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Dedicated to our deceased colleagues, Jaroslav Stark and Emmanuelle Caron,
pioneers in systems biology.



~rotace

Systems biology aims to study the dynamic interactions of more than one component in a
biological system in order to understand and predict the behaviour of the system as a whole.
Typical approaches involve an iterative cycle of ‘dry lab’ modelling and ‘wet lab’ verification.

Bringing order to biological data that inherently have noise due to a multitude of variables
has previously been considered too challenging. However, systems biology is now a rapidly
expanding discipline fuelled by the ‘omics’ era that is coupled to several new technologi-
cal advances that have increased the precision of data obtainable. This has provided the bit
parts of complex living cells. New challenges arise to put these levels of information together
including finding a common language of the difference omics data sets (e.g. genomics, tran-
scriptomics, proteomics, metabolomics).

The sheer complexity of biological systems means that systems biology is a fledgling sci-
ence. However, a focus on simple single cell organisms such as bacteria aids tractability and
means that systems microbiology is a rapidly maturing science.

This book will include case studies on single microbial species (e.g. bacteria and archaea),
systems analysis of microbial phenomena (e.g. chemotaxis and phagocytosis) and this is
complemented with theoretical approaches and mathematical modelling.

Figure 0.1 Systems biology illustrating the iterative cycle of ‘dry lab’ modelling and ‘wet lab’
verification. Concept and design by Jaroslav Stark.
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Sulfolobus Systems Biology:
Cool Hot Design for Metabolic
Pathways

Theresa Kouril, Alexey Kolodkin, Melanie Zaparty, Ralf
Steuer, Peter Ruoff, Hans V. Westerhoff, Jacky Snoep,
Bettina Siebers and the SulfoSYS consortium

Abstract<Please check heading levels throughout>

Life at high temperature challenges the stability of macromolecules and cellular compo-
nents, but also the stability of metabolites, which has received little attention. For the cell,
the thermal instability of metabolites means it has to deal with the loss of free energy and
carbon, or in more extremes, it might result in the accumulation of dead-end compounds.
In order to elucidate the requirements and principles of metabolism at high temperature, we
used a comparative blueprint modelling approach of the lower part of the glycolysis cycle.
The conversion of glyceraldehyde 3-phosphate to pyruvate from the thermoacidophilic
Crenarchaeon Sulfolobus solfataricus P2 (optimal growth temperature 80°C) was modelled
based on the available blueprint model of the eukaryotic model organism Saccharomyces
cerevisiae (optimal growth temperature of 30°C). In S. solfataricus only one reaction is dif-
ferent, namely glyceraldehyde-3-phosphate is directly converted into 3-phosphoglycerate
by the non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase, omitting the
extremely heat-instable 1,3-bisphosphoglycerate. By taking the temperature-dependent
non-enzymatic (spontaneous) degradation of 1,3-bisphosphoglycerate in account, model-
ling reveals that a hot lifestyle requires a cool design.

Archaea

Archaea are fundamental components of biogeochemical cycles on earth and some are
dominating in extreme environments (De Long 1998a, 2001; Chaban et al., 2006). The
assignment of Archaea as the third domain of life, in addition to Bacteria and Eukaryotes,
based on the universal small subunit rRNA, was established in 1977 (Woese and Fox, 1977).
Archaea are sometimes seen as a mosaic of bacterial and eukaryote life-forms, but they also
exhibit numerous unique features. Bacterial-like features such as being unicellular, the lack
of anuclear membrane and organelles, the presence of circular DNA molecule, plasmids and
the organization of genes in operon structures, are in contrast with mechanisms involved in
information processing (e.g. transcription, translation), which represent less complex ver-
sions of the respective eukaryote equivalents.

However, Archaea differ in many aspects of their cell composition and molecular biology
from Bacteria as well as from Eukaryotes. For example, instead of peptidoglycan (murein)
in bacterial cell walls, in some methanogenic species pseudomurein is present (Konig et al.,
1982, 1983), while most other Archaea, consist of a paracrystalline surface layer (S-layer;
Kénig et al., 2007) or harbour no cell wall at all (e.g. Thermoplasmatales; Itoh et al., 2007).
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In addition, Archaea are unique with respect to their metabolism, which is characterized
by unusual, modified pathways. Beside the occurrence of special pathways like methano-
genesis (for review see Thauer et al,, 2008), also some common pathways, like the oxidative
pentose phosphate pathway found in Bacteria and Eukaryotes are absent from Archaea.
Pentoses are either generated via the non-oxidative pentose phosphate pathway and/or the
reversed ribulose monophosphate pathway (Orita et al., 2005 ). Furthermore, the archaeal
pathways are characterized by many, new and unusual enzymes, which substitute for classi-
cal bacterial and eukaryote counterparts (Siebers and Schénheit, 2005; Van der Oost and
Siebers, 2007).

