be accounted for by the temperature dependence of their kcat alone: here the 

hierarchical adaptation was negative in the sense that gene expression regulation 

appeared to reinforce the reduced activity caused by reduced catalytic activity at 

lower temperatures alone.  

Clearly, the organism does not respond by perfect adaptation to the 

lowered temperatures: some of the in situ Vmax’s were lower at the 70°C than at 

80°C. This would partly account for the observation that the organisms did not 

manage to sustain the same growth rate at 70°C as they did at 80°C ((td=14 h) 70°C 

(td= 19 h)(Zaparty et al., 2009)). A decreased growth rate of S. solfataricus with 

decreasing temperatures seems to be the obvious cellular response of S. 

solfataricus to temperature change: its adaptation is not perfect. 
 

4.2.4 Regulation analysis for branched pathways affected by temperature 

changes 

The decrease in the glycolytic flux by 35% at 70°C relative to 80°C (Zaparty et al., 

2009) was partly caused by the reduced catalytic power of the glycolytic enzymes 

at the lower temperature as evident from the temperature dependence of their kcat. 

The decrease in activity could also have been achieved by a change in enzyme 

concentration (hierarchical regulation, either through transcription and translation 

regulation, perhaps to the same extent for all enzymes involved, or through signal 

transduction mediated regulation), or by metabolic regulation, i.e. regulation of 

enzyme activities, or by a combination of both (Rossell et al., 2006). To quantify 

the relative importance of both modes of regulation, regulation coefficients were 

estimated for each enzyme of the ED pathway (Table 22). We distinguish between 

a number of components in the gene-expression regulation and express the 

regulation in approximate, percentage, terms. This enables us to implement the 

regulation analysis in the context of experimental data for S. solfataricus. The 

regulation of growth rate by transcript level is thereby defined as 
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The regulation of growth rate by enzyme level is defined as  

 

 
 
  

          

              
 

 

For the contribution of changes in active enzyme concentrations (Vmax) to 

regulation of flux, which includes change in enzyme concentration and change in 

covalent activation of the enzyme through signal transduction, we define  

 

 
 

  
                               °  

              
 

 

It should be noted that the expression 

 

                 
 

is potentially ambiguous. The Vmax could be measured in assays at different 

temperatures for extracts from cells grown at a single temperature, or the Vmax 

could be measured in an assay at a single temperature for extracts from cells grown 

at different temperatures. We here use the latter definition: if Vmax is measured in 

extract at a given temperature, it depends on the complete gene-expression cascade 

of transcription, translation, stable posttranslational modification, and mRNA and 

protein degradation, but not on the temperature coefficient of the enzyme. The 

effect of which we separate out through a coefficient π, which is defined as 

 

   
                                                                                

              
 

 

Differences in Vmax between extracts from cells grown at different temperatures, 

but assayed at the same temperature, quantify the relative contribution of changes 

in active enzyme concentration, hence of gene expression and signal transduction 

to the regulation of the corresponding metabolic flux (Rossell et al., 2006). 

The apparent metabolic regulation coefficient  m’ is here defined as:  

 

 
 
       

 
  

 

Only if the flux the regulation of which is examined runs fully through the 

metabolic step addressed by the regulation coefficient, the two regulation 

coefficients for gene-expression (+signaling) regulation and metabolic regulation, 
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sum up to one (summation theorem for the regulation of flux) (Rossell et al., 

2006), as shown above. In our interpretation of the experimental data we shall use 

this principle to estimate the metabolic regulation through subtraction from 1.  

In the analysis of the experimental data we shall approximate the regulation 

coefficients by calculation of the percentage changes rather than the changes in 

logarithms, accepting that some of the above equations become approximative, as 

mentioned above. This has the advantage that the interpretation of the data 

becomes more immediate. The changes in transcript and protein level (%) were 

calculated using the transcriptomic and proteomic data reported in Zaparty et al., 

2009. Percentage changes are given in Table S3. 

As compared to earlier regulation analyses, we here encounter two 

differences. First, the perturbation, i.e. a change in temperature that the organism 

responds to, has a direct effect on all the process rates. Second, fluxes are 

significantly branched, i.e. a number of parallel pathways contribute to the same 

overall rate of glucose catabolism and growth. When the metabolic step resides in a 

pathway that is essential for the flux (here growth rate), then the total change in 

flux through the enzyme may be expected to be proportional to the change in flux 

and this then produces the summation law of regulation analysis (ter Kuile & 

Westerhoff, 2001). If there are two parallel metabolic branches that together 

constitute to the flux, then there may be redistribution of flux between the branches 

and the traditional summation law for regulation (ter Kuile & Westerhoff, 2001) is 

not valid for each branch separately, but only somehow for the sum of the two 

branches. Indeed, in case of redistribution of flux between two parallel pathways 

the sum of metabolic and hierarchical regulation coefficients vis-à-vis total flux 

may well be strongly negative for one step, a sign of regulation away from that 

branch and then in excess of 1 for the parallel step (H.V. Westerhoff, personal 

communication). 

4.2.5 Does the organism respond to temperature challenges through 

transcription, translation or metabolic regulation? 

The corresponding regulation coefficients were calculated for the regulation the 

cells engage in when brought to a steady state at 70°C from 80°C and are shown in 

Table 22. 

If growth rate were regulated by merely increasing all enzyme levels by the 

same factor through increasing the mRNA levels by the same factor, and if all 

mRNAs and proteins had life times much shorter than the cell cycle time, then one 

should expect all transcript regulation coefficients, enzyme regulation coefficients 

and Vmax regulation coefficients to be equal to 1. This would correspond to the 

simplest case of regulation by gene expression. Table 22 demonstrates that almost 

nothing could be further from reality: I conclude that for all steps but PEPS, 

regulation is much more complex than simply though gene expression. 
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Table 22. Regulation coefficients (ρ), perturbation coefficients (π) and the adaptation 

coefficient (α) of S. solfataricus P2 grown in continuous culture on glucose. Subscripts t, 

e, V, m refer to transcript (i.e. mRNA level), enzyme-level, Vmax and metabolic regulation 

respectively. The regulation and adaptation refer to the response of the organism when it 

was moved from a steady state at 80°C to a steady state at 70°C. π refers to the temperature 

coefficient of the enzymes. 

 

ORF 

ID 

Enzyme   t’  e ’  V’ π  m’ α 

Sso-

3003 GDH 0.6 
 Not 

found 
0.2 0.7 0.1 -0.3 

Sso-

3198 
GAD 1.7 0.7 0.2 0.7 0.1 -0.3 

Sso-

3197 KD(P)GA 1.2 0.5 0.5 1.6 -1.1 -0.3 

Sso-

2639 

AOR,  

α-subunit  
1.7 0.1 

Not determined 
Sso-

2636 

AOR, 

β-subunit 
0.9  0.6 

Sso-

2637 

AOR,  

γ-subunit 
1.5 -0.8 

Sso-

0666 GK 0.8 0.7 
Not 

detectable 
Not detectable Sso-

0913 
ENO -0.03 0.5 

Sso-

0981 
PK 1.0 0.1 -0.9 

Sso-

3195 
KDGK 

0.2 Not 

found 
Not detectable 

Sso-

0528 
GAPDH 0.2 -1.5 -0.6 0.7 0.9 0.9 

Sso-

0527 
PGK 0.8 -1.1 -2.6 0.9 2.7 2.8 

Sso-

3194 
GAPN 1.6 1.8 -1.1 1.2 0.9 1.0 

Sso-

0417 
PGAM 0.8 1.7 0.8 0.7 -0.5 -1.2 

Sso-

0883 
PEPS 1.0 1.0 Not determined 
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Indeed, the  V’ ranged between -2.6 and 0.8. In about half the enzymes, i.e. for 