Life at high temperature

Although Archaea are ubiquitous and thrive in diverse habitats (De Long 1998b; De Long
and Pace 2001) most Archaea that have been cultivated so far, are extremophiles, organ-
isms that do not only tolerate, but require harsh environments for growth, e.g. low or high
temperature, low or high pH, high salt concentrations or often combinations thereof.

Challenging habitats for prokaryotic growth are high-temperature environments, which
comprise terrestrial and marine hot springs (e.g. geyser, black smokers, respectively).
(Hyper)thermophiles grow in the range of 60°C up to 113°C (Stetter, 1999). One striking
example is Pyrolobus fumarii with an optimal growth temperature of 106°C (growth range
90-113°C, pH 4.0-6.5; Blochl et al.,, 1997). Life at high temperature requires efficient adap-
tation strategies and in the past years a major focus has been the structural and mechanistic
adaptation of cell components and macromolecules such as DNA, proteins and membranes
(for review see Stetter 1999, Daniel and Cowan, 2000; Kawashima et al,, 2000). (Hyper)
thermophilic organisms have evolved different strategies to adapt to environmental changes
and beside intrinsic factors, which are determined within the macromolecules itself, extrin-
sic factors like the accumulation of compatible solutes, play a major role. Compatible solutes,
such as amino acids (proline, glutamate, glycine), sugars (sucrose, trehalose), polyols and
their derivates (Empadinhas et al,, 2006), can be accumulated up to high intracellular con-
centrations without interfering with metabolism. They protect against various stresses, such
as desiccation, dehydration and osmotic, oxidative or temperature stress. One well-known
example, detected in all three domains of life, is the disaccharide trehalose, which serves for
example as osmolyte in order to balance changes in osmotic pressure and stabilizes proteins
and membranes at high and low temperatures (for review see Elbein et al.,, 2003 ). However,
whereas the stability of macromolecules has been well addressed in the past, only minor
attention has been paid to the effect of temperature on metabolites.

The model organism Sulfolobus solfataricus (strain P2, DSM1617; Zillig et al., 1980) is
an acidophilic thermophile, which belongs to the order of Sulfolobales within the Crenar-
chaeota. S. solfataricus was isolated from Solfatara at the Pisciarelli fumarole field in Naples,
Italy and grows optimally at 80°C (60-92°C) and pH 3 (pH 2-4). It qualifies as an archaeal
model organism for systems biology analyses, because it is genetically tractable and a well-
characterized archaeal species (Worthington et al. 2003; Albers et al. 2006; Deng et al. 2009;
Wagner et al. 2009). Furthermore, it is very easy to cultivate under defined conditions and
grows heterotrophically with many different carbohydrates, such as monosaccharides (e.g.
arabinose, glucose, galactose), disaccharides (e.g. maltose, sucrose) and polysaccharides
(e.g. starch), as well as with amino acids or peptides (Grogan, 1989). Therefore, it quali-
fies for studying archaeal metabolic pathways. In addition, comprehensive microbiological,
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biochemical and functional genomics data have been assembled over the past 25 years
and effective standard operating procedures have been established recently (Zaparty et al.,
2010).

Archaeal carbohydrate metabolism

Polysaccharides are a major source of carbon in the three domains of life. Their utilization
generally involves extracellular hydrolysis, uptake of oligosaccharides by specific transport-
ers and their intracellular hydrolysis to generate hexoses, like glucose, galactose, mannose
and fructose. Subsequently, these monosaccharides are oxidized via well-conserved central
metabolic pathways.

The archaeal carbohydrate metabolic network (CMN) is as complex as that of Bacteria
and primitive Eukaryotes, but is characterized by many novel enzymes and biochemical
pathways. Even the basic pathways of sugar degradation, like the Embden—Meyerhof-Parnas
(EMP) or the Entner-Doudoroff (ED) pathway have undergone slight modifications in
these organisms compared with the ‘classic’ pathways in Bacteria and Eukaryotes (Selig et
al., 1997; Ronimus et al., 2002; Verhees et al., 2003; Siebers and Schonheit, 2005; Van der
Oost and Siebers, 2007). Many of the archaeal enzymes lack similarity with their bacterial
and eukaryote counterparts, or are members of different, ‘new’ enzyme families (e.g. ADP/
ATP-dependent hexo(gluco)kinases, phosphoglucose isomerase; Hansen et al., 2003; Sie-
bers and Schonheit, 2005). Interestingly, despite the utilization of new enzymes most of the
intermediates known so far (e.g. in the EMP pathway) are conserved, highlighting the major
impact of thermodynamic constraints on metabolic reactions.

However, so far only very limited information is available for utilization and growth on
alternative carbon sources in Archaea (e.g. pentoses, sugar acids, aldehydes) and therefore,
reconstruction of the archaeal carbon metabolic network (CMN) is incomplete and regula-
tory mechanisms such as nutritional adaptation or carbon homeostasis, as well as energetics
are still far from being understood.

Metabolic network reconstruction

A prerequisite for systems biology is a complete network reconstruction in order to iden-
tify all players of the investigated network. For the Sulfolobus Systems Biology (SulfoSYS;
www.sulfosys.com) project, the central carbohydrate metabolism (including the EMP and
branched ED pathway, trehalose and glycogen metabolism) of S. solfataricus P2 has been
reconstructed and the effect of temperature change on the metabolic network has been
investigated (Albers et al., 2009; Zaparty et al., 2010).

The established S. solfataricus CMN blueprint model was used recently for pathway
reconstruction within about 30 thermoacidophilic Archaea, distributed among the archaeal
kingdoms of Crenarchaeota and Euryarchaeota, with available genome sequence informa-
tion (Auernik et al,, 2008; Zaparty and Siebers, 2011).

Previous studies revealed that S. solfataricus uses an unusual branched ED pathway for
the catabolism of glucose and galactose to pyruvate (Lamble et al., 200S; Snijders ef al.,
2006). Because of the absence of a phosphofructokinase (PFK) homologue in S. solfatari-
cus, it is suggested that the EMP pathway is utilized only in the gluconeogenic direction. The
promiscuous ED pathway consists of a semi-phosphorylative (sp) and non-phosphorylative
(np) branch (Fig. 8.1). Here, phosphorylation occurs via 2-keto-3-deoxygluconate kinase
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Figure 8.1 GAP conversion in S. solfataricus. Boxed in dark grey: reactions of the branched
ED pathway; boxed in light grey: reactions of the anabolic EMP pathway. FBPA/ase,
fructose-1,6-bisphosphate aldolase/phosphatase; TIM, triosephosphate isomerase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GAPN, non-phosphorylating glyceraldehyde-
3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGAM, phosphoglycerate
mutase; ENO, enolase; PK, pyruvate kinase; PEPS, phosphoenolpyruvate synthetase.

(KDGK) or glycerate kinase (GK), respectively (De Rosa et al., 1984; Ahmed et al., 2004;
Lamble et al., 2003, 2005).

The common partofthebranched ED pathwayin S.solfataricusinvolvestheinitial oxidation
of glucose/galactose to gluconate/galactonate by glucose dehydrogenase (GDH; Lamble et
al.,2003; Haferkamp et al., 2011) and the dehydration by gluconate/galactonate dehydratase
(GAD; Lamble et al., 2004; Lee and Kim, 2005) forming 2-keto-3-deoxygluconate/2-keto-
3-deoxygalactonate (KDG/KDGal), the characteristic intermediates of this pathway. At
the beginning of the sp ED branch KDG/KDGal is phosporylated to 2-keto-3-desoxy-6-
phosphogluconate/2-keto-3- deoxy-6-phosphogalactonate (KDPG/KDPGal) via KDGK.
KDPG/KDPGal as well as KDG/KDGal are cleaved by the bifunctional KD(P)G aldolase,
yielding glyceraldehyde 3-phosphate (GAP) and pyruvate in the sp branch and glyceralde-
hydes (GA) and pyruvate in the np route, respectively (Buchanan et al., 1999; Lamble et al.,
2003, 2005; Ahmed et al.,, 2005). GAP is further metabolized either via the glyceraldehyde-
3-phosphate dehydrogenase (GAPDH)/phosphoglycerate kinase (PGK) couple (Hess et
al., 1995; Jones et al.,, 1995; Russo et al.,, 1995) or via the non-phosphorylating GAPDH
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(GAPN; Ettema et al., 2008) ending in the lower common shunt of the EMP pathway, yield-
ing a second molecule of pyruvate (Fig. 8.1).