GDH, GAD, KD(P)GA, ENO the change in Vmax was smaller than yet in the same 

direction as the change in growth rate (i.e. 0>  V‘ >1). These enzymes were 

regulated both by gene expression and metabolically, as reflected by  m’’ and  V’ 

between 0 and 1 (Table 22). This strategy of regulation by living cells that involves 

both gene expression and metabolic regulation has been observed before in S. 

cerevisiae (Rossell et al., 2006; Van Eunen et al., 2011). A second group of 

enzymes exhibited a less-known regulatory strategy: the Vmax increased for PK, 

GAPDH, PGK and GAPN, whereas the growth rate decreased ( V’ < 0) when 

temperature was reduced (Table 22). In the latter cases accordingly  m’ became > 

1for PGK and for GAPDH and GAPN  m’ became close to 1. Thus suggest for 

PGK the metabolic regulation dominated and moreover counteracted hierarchical 

regulation (gene-expression plus signal transduction regulation)  V’. For GAPDH 

and GAPN also largely metabolic regulation was suggested since the decrease in 

kcat at 70°C is compensated by higher Vmax, thus π and  V’ counteract each other. 

It is noted however, that the enzymes for which this occurred constituted 

two branches where a third branch, i.e. that of the nonphosphorylative ED pathway 

(the np-ED branch, see also below) could exist in parallel. If only flux through that 

third branch were regulated with temperature, such that at the high temperature 

almost all flux would flow through that branch, then the same high apparent 

metabolic regulation coefficients would be obtained. Indeed the enzymes of the 

corresponding phosphorylative branch of the ED pathway that were analyzed here 

were strongly sensitive to elevated temperatures and thereby alone regained 

activity when temperature was reduced (Table 22). 

The regulation analyses showed that the flux decrease was accompanied by 

a variety of changes in transcript levels, maximum activities of ED enzymes and 

their metabolic environment, whereupon these changes differed in magnitude and 

direction among enzymes. We found local regulation of fluxes through adaptation 

of the expression levels of the individual enzymes (described by α≠0) and 

determined the extent to which different mechanisms influence the global flux. 

The results suggest that different enzymes of the ED pathway are differently 

regulated in S. solfataricus. Regulation of the glycolytic rate was shared between 

gene expression and metabolic regulation. The temperature change should have 

been accompanied by changes in substrate, product concentrations or changed 

effector concentrations affecting enzyme activities. These findings lead to the 

conclusions that (i) regulation occurs at all levels, and (ii) that this includes 

regulation through variable branching, the organism regulating the metabolic fluxes 

through different pathways, possibly to allow the metabolic network to operate 

robustly at various temperatures.  
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4.3 COOL HOT PATHWAYS: THE GAPN PARADOX  

4.3.1 Blueprint model  

Similarities of biochemical pathways in organisms justify a blueprint modeling 

approach. Here a well-known blueprint (core) model of S. cerevisiae (Teusink et 

al., 2000) was used and parameterized for the pathway of S. solfataricus by varying 

only parameters for which S. solfataricus information existed. In collaboration with 

Jacky Snoep (Stellenbosch University, South Africa; University of Manchester, 

UK; Vrije Universiteit Amsterdam, The Netherlands), Alexey Kolodkin (Vrije 

Universiteit Amsterdam, The Netherlands) and Hans V. Westerhoff (Vrije 

Universiteit Amsterdam, The Netherlands; University of Manchester, UK) the 

conversion of GAP to pyruvate from S. solfataricus was compared to that in 

S. cerevisiae, a mesophilic Eukaryote with an optimal growth-temperature of 30°C 

by blueprint modeling, i.e. projecting the reactions of S. solfataricus onto the 

network of S. cerevisiae (Kouril et al., 2012). This approach is also presented in the 

thesis of Alexey Kolodkin (Kolodkin, 2011). All chemical reactions are identical 

between the two organisms with only one exception: S. solfataricus harbors, like S. 

cerevisiae, the GAPDH/PGK couple, but in addition also GAPN and, therefore, is 

able to convert GAP directly into 3PG (Figure 22). We made a computer-based 

model of this part of glycolysis of S. solfataricus by adding the extra “GAPN” 

reaction (reaction 6) to the established model of S. cerevisiae (Teusink et al., 

2000). In addition, for modeling (hyper)thermophilic systems, there is the need to 

integrate spontaneous (non-enzyme catalyzed) reactions into the models, since 

some intermediates are known to decay spontaneously at high temperatures.  

1,3BPG decomposition (half-life of 96 sec at 60°C; (Schramm et al., 2001)) was 

included in the model (reaction 99 in Figure 22). 

 Parameters for reactions 1, 5 and 6 have been measured experimentally 

(Table 16). Parameters for reaction 2, 3 and 4 have been kept identical to the ones 

in the S. cerevisiae model (Teusink et al., 2000). In S. cerevisiae at low 

temperature, neither reaction 99 nor reaction 6 are present and 2 molecules of ATP 

will be produced per molecule of GAP converted to pyruvate (Figure 22, Table 

23).   

 

4.3.2 Inspirations from the model: futile ATP cycling 

For high temperatures, it was expected that in least efficient scenario the total pool 

of 1,3BPG would degrade spontaneously. Then the flux through reaction 2 would 

approach 0 and, consequently, the net ATP/GAP flux ratio would become equal to 

1. The expectation was therefore that for this pathway, the ATP yield per pyruvate 

produced in S. solfataricus would be in between 100% and 50% of that in yeast. It 

may seem that the organism has GAPN to safeguard against this problem: GAPN 
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bypasses 1,3BPG such that its hydrolysis cannot anymore reduce the ATP to 

pyruvate yield to from 2 to 1. 

However, this conclusion is paradoxical, because the GAPN route by itself leads to 

the low energetic efficiency of 1 molecule of ATP per pyruvate. Clearly this cannot 

be the role of GAPN. 

To examine this issue we used our model to calculate the ATP/pyruvate 

yield in the network with GAPN, GAPDH and PGK present. In these model 

simulations the ATP/GAP flux ratio dropped not only below two but even to values 

below 1 (Table 23). When we analyzed the model behavior in detail, we found that 

the phenomenon was due to futile cycling of the model through PGK. The PGK 

reaction is a reversible reaction and the increased conversion of 1,3BPG due to 

degradation at high temperatures led to an increase in 3PG/1,3BPG ratios and 

thereby increased the reverse rate of PGK (Figure 23).  Some of the ATP produced 

in the pyruvate kinase reaction 5 would be hydrolyzed by the operation of reaction 

99 and reaction 2 in reverse, a process that would also consume 3PG created in 

reaction 99. 

 

 
 

 
Figure 22. Blueprint scheme of the lower part of glycolysis (conversion of GAP to 

pyruvate) for S. cerevisiae and for S. solfataricus (Kouril et al., 2012).  
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Table 23. Model-calculated steady state fluxes (mM/min) for S. cerevisiae and 

S. solfataricus (modified from Kouril et al., 2012 (Kouril et al., 2012)). Mass balances, 

rate equations and parameters of corresponding models are available at the JWS online web 

site (http://jjj.biochem.sun.ac.za/database/index.html; (Olivier & Snoep, 2004) and are 

shown in Table 8.1 in (Kouril et al., 2012). 