In the np branch, GA is further oxidized to glycerate via glyceraldehyde dehydrogenase
(GADH) or glyceraldehyde-oxidoreductase (GAOR), the latter has been characterized
from S. acidocaldarius (aldehyde ferrodoxin oxidoreductase (AOR), Kardinahl et al., 1999).
Glycerate is then transformed to 2-phosphoglycerate (2PG) via glycerate kinase (GK) and
channelled into the EMP pathway forming a second molecule of pyruvate (Zaparty and
Siebers, 2011).

From GAP to pyruvate: the common shunt of the EMP pathway

A general feature of all (hyper)thermophilic Archaea analysed so far, is that they lack the
characteristic bacterial and eukaryote regulation points at the beginning and end of the
glycolytic EMP pathway. The archaeal ATP-dependent hexokinase, ADP-dependent
glucokinase, ATP-, ADP-, and PP,-dependent phosphofructokinases all lack allosteric prop-
erties, thus omitting the central control points of the classical EMP pathway as found in
Bacteria and Eukaryotes. Also the archaeal pyruvate kinases (PK) exhibit reduced, if at all,
regulatory potential (Siebers und Schénheit, 2005).

In S. solfataricus the upper part of the EMP pathway is only used for gluconeogenesis and
the key metabolite at the branch point between gluconeogenic EMP and the lower glycolytic
sp ED shunt of S. solfataricus is GAP (Fig. 8.1). In the anabolic direction GAP is converted
to dihydroxyacetone phosphate (DHAP) by triosephosphate isomerase (TIM) and further
metabolized to fructose 6-phosphate via an unusual, bifunctional fructose 1,6-bisphosphate
(FBP) aldolase/phosphatase (FBPA/ase, T. Kouril et al.,, unpublished; Fig. 8.1). The FBPA/
ase catalyses the direct conversion of DHAP and GAP to fructose 6-phosphate, as recently
described for the hyperthermophilic Archaeon Ignicoccus hospitalis (Say et al., 2010). This
bifunctional enzyme seems to be restricted to Archaea and deep branching, mostly ther-
mophilic and autothrophic Bacteria (Say et al., 2010). However, bioinformatic analyses
revealed, in addition, the presence of the archaeal-type class I FBP aldolase (Siebers et
al., 2001; Lorentzen et al., 2003, 2005) homologue in S. solfataricus, which might catalyse
reversible FBP formation. However, its role still has to be elucidated.

For the catabolic conversion of GAP, two different enzyme activities are known in Sul-
folobus: (i) the classical GAPDH/PGK enzyme couple (Fabry et al., 1987; Zwickel et al,
1990; Jones et al., 1995; Hess et al., 1995; Russo et al., 1995) and (ii) the GAPN (Brunner
et al.,, 1998, 2001; Ettema et al., 2008), which catalyses the unidirectional oxidation of GAP
to 3-phosphoglycerate (3PG; Fig. 8.1). In other Archaea, a third enzyme, the GAP oxi-
doreductase (GAP-OR), which catalyses the same reaction as GAPN, but uses ferredoxin
instead of pyridine nucleotides as a co-substrate (Mukund ef al., 1995; Ettema et al., 2008),
has been identified. The formed 3PG is further converted to 2-phosphoglycerate (2PG),
phosphoenolpyruvate (PEP) via phosphoglycerate mutase (PGAM) and enolase (ENO).
Finally, a second molecule of pyruvate is formed via the pyruvate kinase (PK) reaction (Fig.
8.1).

Due to its allosteric regulation, it is predicted that GAPN is the first and only regulation
point of the sp ED pathway identified to date (Brunnner et al.,, 1998, 2001; Lorentzen et al.,
2004; Ahmed et al., 2005; Ettema et al,, 2008). The enzyme is efficiently activated by glucose
1-phosphate (G1P), a glycogen metabolism intermediate. Bioinformatics analyses revealed
that GAPN seems to be present only in Archaea with an optimal growth temperature above
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75°C, with the only exception of Halobacterium sp. NRC-1, a halophilic Archaeon with an
optimal growth temperature of 37°C (Ettema et al., 2008). In the catabolic direction, the
use of GAPN instead of the GAPDH/PGK couple omits the extremely thermolabile inter-
mediate 1,3-bisphosphoglycerate (1,3-BPG; half-life of 96 seconds at 60°C; Schramm et al.,
2001), therefore, a function of GAPN in metabolic thermoadaptation has been proposed
previously (Ettema et al., 2008). Detailed biochemical and transcriptional analyses in Pyro-
coccus furiosus and Thermoproteus tenax revealed a catabolic role for the GAPN and GAPOR,
and an anabolic role for the GAPDH/PGK couple (Schifer and Schénheit, 1993; Brunner
et al., 1998,2001; Van der Oost et al., 1998; Schut et al., 2003; Lorentzen et al., 2004).

However, the regulation at GAP level in S. solfataricus and other Archaea is still unclear
and requires further biochemical investigations. The net ATP yield of the sp ED pathway
is 1 mol ATP per mol of glucose, if the classical GAPDH/PGK couple is used, whereas no
net energy is gained (0 mol ATP/mol glucose), if the GAPN or the np branch are used in
glycolysis.

Blueprint modelling: glycolysis of S. solfataricus and S.

cerevisiae are instantiations of the same master theme

Different biological organisms might be quite similar in a very important underlying
mechanism of their function. First, building blocks (biomolecules) are basically the same. If
L-amino acids and D-sugars had been chosen to be synthesized by the first ancestor organism,
perhaps randomly, the evolution of successors would continue to work with those forms. If,
ata certain stage, autotrophs have centred their metabolism on glucose, heterotrophs would
be constrained to arrange their metabolism in a compatible way, to have compatible build-
ing blocks. We may also expect that major pathways, major biochemical reaction networks
would remain similar through all organisms. First of all, the number of biologically afford-
able reactions is limited. We do not expect that any organism might ever synthesize glucose
from water and CO, directly, in a single reaction; neither, would we expect that glucose
would be oxidized to CO, and water directly. On the contrary, we would anticipate to find a
thermodynamically reasonable, stepwise process compatible with life, which neither deliv-
ers nor consumes too much of Gibbs free energy. Since already emerged; most probably,
the core scheme of this stepwise process would be inherited further and with the evolution
of a biosphere as a whole; single organisms (species) would be constrained to stick to this
consensus mechanism.

This seems to be also true for Archaea, although they use modifications of the classi-
cal EMP and ED pathway, most metabolites and catalysed reactions are similar, only the
catalysts involved change. Similarity of biochemical pathways in various organisms justify a
blueprint modelling approach: a blueprint (core) model may be built and then parameter-
ized for a pathway of a particular organism, by varying only several parameters (assuming
that the same kinetic type is used), such as the level of enzyme expression.

Here, we focus on a blueprint modelling of the lower part of glycolysis, the conver-
sion of GAP to pyruvate. First, we project the reaction network diagram of this part of the
glycolytic pathway in S. solfataricus over the reaction network of S. cerevisiae, an organism
from the eukaryote kingdom, with an optimal growth at 30°C. The majority of the reactions
overlap (Fig. 8.2) and only one reaction is different. As discussed above, apart from the
classical GAPDH/PGK enzyme couple (reactions 1 and 2, Fig. 8.2), S. solfataricus employs
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Figure 8.2 Blueprint scheme of the lower part of glycolysis (conversion of glyceraldehyde
3-phosphate to pyruvate) for S. cerevisiae and for S. solfataricus. GAP, glyceraldehyde-
3-phosphate; 1,3BPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG,
2-phosphoglycerate; PEP, phosphoenolpyruvate.

the GAPN, which catalyses the unidirectional oxidation of GAP to 3PG (reaction 6, Fig.
8.2; Ettema et al,, 2008), and the organism uses NADP* instead of NAD" as cofactor for
these reactions. S. cerevisiae lacks GAPN and is unable to convert GAP into 3PG directly
(Fig. 8.2). Consequently, S. cerevisiae glycolysis is, in fact, the glycolysis of S. solfataricus,
but without reaction 6. This allows the building of a mathematical model of glycolysis in S.
solfataricus by adding the extra reaction into the model of S. cerevisiae and re-parameterizing
the kinetics of the other reactions.