 

 S. cerevisiae S. solfataricus 

Temperature Low High 

Reaction 
Reaction 1 

Reaction 2 

Reaction 1 

Reaction 2 

High rate of 

reaction 99 

Reaction 6 

only 

ATP flux (ATP consumption) 12.6 1.82 25.6 

Pyruvate flux reaction 6.3 6.3 25.6 

ATP/GAP Flux ratio 2 0.3 1 

Flux through non- enzymatic 

degradation 
0 10.8 - 

Flux through PGK reaction 6.3 -4.5 - 

Flux through GAPN reaction - - 25.6 

 

The latter is coupled with the consumption of ATP and could be observed in the 

model as the negative flux value through reaction 2 (Table 23). Indeed, when 

reactions 1 and 2 were removed, the ATP/GAP flux ratio did not drop below 1, 

showing that this is more advantageous. Therefore, in dependence on temperature-

lability of 1,3BPG the model predicts that it may be most advantageous for the life 

at high temperature to redirect the flux fully through the GAPN reaction and to shut 

down the PGK during glycolysis thereby omitting the heat-labile 1,3BPG and 

preventing a futile cycling by PGK (Figure 23). Our experiments showed however 

that this is not the solution chosen by the organism: at high temperatures the 

organism still expresses PGK.  However, in S. solfataricus PGK is required for 

gluconeogenesis and, moreover, all three enzymes were demonstrated also under 

glycolytic conditions in cell-free extracts at high temperatures (Table 15, 16) and 

within proteomic data (Phil Wright and Khoa Pham Trong, University of Sheffield, 

UK) revealing the simultaneous presence of the enzymes of both the ED and the 

gluconeogenic EMP pathway also at high temperatures. Obviously, the 

simultaneous presence of the catabolic GAPN and the reversible GAPDH/PGK 

couple suggests a futile cycle between glycolytic and gluconeogenic enzymes. 

GAPN will form 3PG, which will be consumed by PGK.  

http://jjj.biochem.sun.ac.za/database/index.html
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Figure 23. Cool hot design for metabolic pathways. At low temperature, the conversion 

of GAP into 3PG via 1,3BPG is preferable because two molecules of ATP may be 

generated per one molecule of GAP (ATP/GAP flux ratio= 2). At high temperature, ATP 

would be lost due to futile cycling: spontaneous degradation of 1,3BPG and re-synthesis of 

1,3BPG from 3PG would consume ATP. Thus, at high temperature, it would be more 

preferable to omit 1,3BPG by the exclusive utilization of GAPN (Kouril et al., 2012).   
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As observed in the modeling calculations, non-enzymatic degradation of 1,3BPG to 

3PG would enhance 3PG synthesis and could induce cycling of PGK, resulting in a 

negative flux-value of ATP through the PGK reaction (Kouril et al., 2012), since 

the synthesis of 1,3BPG from 3PG by the anabolic PGK reaction is coupled with 

the consumption of ATP (Table 23). This seems to be a major challenge for 

gluconeogenesis, since the organism requires the GAPDH/PGK couple and the 

synthesis of 1,3BPG.  This raises an issue concerning the regulation at the level of 

GAP to 3PG conversion in S. solfataricus, an issue that required kinetic 

characterization of the enzymes at various temperatures. 

In summary, the “hot” design of S. solfataricus does not seem to be a 

strange design wasting ATP compared with the “cool” design of S. cerevisiae 

(Figure 23), but rather representing a “cool” adaptation strategy to high 

temperature. We present two possible mechanisms to explain why at high 

temperatures with an unstable 1,3BPG, the GAPN route may be favored over the 

GAPDH/PGK route for the conversion of GAP to 3PG. The first mechanism 

relates directly to the degradation of 1,3BPG which could lead to a carbon drain via 

“grey” metabolites. The second mechanism relates to futile cycling leading to a net 

ATP drain via the PGK reaction. 

 

4.3.3 Is there physiological evidence for futile cycling?  

The above comparative blueprint modeling predicted that the temperature-induced 

decay of 1,3BPG could cause futile cycling through the PGK, which is coupled 

with the consumption of ATP. Therefore, it would seem favorable for 

S. solfataricus (under glycolytic growth conditions) to redirect the glycolytic flux 

through GAPN (avoiding 1,3BPG formation) and to inhibit anabolic PGK activity 

at the same time (Figure 23; (Kouril et al., 2012).  

In order to clarify the role of the two productive routes for GAP 

metabolism in S. solfataricus, i.e. via PGK/GAPDH and/or GAPN, growth 

experiments with the S. solfataricus PGK deletion strain PBL2025Δ0527 were 

performed. The PGK deletion strain exhibited essentially no growth under 

gluconeogenic conditions, whereas under glycolytic conditions no difference with 

the reference strain was observed (Figure 19). The results could reflect that 

S. solfataricus PGK is, unlike its counterpart in the classical EMP pathway (Figure 

1), only involved in gluconeogenesis and does not participate or at least plays a 

minor role in glycolysis. However, it could also mean that when PGK is present 

most glycolytic flux flows through GAPDH and PGK but when the enzyme is 

absent the glycolytic flux reroutes to GAPN. A previous combined 

transcriptome/proteome study in S. solfataricus, addressing the expression pattern 

of growth on S. cerevisiae extract and tryptone (YT) in comparison to growth on 

glucose, revealed no major regulation of the CCM of S. solfataricus on the 

transcript level (Snijders et al., 2006). Only on the proteome level, GAPN (Sso-
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3194) was induced during growth on glucose, whereas PGK (Sso-0527) as well as 

PEPS (Sso-0883) were induced in YT grown cells, i.e. under gluconeogenic 

conditions. For thermodynamic reasons GAPN cannot function in the anabolic 

direction. The data are therefore consistent with the view that PEPS, PGK and 

GAPDH of S. solfataricus mainly function in anabolism, while the major function 

of GAPN is in the catabolism of S. solfataricus (Snijders et al., 2006). The data do 

not exclude however that GAPDH and PGK do carry most flux also in the 

catabolic direction.  

Notwithstanding considerable effort no GAPN deletion strain could be 

created in S. solfataricus. However, the gapN gene (Saci-0227) could be deleted 

successfully in the close relative of S. solfataricus, S. acidocaldarius MW001. The 

S. acidocaldarius strain MW001 is not able to grow without the addition of 

peptides (NZ-Amine), but the cell growth is significantly increased upon the 

addition of glucose. The GAPN deletion strain is still able to grow on glucose and 

NZ-Amine. Therefore, from the results obtained for S. acidocaldarius it can be 

concluded for S. solfataricus (assuming that S. solfataricus behaves like S. 

acidocaldarius) that its glycolytic growth does not rely on an active sp-ED 

pathway; thus indicating that the np-ED branch can substitute for the sp-ED branch 

under the applied growth conditions. It may be noted, however, that for 

peptidolytic (gluconeogenic growth) the deletion of GAPN increased growth yield 

significantly (see Figure 20). This could reflect a flux through GAPN under 

gluconeogenic conditions and concomitant futile cycle through PGK, GAPDH and 

GAPN. 