Another factor that has to be considered is the temperature dependent non-enzymatic
(spontaneous) degradation of 1,3-BPG (reaction 99, Fig. 8.2). For S. cerevisiae, this reaction
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may be neglected, but for S. solfataricus (living at high temperature) this has to be taken into
account.

Building a mathematical model of glycolysis in S. solfataricus

The blueprint approach allows us to start with a well-known model of S. cerevisiae glyco-
lysis, built in the Amsterdam group (Teusink ef al.,, 2000) and available at the JWS Online
site (http: //jjj-mib.ac.uk; Olivier and Snoep, 2004). Since we were interested only in the
lower part of glycolysis (conversion of GAP into pyruvate), the corresponding part has been
copied from the Teusink model. Initial concentrations of boundary metabolites (GAP and
pyruvate) have been fixed (equal to steady state concentration in the Teusink model). The
rate constant of oxidation of NADH (NADPH for S. solfataricus) has been assumed con-
stant. The GAPN as well as the GAPDH of S. solfataricus have been shown to possess dual
co-substrate specificity; however, NADP* has been shown to be the preferred co-substrate
(Littlechild et al.,, 2001; Ettema et al., 2008). The rate of ATP consumption has been mod-
elled with mass action kinetics. The ratio of the steady state ATP consumption flux and the
GAP consumption flux indicate the efficiency of ATP production. Parameters for reactions
1, S and 6 have been experimentally measured within the SulfoSYS project (www.sulfosys.
com). The specific activities (V_ values) were determined in cell-free extracts of S. solfa-
taricus cells grown at 80°C [see SOP_SSO_080904 (fermenter set-up and fermentation);
SOP_SSO_080905 (cell harvest); SOP_SSO 080913d (preparation of S. solfataricus
crude extracts) in Zaparty et al. (2010)]. Purified, recombinant proteins were used to obtain
Km values, performing enzyme assays according to standard protocols (Zaparty et al., 2010;
GAPN (reaction 6, Fig. 8.2) Ettema ef al., 2008; GAPDH (reaction 1, Fig. 8.2) Russo et al,,
1995; PK (reaction S, Fig. 8.2) Schramm et al., 2000). Parameters for reaction 2, 3 and 4
have been kept identical to the ones in the S. cerevisiae model (Teusink et al., 2000). All rate
equations, mass balances and parameters are shown in Table 8.1 and the model is available
via JWS Online (e.g. http://jjj.mib.ac.uk, search e.g. for author Kouril), and can be exported
in SBML format.

As shown in Fig. 8.2, when directly converting GAP into 3PG, S. solfataricus produces less
ATP molecules per molecule of glucose than S. cerevisiae. This seems paradoxical, because
the main function of glycolysis is exactly the synthesis of ATP. Why does S. solfataricus pos-
sess reaction 62 Would S. solfataricus not produce more ATP without this reaction?

The presence of GAPN might be understandable, if reactions 1 and 2 would be limiting
for the total flux of glucose through the glycolytic pathway. However, if reactions 1 and 2 are
sufficient for S. cerevisiae, living at low temperatures, the conversion of GAP into 3PG at high
temperature should be even simpler due to the spontaneous degradation of 1,3-BPG. The
non-enzymatic degradation of 1,3BPG would help to increase the total flux by stimulating
reaction 1 (consuming its product) and by duplicating reaction 2. Another explanation for
the existence of GAPN may be found, if there would be a high flux through reaction 99. Then
the total mass flow would pass mostly through reactions 1 and 99 and there would be very
little synthesis of ATP from GAP. Consequently, redirecting of the total flux from reactions 1
and 2 into reaction 6 would have almost no effect on the net outcome of ATP. Then, instead
of producing GAPDH, S. solfataricus might produce GAPN. This maybe the reason why
Sulfolobus possesses GAPN - simply because reaction 6 does not give any substantial dis-
advantages. However, it is not considered yet that 1,3-BPG might spontaneously degrade to
compounds different from 3PG (e.g. IPG) or other ‘grey’ metabolites. There are no studies
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about the decay products available so far. These ‘grey’ metabolites may simply escape from
further steps of glycolysis and thus, may be lost from the point of ATP production (carbon
loss). Therefore, it may be important to assure that the flux goes through GAPN. Then, S.
solfataricus faces the dilemma of either to lose ATP, due to employing GAPN instead of
PGK, or may be to lose metabolites from the glycolytic pathway. Is this the complete picture
for the trade-off between those two processes?