A question is whether kinetic and metabolic regulation mechanisms in 

S. solfataricus are such that they prevent futile cycling. Fig. 24 summarizes the 

kinetic properties that we measured in this thesis for the isolated enzymes and we 

now discuss whether indeed these might serve to reduce futile cycling. The avidity 

of GAPN for GAP increases with temperature, whereas the flux through the 

GAPDH is temperature compensated, i.e kcat/KM-value of GAPDH constant over 

temperature, such that it allows only a constant minimized flux through this 

reaction (Figure 24). Moreover, the GAPDH characterization in dependence of 

phosphate (catabolic reaction) revealed a KS-value for Pi of 300 (+/- 40) mM at all 

investigated temperatures, thus decreasing the catabolic rate catalyzed by the 

enzyme at more realistic concentrations of inorganic phosphate to near zero (Table 

10). From a physiological point of view a Pi-concentration of 300 mM would be far 

away from expected intracellular concentrations. For E. coli a Pi concentration of 

approximately 10 mM was estimated from NMR experiments (Shulman et al., 

1979). At a concentration of 10 mM Pi, the GAPDH of S. solfataricus shows only 

1.6% residual activity and therefore the low intracellular phosphate concentration 

seems to limit the catabolic GAPDH activity in S. solfataricus (Figure 24). In the 

anabolic direction, the flux through the PGK/GAPDH couple seems to be mainly 
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controlled by the PGK reaction. The anabolic PGK reaction is highly elastic to the 

intracellular ATP, ADP and AMP concentrations (energy charge). The increasing 

kcat of the enzyme with increasing temperature is compensated by a lower affinity 

for ATP, resulting in a constant relatively low flux through the PGK reaction. The 

Keq of GAPDH reaction is on the side of the catabolic substrates (GAP, NADP
+
, Pi) 

and the Keq of PGK favors the anabolic substrates (3PG, ATP). This might be 

accompanied by a minimized internal pool of 1,3BPG to avoid its decay (Figure 

24; see 4.2.3.2/3). One other well-known strategy to handle non-enzymatic 

degradation of intermediates is substrate channeling. Interestingly, the pgk and the 

gapdh genes of S. solfataricus overlap by 8 bp and Northern blot analyses 

confirmed that both genes are co-transcribed on a single mRNA indicating a 

positive selection of their formation and maintenance, probably to facilitate the 

channeling of 1,3BPG. 

Furthermore, it could be shown that the heat-labile intermediates GAP and 

DHAP are quickly removed and trapped in heat-stable F6P via the bifunctional 

FBPA/ase in S. solfataricus (see 3.2.3). Say and Fuchs reported, that the previously 

characterized structurally novel class V fructose-1,6-bisphosphatase (FBPase; 

Imanaka et at., 2002), widely distributed among hyperthermophiles, also possesses 

FBPA activity. Close coupling of these two activities ensure unidirectional 

catalysis towards gluconeogenesis, and the rapid conversion of heat-labile 

triosephosphates to thermostable F6P, thus may also lead to low concentrations of 

the triosephosphates (Say et al., 2010). If, in addition to F6P, FBP will be released 

by the Sso-FBPA/ase was not investigated in this study.  

In addition to the bifunctional enzyme, a homolog of the archaeal type 

class IA FBPA (Sso-3226; Siebers et al., 2001; Samland et al., 2008) was 

identified in S. solfataricus. The S. solfataricus enzyme shows similarity to 

biochemically characterized archaeal FBPAs (e-value 2e
-34 

T. tenax and 
 
e-value 4e

-

49
 P. furiosus (Siebers et al., 2001)) and e-value 4e

-35
 Methanocaldococcus 

jannaschii (Samland et al., 2008). However, the M. jannaschii enzyme catalyzes in 

addition a transaldol reaction between 6-deoxy-5-ketofructose 1-phosphate (DKFP) 

and L-aspartate semialdehyde (ASA) yielding 2-amino-3,7-dideoxy-D-threo-hept-

6-ulosonic acid. In S. solfataricus the FBPA homolog might catalyze the reversible 

or unidirectional FBP formation, but its role still has to be elucidated. 

The most striking feature of GAPN is its strong allosteric response towards 

G1P. The effect was not only large, but was observed at concentrations as low as 

1 µM of G1P, strongly suggesting that the allosteric activation is physiologically 

relevant. In S. solfataricus G1P represents an intermediate in glycogen metabolism, 

which is converted by UTP-glucose-1-phosphate uridylyltransferase and glycogen 

synthase yielding the glucose-polymer glycogen. During glycogen degradation 

G1P is released via glycogen phosphorylase (Figure 21). Therefore, G1P is an 

intermediate of both glycogen synthesis and degradation. Two scenarios could be 
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envisaged in which G1P levels operate as signal effector for GAPN: (i) “carbon 

starvation”; here a low supply of glucose or other carbohydrates could lead to the 

degradation of the storage-compound glycogen (generating glucose and G1P), the 

G1P enhancing the glycolytic flux through the lower half of glycolysis; (ii) “carbon 

saturation”, high glucose supply stimulates hexokinase which phosphorylates 

glucose to G6P, which is converted to G1P by PGM (Figure 21), the G1P signaling 

GAPN and thereby activating the lower half of glycolysis.  

 

 

Figure 24. Prediction of futile cycling by the blueprint model and experimentally 

determined kinetic properties that might prevent the futile cycling of a part of 

glycolysis (GAP to pyruvate conversion) in S. solfataricus. (A) Comparative blueprint 

modeling predicts that at high temperature ATP would be lost due to futile cycling: The 

non-catalyzed degradation of 1,3BPG at high temperature and re-synthesis of 1,3BPG from 

3PG by PGK consuming ATP is depicted. (B) Multilayered regulation at the level of GAP 

conversion as derived from experimental analyses 
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physiological importance of this activation. However, because of the presence of 

PGM it is likely that G1P is always present above 1 mM and GAPN will always be 

activated. Regulation of glycolysis by an intermediate of carbon storage 

metabolism is well known. Trehalose is generally considered as carbon storage 

compound and as compatible solute accumulated in response to stress. Genetic 

studies in S. cerevisiae, generating a mutant that lacks the TPS1 gene (encoding 

trehalose-6-phosphate synthase), suggested an important role of intermediates of 

trehalose metabolism in the regulation of glycolysis. The TPS1 disruptant was 

unable to grow at high concentrations of glucose, accumulated hexose phosphates 

and consumed ATP and Pi rapidly, suggesting that the first step of glycolysis was 

too fast for the residual metabolism to cope with. This phenotype is described as 

“turbo explosion” of a metabolic pathway and occurs by the absence of specific 

regulation of the ATP metabolizing enzymes in glycolysis, which could enhance 

the flux through these enzyme reactions above the capacity of the downstream 

reacting enzymes resulting in the accumulation of intermediates to extreme/toxic 

levels (Teusink et al., 1998). However, under glucose-limited conditions the 

S. cerevisiae TPS1 disruptant was able to grow, showing that a consequence of 

“turbo-explosion” is substrate-accelerated cell death and therefore highlighting the 

need of special regulation strategies in environments of rapidly changing substrate 

availability (Teusink et al., 1998).  

Teusink et al. attributed the turbo phenotype primarily to a feedback 

regulation of hexokinase (Teusink et al., 1998). The positive feedforward by G1P 

to GAPN might be an alternative way to prevent the turbo explosion, by 

stimulating the efflux from the FBP pool and therefore it might be necessary to 

keep GAPN always active. 

A direct feedback inhibition by the hexose phosphates might be a way to 

prevent the turbo-effect, but inhibition by a metabolite of a different pathway may 

have the advantage of allowing more layers of regulation, such as an additional 

regulation of the regulator by hexose monophosphates or other factors. In addition, 

the activity of the Tps1p is controlled by posttranslational modifications, like an 

activation of TPS activity by methylation (Sengupta et al., 2010). The mechanism 

seems to allow a dynamic regulation range that limits turbo-design under high but 

has no limiting effect at low glucose concentration (Teusink et al., 1998). 