Futile ATP cycling: inspirations from the model

The mathematical model for S. solfataricus allowed us to compare the S. solfataricus and S. cer-
evisiae GAP to pyruvate conversion as instantiations of the same blueprint master-scheme.
To be able to compare the Sulfolobus and Saccharomyces systems we need to express the
efficiency of the lower branch of glycolysis in terms of ATP produced per GAP consumed.
In this way the lower efficiency of Sulfolobus due to its use of the ED pathway does not
interfere with the estimations of the efficiency of the second half of glycolysis.

In S. cerevisiae at low temperature, neither reaction 99 nor reaction 6 are present, then
two molecules of ATP will be produced per molecule of GAP converted to pyruvate. We
expected a decrease in efficiency (ATP/GAP) after the addition of reaction 99 (spontaneous
degradation of 1,3BPG to 3PG), since this could lead to 1,3BPG consumption uncoupled
from ATP synthesis. We expected that at low temperature the effect of spontaneous 1,3BPG
degradation would not be very severe, the flux through reaction 99 would be low and the
ATP/GAP flux ratio would be somewhere between one and two. We also expected that
at high temperature, the total pool of 1,3BPG would be degraded spontaneously, the flux
through reaction 2 would approach zero and, consequently, the net ATP/GAP flux ratio
would become equal to one. Model simulations confirmed these predictions for the case
of low temperature. The ATP/GAP flux ratio was found to be between 1 and 2 (Table 8.2);
but, at high temperature the ATP/GAP flux ratio dropped even further to values below 1.
This phenomenon might be explained by futile cycling of ATP. The PGK reaction is simu-
lated as a reversible reaction and the increased conversion of 1,3BPG due to degradation
at high temperatures can lead to a change in 3PG/1,3BPG ratios and thereby increasing
the reverse rate of PGK. The latter is coupled with the consumption of ATP and could be
observed in the model as the negative flux value through reaction 2. The activity of the futile
cycle reduced the ATP/GAP flux ratio below 1 and this indicates that removal of PGK could
actually lead to a higher ATP/GAP flux ratio, although this would remove a potential ATP
production site and limit the ratio to 1. Indeed, when reactions 1 and 2 in the S. solfatari-
cus model were removed, the ATP/GAP flux ratio did not drop below 1, showing that this
design was more advantageous.

Conclusions and future perspective
In the course of the SulfoSYS project (Albers et al., 2009) a blueprint modelling approach
with input of real kinetic data allowed us to address the design of a partial glycolysis model,
in other words conversion of GAP to pyruvate for the thermoacidophilic archaeon S. solfa-
taricus.

Metabolite instability is one important challenge for organisms growing at high tem-
perature. Especially as some triosephosphates are heat-labile compounds, which need to be
quickly converted to more heat-stabile carbohydrates in order to prevent carbon and energy
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Table 8.1 Model description <throughout confirm that the units mM/min (i.e. mol/I/min) are
correct, not mmol/min>

Reactions Parameters
v, GAPDH: GAP oxidation to 1,3-BPG (coupled with NADP* K aaponear = 4.6 MM
reduction) ZmGAPDHNADP :9(2).‘?1 nl\;IM
=92.4m
Vatowpn “GAP(#) NADP(6) Ve - BPG (1) NADPH (1) mGAPDHEPG B mM

N mGAPDHNADPH

Knaarmioar  Kncapounane Knaaroiers  Konaaponarm micaPDH = VmbGAPDH =
GAP(f) BPG(1) NADP(f)  NADPH(r) \ 0.066 U/mg = 66 mM/
I+ * IR + min (SulfoSys data)
KmGAP]}IGAP KmGAP]]-INADP Km(‘xAP]J-IBPG KmGAP]}INADPH y
(mM/min)

v, PGK (reversible): when in direction from BPG to 3PG KquK =0.450
generates ATP (Prb): KeqPGK = 3200
V. par Kegpark BPG(SUMAXP-(SUMAXPA2-2"SUMAXP* K. perapp = 0-2mM
Pro+8"K 5 "SUMAXP*Pro+Pror2-4'K  , "Pro’2)10.5)/ K. paxare = 0-3mM
(1-4"K qa)-(-SUMAXP+Prb-4"K AK*Prb+(SUMAXP’\2— K pakspg = 0-003mM