Therefore, S. cerevisiae relies on a multi-layered regulation mechanism rather than 

on a simple feedback inhibition. 

First studies of posttranslational modifications, i.e. reversible protein 

phosphorylation in S. solfataricus in response to the offered carbon source (glucose 

versus tryptone), revealed that glycogen synthase (Sso-0987) is targeted by protein 

phosphorylation in glucose grown cells, whereas glycogen phosphorylase (Sso-

2538) was phosphorylated under both growth conditions (Esser et al., 2012), 
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suggesting that in S. solfataricus also multiple layers of control govern G1P levels 

providing a complex of regulation of GAPN.  

In summary, the determined enzymatic properties suggest that S. solfataricus cope 

with the thermal instability of 1,3BPG by regulating the use of GAPN, GAPDH 

and PGK by adjusting their enzymatic properties, thus omitting 1,3BPG formation 

in glycolytic direction and minimizing the internal 1,3BPG pool by tightly 

regulating the anabolic flux through PGK and GAPDH. In addition, the presence of 

the bifunctional FBPA/ase seems to quickly remove the heat-labile 

triosephosphates GAP and DHAP trapping them into heat-stable F6P. Therefore, 

the glycolysis and gluconeogenesis in S. solfataricus seem to be controlled by 

complex mechanisms, which is not surprising since the heat-labile compound GAP 

and DHAP is a branch point between glycolysis and gluconeogenesis and requires 

a tight regulation to avoid decay of the metabolite and therefore a loss in flux 

control, carbon and energy (Figure 24). However, if the observed regulation 

patterns than are able to prevent the cell from carbon loss is still an ongoing 

challenge, and will be retested by including the gained enzyme characteristics into 

the model. In addition, in vitro measurements will be performed, reconstructing the 

relevant part of glycolysis and subsequent quantification of the resulting amounts 

of intermediates to quantify carbon and energy loss.  

 

4.4 TOWARDS UNRAVELING THE IN VIVO FUNCTION OF THE TWO 

ENTNER-DOUDOROFF BRANCHES IN S. SOLFATARICUS  

 

In S. solfataricus glucose degradation proceeds via a branched Entner-Doudoroff 

(ED) pathway. The regulation of the two branches as well as their physiological 

role and utilization is unclear (Ahmed et al., 2005; Siebers et al., 2004). It has been 

speculated that the np-ED branch is involved in thermoadaptation (Ahmed et al., 

2005), since the formation of heat-labile GAP and 1,3BPG is circumvented 

(Ahmed et al., 2005; Ahmed et al., 2004) by using the np-ED branch instead of the 

sp-ED branch. To gain insights into the physiological role of the np-ED branch in 

thermoadaptation, the influence of temperature on the kinetic parameters of 

S. solfataricus GK was investigated. Furthermore, a gene deletion mutant was 

constructed (PBL2025Δ3195), which should shut down specifically the sp-ED 

branch, and the growth phenotype was analyzed by growth studies on different 

carbon sources (i.e. glucose, galactose (glycolytic) and NZ-Amine (peptidolytic)) 

and by using a metabolomic approach (Kouril et al., 2012).  

The kinetic analysis of Sso-GK, the final enzyme of the non-

phosphorylative (np) branch, revealed complex regulation including cooperativity 

(for glycerate, ATP) and substrate (glycerate) inhibition. Considering the 

dependence on the ATP concentration (at constant glycerate concentration) at 

65°C, the Hill-equation indicates that Sso-GK possesses cooperativity as if two 
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ATP molecules need to bind to the enzyme before the latter becomes active. At 

increased temperatures (70°C) this cooperativity is lost and kinetics of standard 

Michaelis-Menten type is observed, indicating that the enzyme, while still having 

two binding sites, has lost its positive cooperativity probably because each of the 

binding sites behaves independently. The crystallographic analyses of a monomeric 

GK of the hyperthermophilic bacterium T. maritima revealed one highly conserved 

positively charged residue, i.e. Lys47 from the Rossmann-like structure, and 

Arg325 at the C-terminal part to be involved in the interaction with the negatively 

charged substrates ATP and glycerate, respectively (Schwarzenbacher et al., 2006; 

Yang et al., 2008). All conserved amino acids of the presumed active site of class 

II GKs (Liu et al., 2007; Schwarzenbacher et al., 2006) are also present in Sso-GK. 

For Sso-GK a native molecular mass of approximately 90 kDa was observed during 

gel filtration and with the subunit size of 44 kDa (determined by SDS-PAGE)  this 

indicates a homodimeric structure of Sso-GK, suggesting that the enzyme has two 

binding sites for ATP and two for glycerate, one binding site each for ATP and 

glycerate per subunit. Temperature-induced changes of the geometry of the 

substrate-binding site might influence the ES affinity (Andjus et al., 2002) by 

effecting ionic interactions between the negatively charged substrates glycerate and 

ATP and the positively charged amino acid residues in the active site.  

For D-glycerate, substrate inhibition was observed for all temperatures 

(Figure 15). In addition, the enzyme showed clear temperature dependence: Sso-

GK became more active at increased temperatures (in the sense of increasing its 

catalytic efficiency (kcat/KS, Table 14) and seems to reach its lower thermal limit at 

temperatures below 70°C.  

Substrate inhibition was previously shown for the GK of the 

hyperthermophilic Crenarchaeon T. tenax (Kehrer et al., 2007), whereas for GKs 

from other (hyper)thermophilic organisms, such as P. torridus, P. horikoshii or 

T. maritima (Liu et al., 2007; M. Reher et al., 2006; Yang et al., 2008) no such 

inhibition was reported. Substrate inhibition was not reported either for the recently 

characterized GK from S. tokodaii (Liu et al., 2009), although the protein exhibits 

52% amino acid sequence identity with the GK of S. solfataricus. From the 

established kinetic model, which considers the inhibitory substrate concentrations, 

10-fold higher Vmax-values for the S. solfataricus GK were extrapolated which 

would then be in the same range as described for the not substrate inhibited GKs  

characterized so far. These findings might indicate that the Ki-value is the rate 

determining parameter of Sso-GK. 

To gain insight into the role of the two ED-branches, deletion strains of the 

strictly catabolic enzymes of the sp-ED branch, i.e. either of KDGK 

(PBL2025Δ3195) or of GAPN (MW001Δ0227), were analyzed. The kdgK gene as 

well as the gapN gene is localized in the ED gene cluster comprising also the genes 

coding for gluconate dehydratase and KDG aldolase (Ahmed et al., 2005). The 
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KDGK deletion, according to the current understanding, specifically blocks the sp-

ED shunt (Figure 25). The KDGK deletion strain revealed no difference in 

glycolytic (glucose, galactose) and peptidolytic (NZ-amine) growth compared to 

the reference strain PBL2025, thus demonstrating that the glycolytic and 

peptidolytic growth of S. solfataricus does not rely on an active sp-ED pathway. In 

addition, this indicates that the np-ED branch serves as equivalent route and, 

furthermore, can substitute for the sp-ED branch under the applied growth 

conditions. However, metabolomic analyses (performed by Patricia Wieloch, 

Technical University Braunschweig, GER) revealed a significant up-regulation of 

intermediates of the np-ED branch in the deletion mutant (i.e. KDG 33-fold, GA 3-

fold, Glycerate 3-fold (Kouril et al., 2012)) and on the other hand the 

concentrations of G6P, F6P, Xyl5P and trehalose were decreased by factors 

between 2 and 4, indicating a disturbed gluconeogenesis, although no 

distinguishable growth phenotype between reference and deletion strain was 

observed (Figure 25 (Kouril et al., 2012)). We interpret this as reflecting that in the 

wild-type there is appreciable flux through the phosphorylative branch, but that this 

flux is rerouted in the KDGK deletion strain. The absence of KDGK would cause 

the increase in KDG concentration which would in turn push more flux through the 

np branch. The absence of a yield and growth rate phenotype could mean that the 

sp-ED branch uses the GAPN route in the sp branch, which leads to the same 

ATP/pyruvate yield as the np branch. 

Perhaps, the activity of the GK reaction as reduced by the substrate 

inhibition is already limiting the in vivo flux into the lower shunt of the np-ED 

branch in the wild-type cells, leading to the accumulation of np-ED metabolites. As 

shown by growth studies, the accumulation of np-ED intermediates does not 

interfere with growth, suggesting that the Sso-GK functions as throttle valve and 

regulates the flux into the lower common shunt of the EMP pathway (Figure 25). 

Such sophisticated glycolytic flux control might be useful, as the flux directly 

enters the citric acid cycle and, therefore, influences the flux of several connected 

metabolic and biosynthetic pathways, e.g. fatty acid biosynthesis and amino acid 

metabolism.  

 

 

 

 
Figure 25. Diagram illustrating the CCM of S. solfataricus with emphasis on the 

metabolome analysis of the KDGK deletion strain.  

Shown are the glycolytic branched ED and the gluconeogenic EMP pathway as well as 

glycogen, trehalose and pentose (reversed ribulosemonophosphate pathway (Orita et al., 

2006)) metabolism (Zaparty & Siebers, 2010). The inhibition of GK by its own substrate 

glycerate is depicted. Increased and decreased metabolite levels of the KDGK deletion 

strain are marked by circled up and down arrows, respectively. 
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As outlined above, GAPN plays a role in the regulation of the sp-ED branch and 

the enzyme may substitute for the enzyme couple GAPDH and PGK in the 

catabolic direction. Growth experiments revealed that the S. acidocaldarius GAPN 

deletion strain is still able to utilize the glucose in the medium. This confirms the 

results of the KDGK deletion strain in S. solfataricus and indicates that, under 

glycolytic growth conditions, the np-ED branch may well be active in vivo and 

substitute for the sp-ED branch in S. acidocaldarius and S. solfataricus.As 

presented here, the elimination of sp-ED branch has no effect on growth and the 

general stability of the metabolism as judging from the metabolome analysis is 

quite remarkable, which reflects the metabolic flexibility and robustness of 

S. solfataricus harboring alternative routes, i.e. via hexokinase (see 4.1.1) to 

provide precursors for linked metabolic pathways. 

 

4.5 CHALLENGING METABOLIC NETWORKS AT HIGH 

TEMPERATURES  

 

The presence of various pathways for carbon metabolism in (hyper)thermophilic 

organisms raises questions about distinguishable conserved strategies for 

adaptation to high temperature. With the anaerobic Thermococcales, the anaerobic 

T. tenax and the aerobe S. solfataricus, three of the (hyper)thermophilic archaeal 

variants that have been studied, exhibit significant differences in CCM (see 1.4). 

This may shed light on strategies for coping with high temperature conditions. The 

branched ED pathway might play an important role in metabolic thermoadaptation. 

The half-life of its intermediates varies, but suggests that the stability of some of 

them may play a critical role in thermoadaptation (Figure 26). However, to 

estimate if temperature instability of a compound is actually crucial for the cell, it 

is necessary to put these stabilities in perspective by comparing the turnover of the 

metabolites due to their thermal decomposition with their turnover due to 

metabolism itself. If the enzymatic turnover in the pathway is much more frequent, 

then the temperature instability of the metabolites might not play an important role 

(but see below). Therefore we tried to estimate these life-times from the flux data:  

we found that the enzymes in the pathway showed Vmax values about 100 U/gCE at 

80°C (the optimal growth temperature; see 1.4). This translates to 

0.1 mmol/gCE/min. From the cell doubling time of 8 h, or some 500 minutes, and a 

yield on glucose of 0.1 g protein extract per gram glucose (personal 

communication Patricia Wieloch), we estimated that 1 g extract catabolizes 

50 mmol glucose / 500 min; i.e. 0.1 mmol/min. Assuming 1 ml of internal volume 

per gram protein (parameter set in the realistic range, for yeast 1 g= 3.7 ml 

(Teusink et al, 2000), for mitochondria 1 g= 1 ml), this corresponds to around 1 

mM / second. A compound that has an intracellular concentration of 2 mM and is 

involved in the major catabolic pathway then has a life time of some 2 seconds due 
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to metabolism. With respect to its thermal decomposition, 1,3BPG lives for 

100 seconds at 60°C, meaning that at that temperature the thermal loss of the 

molecule is limited to some 2%. At 80°C the loss may well be 6 times higher (a 

factor was assumed using the characteristics of the decay kinetics of GAP and 

DHAP with temperature), i.e. a half-life of 16 sec at 80°C and should become 

significant (in excess for 10%). The 10% decomposition of 1,3BPG could be 

important in terms of (i) accumulation of toxic substrates as discussed below 

(4.5.1) and (ii) could cause a lack in maintenance of ATP synthesis as discussed in 

4.3.1. The disturbance might affect the moiety-conserved cycle of adenylate (with 

ATP+ADP+AMP= constant (Hofmeyr et al., 1986)) and could therefore have 

unexpected impact on the cellular system when temperature increased further, 

which might be one reason why S. solfataricus is not able to grow at temperatures 

above 90°C. However, these calculations have to be validated using a detailed 

kinetic model of the system and more accurate flux and stability data and more 

temperatures. 

The EMP and the sp-ED pathways avoid the formation of the extremely 

heat-labile 1,3BPG by the one-step conversion of GAP to 3PG via GAPN and 

GAPOR, respectively. The np-ED variant would additionally circumvent the 

formation of the two other heat-labile intermediates GAP and DHAP. These 

compounds decompose thermally also into the black-hole metabolite 

methylglyoxal, which is toxic. Therefore, the np-ED pathway might be appropriate 

for growth at the upper temperature range, indicating that the various pathways for 

carbohydrate metabolism do not merely reflect metabolic parallelism but represent 

a network mechanism for metabolic thermoadaptation (Figure 26).  

Because of the strong allosteric regulation of GAPN (Ahmed et al., 2005; 

Brunner et al., 1998; Brunner et al., 2001; Ettema et al., 2008; Lorentzen et al., 

2004; Matsubara et al., 2011; Zaparty et al., 2008), the conversion of GAP is 

generally discussed as the major regulation site of sugar degradation in 

(hyper)thermophiles. Bioinformatics revealed that GAPN homologs are present in 

many organisms. They are members of the large and diverse ALDH superfamily. 

Until now three GAPNs have been described in the hyperthermophilic organisms 

T. tenax, T. kodakarensis and S. solfataricus (Brunner et al., 1998; Ettema et al., 

2008; Matsubara et al., 2011). The T. tenax GAPN (Ttx-GAPN) is an allosteric 

enzyme, which is activated by G1P, F6P, AMP and ADP (Brunner et al., 1998) and 

analysis of the GAPN of T. kodakarensis (Tk-GAPN) indicated also a strong 

physiologically relevant allosteric effect of G1P on its activity (Matsubara et al., 

2011).  

The physiological roles of GAPN, GAPOR, GAPDH and PGK have been 

analyzed by constructing gene disruption strains of T. kodakarensis with 

subsequent monitoring of their growth phenotypes under glycolytic and 

gluconeogenic conditions (Matsubara et al., 2011). Disruption of neither GAPN 
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nor GAPOR, respectively, affected gluconeogenic growth of T. kodakarensis (in 

minimal medium (ASW-AA with elemental sulfur and sodium pyruvate)), whereas 

no growth was observed under glycolytic conditions (nutrient-rich medium 

containing malto-oligosaccharides but without elemental sulfur). Experiments with 

the GAPDH and PGK disruption strains displayed growth similar to that of the host 

strain under glycolytic conditions and no growth under gluconeogenic conditions.  

These studies underline the importance of GAPN and GAPOR in glycolysis and of 

the GAPDH/PGK couple in gluconeogenesis of T. kodakarensis (Matsubara et al., 

2011). This result is consistent with the observed phenotype of a PGK deletion 

strain in S. solfataricus, which could not grow under gluconeogenic conditions. 

The results of growth phenotype analyses of GAPN deletion strains differ between 

S. solfataricus and T. kodakarensis because they rely on different pathways for 

glucose breakdown (Figure 1, 2). Therefore, it seems to be likely that the GAPDH/ 

PGK couple in (hyper)thermophilic Archaea is adapted to their anabolic roles. A 

feature of all (hyper)thermophilic Archaea analyzed to date, is the lack of 

regulation points of the glycolytic EMP pathway that are characteristic for Bacteria 

and Eukaryotes. The archaeal ATP-dependent HK, ADP-dependent glucokinase, 

and ATP-, ADP-, and PPi-dependent phosphofructokinases lack allosteric 

properties and with it the central control points of the classical EMP pathway. 

Also, the archaeal pyruvate PK exhibit reduced, or even no regulatory potential 

(Siebers & Schönheit, 2005). The energy charge is considered to be a sufficient 

signal for the regulation of glycolysis, because glycolysis always involves energy 

investment and pay-off steps. In theory, if one of the steps proceeds too fast, the 

resultant ATP levels should automatically slow down such a step by feedback 

inhibition or feedforward activation of another ATP-involving step. However, this 

type of regulation might not have a large dynamic range, which is required for cells 

living under variable conditions (Teusink et al., 1998). The regulation via the 

energy charge of the cell seems to play a major role in S. solfataricus. Besides for 

PGK and GK (as ATP consuming enzymes), product inhibition by ATP has also 

been observed for the PK of S. solfataricus (Patrick Haferkamp, 2011). It has been 

suggested, that high intracellular amounts of ATP (i.e. a high energy charge of the 

cell) would slow down the activity of the PK and favor the gluconeogenic reaction 

of the PEPS (Figure 26 (Patrick Haferkamp, 2011)).  
 

 

 

 
Figure 26. A schematic diagram of glycolysis and gluconeogenesis of S. solfataricus P2 

indicating regulation sites and thermostability of intermediates. Shown are the 

branched ED and the EMP pathway as well as glycogen, trehalose and pentose (RuMP) 

metabolism. Depicted are the regulation sites as well as the stability and half-life of 

intermediates.  
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The level of PEP/ pyruvate conversion as a control point is also well established in 

T. kodakarensis (Imanaka et al., 2006). In T. kodakarensis and P.  furiosus a 

functional PK and a bidirectional PEPS were described (Imanaka et al., 2006). 

Using a mutational approach it was shown that T. kodakarensis PEPS is essential 

for both, glycolytic and gluconeogenic conversion of PEP (Imanaka et al., 2006). 

Further, it was postulated by Imanaka et al. (2006), that at high intracellular ADP 

concentrations, ADP would be consumed by the sugar kinases (glucokinase 

(Kengen et al., 2001) and phoshofructokinase (Tuininga et al., 1999) rather than by 

PK and thus in term lowers PK activity and therefore the glycolytic flux (Imanaka 

et al., 2006). In contrast to PK, PEPS utilized AMP formed via the ADP-dependent 

sugar kinase, thus accelerating carbon flux.  

However, another explanation for the utilization of PEPS would be, that 

accumulation of AMP inhibits enzyme(s) of the modified EMP pathway and this 

was indeed shown for the glucokinase of P. furiosus (Kengen et al., 2001). 

Beside the utilization of different enzymes with new regulatory properties 

that bypass or reduce the concentration of labile metabolites, substrate-channeling 

might also be a mechanism for preventing metabolites from heat-decay. PGKs 

from the two hyperthermophilic organisms Pyrococcus woesei and 

Methanothermus fervidus are known to form dimers, whereas PGKs from 

mesophilic Archaea as well as Eukaryotes and Bacteria are active as monomers. It 

has been suggested that the reduced water-accessible surface area favors 

hydrophobic interactions between the subunits that induce stability of the protein 

itself as well as of its substrate 1,3BPG (Hess et al., 1995).  

In addition, BLAST search analyses of sequenced genomes revealed that 

almost all (hyper)thermophilic Archaea and most thermophilic and autothrophic 

Bacteria contain a gene that corresponds to the FBPA/ase of S. solfataricus (Say & 

Fuchs, 2010). This raises the question of the occurrence of similar adaptation 

strategies in (hyper)thermophilic Bacteria as compared to Archaea. The glycolysis 

of the bacterial T. maritima (optimal growth temperature 80°C (Huber et al., 

1986)), an organism that represents one of the deepest branches in the bacterial 

domain of the phylogenetic tree, may be compared with that of S. solfataricus. 

Glucose catabolism in T. maritima involves the classical EMP (involving 

an ATP-dependent PFK, whilst GAPOR and GAPN are absent) and ED pathway 

(Selig et al., 1997). Specific properties were found for T. maritima: (i) it has two 

distinct functional PFKs (ATP-PFK and PPi-PFK) and (ii) TIM exists as 

bifunctional fusion protein with its N-terminus covalently linked to the C-terminus 

of PGK (Schurig et al., 1995; Yu & Noll, 1995). This indicates that the control of 

the EMP pathway in Thermotoga may be mediated by a mechanism that is 

conventional in Bacteria, where the activity of ATP-PFK is controlled allosterically 

by either PEP, ADP, AMP, fructose 2,6-bisphosphate, citrate, succinate, or a 

combination of these (Ding et al., 2001). Nevertheless, the occurrence of the PGK-
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TIM fusion protein underlines here the necessity of metabolic adaptation strategies 

to high temperature environments, especially concerning the “hot spot” in the CCM 

network, which comprises the thermolabile intermediates around GAP conversion 

(Figure 26). 

 

4.5.1 Thermal instability of glycolytic intermediates and its physiological 

danger: Black and grey holes  

The thermolability of metabolic intermediates is not only lability in terms of 

missing out on steps producing ATP. In this study we discuss and show some 

evidence for two additional phenomena. One is that such lability may induce futile 

cycling, which can lead to the hydrolysis of ATP generated elsewhere in the 

network, and concomitant negative stochiometries of ATP production. 

High temperature may lead to dephosphorylation of phosphorylated intermediates, 

e.g. GAP to GA. But in this study only 40% of the heat-treated GAP was 

dephosphorylated to GA and most GAP ended up in so far unknown compounds. 

No further studies about the nature of the spontaneous decay products have been 

reported and, for example, 1,3BPG may well degrade in compounds other than 

3PG. Decay products might be channeled back through salvaging pathways into 

glycolysis or might accumulate as dead-end compounds up to toxic concentrations 

in the cell, or be exported.  

Metabolites may decompose in other metabolites that are intermediates of 

existing and functional metabolic routes. This can have the disadvantage of a 

reduced energetic efficiency and sometimes a slight toxicity. In this case the 

thermal decomposition may be called a grey hole. In other cases the decay may 

produce a compound that does not participate in the regular functional metabolism.  

Then we call the decay a black hole. In the absence of reactions that metabolize the 

decay product further, or of export mechanisms the product of the decay reaction 

may continue to accumulate over time to very high levels. The case of GAP and 

DHAP decomposition is a case in point: where GAP decays into glyceraldehyde a 

salvage pathway is present, the np ED pathway. This pathway has made 40% of 

this GAP decomposition into a grey hole. 

The other is the phenomenon of black holes, where the labile intermediate 

decays into a molecule that is not part of a normal and productive CCM ATP 

yielding route and a pathway removing the product of the thermal decay is absent. 

Then that molecule may accumulate to higher levels and become toxic for the cell. 

We noted that methylglyoxal is a decay product of GAP and DHAP. 

Methylglyoxal is a highly reactive alpha-oxoaldehyde that was shown to be formed 

chemically by the elimination of phosphate from GAP and from DHAP (Phillips & 

Thornalley, 1993). Methylglyoxal was found to inhibit cell growth, as shown for 

E. coli, by inhibiting DNA replication and protein synthesis ((Kalapos, 1999) 

(Russell & Cook, 1995)). In cells it is mostly bound to the side chain of arginine, 
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lysine, and cysteine residues of proteins (Bento et al., 2010; Phillips & Thornalley, 

1993). Methylglyoxal adds to tertiary amino groups in proteins and thereby 

produces much toxicity. Here, we may have an example of a partly black hole.   

It is also produced enzymatically and so far for Archaea a methylglyoxal 

bypass has only been described for halophiles (e.g. Haloferax vulcanii, (Oren & 

Gurevich, 1995)). One of the functions of this bypass is probably to enable the 

formation of acetyl-CoA from DHAP under conditions where low phosphate 

concentrations (accordingly, methylglyoxal synthase is inhibited by inorganic 

phosphate) limit the flux through GAPDH (Oren & Gurevich, 1995). Another 

function of methylglyoxal in archaeal metabolism was discovered in the 

hyperthermophilic Euryarchaeon Methanocaldococcus jannaschii, where 

methylglyoxal was identified as an intermediate in the biosynthetic pathway of 6-

deoxy-5-ketofructose-1-phosphate, a precursor sugar for amino acid biosynthesis 

(White & Xu, 2006).  

In S. solfataricus the composition of GAP and DHAP into methylglyoxal 

may, therefore, constitute a proper black hole. This example strongly indicates the 

necessity of a “metabolic thermoadaptation strategy” for (hyper)thermophiles in 

order to avoid decay of metabolites and consequently the loss of energy and 

carbon, if not channeled back into metabolic pathways. Evolution has produced 

detoxification pathways for methylglyoxal, where it is either degraded (i) via 

lactoylglutathione lyase (glyoxylase I, EC 4.4.1.5) forming S-lactoyl-glutathione, 

(ii) via 2-oxoaldehyde dehydrogenase (NAD
+
-dependent (EC 1.2.1.23) or NADP

+
-

dependent (EC 1.2.1.49)) yielding 2-oxo acid or (iii) via aldehyde reductase (EC 

1.1.1.-) forming lactaldehyde. BLAST analyses gave no clear evidence that the 

known proteins involved in the degradation of methylglyoxal are present in 

S. solfataricus. 

 

4.6 COOL NETWORKS IN HOT ORGANISMS?  

 

Extremophiles have much potential to shed light on the mechanisms that are key to 

all living organisms: how can one persist vis-à-vis the multiple challenges of a 

harsh physical environment. Challenges come in many ways and responses to 

challenges have often been thought to reside in adaptations of key macromolecules. 

For instance, if the growth rate of an organism is endangered by an environmental 

factor, then it might survive the challenge by having a much more active enzyme 

for the catalysis of the key step of growth. The organism would outgrow the 

challenge. 

 Key steps of processes that are key to life have a strong record of being 

postulated, either implicitly or explicitly, but a weak record in being validated. 

Groen et al. showed that the two (!) key steps postulated for the ATP synthesis by 

rat-liver mitochondria, only exercised little control on the overall process of 

http://www.kegg.jp/dbget-bin/www_bget?ec:4.4.1.5
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oxidative phosphorylation (Groen et al., 1982). Jensen et al. showed that the key 

enzyme for aerobic ATP synthesis in E. coli exercised little control on its growth 

rate (Jensen et al., 1993).  

Responses of organisms and cells to challenges are often pleiotropic rather 

than through single-molecule adaptation. We may here ask whether the adaptations 

of an extremophile to high temperature reported in this thesis, should be seen as a 

single macromolecule change, or as a change in networking. The challenge of high 

temperature was selected because it is the most pervasive challenge: heat transfer 

across biological membranes is so fast that the intracellular and extracellular spaces 

are isothermal with any temperature challenge outside the organism immediately 

presenting to all processes inside the organism. 

Focusing on a defined pathway, we studied how S. solfataricus regulates 

its systems properties when challenged with a moderate decrease in ambient 

temperature. The SulfoSYS consortium has studied the regulation on 

transcriptome, proteome and metabolome level in response to temperature change. 

In this thesis the corresponding impact of temperature on enzyme rate directly as 

well as on catalytic properties of enzymes and regulation of fluxes in response to 

gene deletions were analyzed. At first it was observed that the doubling times 

decreased about 35% if the ambient temperature drops by about 10°C, i.e. the 

overall flux reduces with decreasing temperature (Zaparty et al., 2009). Different 

modes of regulation were observed. We found a direct effect of temperature on 

enzyme catalytic rates, but the temperature dependence of the various enzymes of 

the ED pathway differed substantially between them (Table 20). We also found a 

response affecting enzyme capacity through the gene expression cascade, i.e. 

changes in RNA and protein expression levels. However, we found up-regulated 

proteins and RNA concentrations as well as down-regulated proteins and RNA 

concentrations, i.e. increased as well as decreased expression of proteins in 

response to temperature decrease (Table 21).  

To quantify the contributions of various modes of regulation, we calculated 

the regulatory coefficients, relative to the change in growth rate (see 4.2.3, Table 

22). The coefficients revealed that metabolic as well as hierarchical parameters 

contributed to the change in growth rate of S. solfataricus.  

Specific isoform expression could also have relevant regulatory effects by 

affecting flux by changing KM rather than Vmax. Many different glucose 

dehydrogenases, dehydratases, aldolases and sugar kinases are encoded in the S. 

solfataricus genome (Figure 21), which might have different, so far unknown, 

catalytic properties, thus changes in glycolytic enzyme isoform expression might 

also be responsible for the flux changes.  

Taken together, these data suggest that thermoadaptation is a network 

action not an action of a single molecule since an effect of temperature change was 

observed at all processes analyzed. As stated above temperature changes 
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immediately affect all processes inside the organism, therefore it is not unexpected 

that temperature changes had an effect on various cellular processes.  

All these network actions may lead to changes in metabolic environment of 

enzymes. Regulation of the metabolic environment seems to be crucial for life at 

high temperature, since some intermediates are thermoinstable and may induce 

futile cycling or may decompose into other metabolites that are or are not 

intermediates of existing and functional metabolic routes (see 4.5).  

The analyses of deletion strains of several glycolytic enzymes showed no 

great effect on growth rate (see 3.5), pointing out the general stability of the 

metabolic network in S. solfataricus. This indicates that life at high temperature 

depends on a robust central carbon metabolism network, even if this is at the cost 

of ATP generation.   

 

 

 

 

 

 

 

 