2*SUMAXP*Prb+8"K, *SUMAX[]D “Prb+Prb/r2— K. perapg = 0-53mMM
4Ky Pro2)10.5)" 13(3/(2 8K oar))/ wpak = 1306.45mM/
mpakare Kmparara (1 +(SUMAXP SUMAXPA2-2*SU min
MAXP*Pro+8"K., ¢ *SUMAXP*Prb+Prb/\2— SUMAXP = 4.1mM
4K, AK*Prb’\2)’\O 5)/(1-4"K oo pd Kirparane) - As for yeast (Teusink et
SUMAXP+Prb 4K o Pro+ %UMAXP/\2— al., 2000)
2*SUMAXP*Prb+8"K 5 "SUMAXP*Prb+Prb/2-
4K oa Pro72)20.5)/((2-8"K g 01 K paicars) (1+BPG/
Kpakepat3PO/K pakara
(mM/min)
v, PGAM (reversible): 3PG to 2PG V. peam = 2525.81 M/min
KeqPGAM =0.19
VmP(;AM -(3PG(t) - ZPG(t) K. peamapa = 1-2MM
K =0.08mM
mPGAM3PG oqPGM mPGAM2PG .
3PG() 2PG(1) As for yeast (Teusink et
1+ + al., 2000)
mPGAM3PG KmPGAMZPG
(mM/min)
v, ENO (reversible): 2PG to PEP V. eno=365.8 MM/min
RENO_.(2PG - PEP ) Kinenozeg = 0-04mM
mENO2PG <ENO KquNo
2PG PEP KmENOPEP 0 5 mM
1+ + As for yeast (Teusink et
mENO2PG KmENOPEP al., 2000)
(mM/min)

Vg PK (dephosphorylation of PEP to PYR, coupled with ATP V. ey =0.04 U/mg =
(Prb) synthesis): 40mM/min (measured
Voevid Kopviper Kmpyiape) (PEP*(SUMAXP- for 70°C, for 80°C its
(Pror2-4"K, ,,"Prb/2-2"Pro*SUMAXP+8"K, », “Prb value should be a bit
*SUMAXP+SUMAXP’\2)’\0 S)/(1-4"K - PYE% (Prb- higher )

AK i PrO-SUMAXP+(ProA2-4°K , “Pron2- K. pyipep =0-26mM
2*Prb*SUMAXP+8*K *Prb*SUMA&P+SUMAXP’\2)’\O.5)/ K. pyiapp =0-113mM
(2—8*KquK E’PYK 1+PEP/KmPYKPEP+PYR/ (SulfoSys data)

K. pykpyr) (1 +(Prb-4"K__, “Prb- Kgar = 0-450
SUMAXP+(Prb/\2—4*Ke ax Pron2-— Kogpyi = 6500
2*Prb*SUMAXP+8"K,, Pro*SUMAXP+SUMAXPA2)70.5)/ K _oyyarp=1.5mM
(2-8"K sqard/ K pyicarpt %UMAXP (Pron2-4"K, \Pror2-2"Pr = K oypyg=21mM
b*SUMAXP+8'K,, *Prb*SUMAXP+SUMAXP/\2)/\O 5)/ SUMAXP =4.1mM
(1-4'K,, AK)/KmF,YKADF,)) As for yeast (Teusink et
(mM/min) al., 2000)
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Reactions Parameters

Vg GAPN (irreversible): Oxidation of GAP to 3PG, coupled with  *V, .\ =0.06 U/mg=
NADP* reduction: 60 mM/min
Vaaen “GAP(D) - NADP(t) K —1mM
Kanaarxaar- NADP(t) + Kncarsnave - GAP(t) + GAP(t)- NADP() + K. cxmane * K paamine ,MEAPNGAP ™
(mM/min) maapnnapp =0-18 MM
(SulfoSys data)
v, Oxidation of NADPH+H* to NADP+: k,=170/min (fitted)
k,- NADPH(t) (mM/min)
Vg Consumption of ATP (Prb): kg=2.005 min™
Kg: Prb(t) (mM/min) (fitted)
Vgo Spontaneous (non-enzymatic) degradation of BPG to 3PG: k4 (varied)
kgg-3PG(t) (MM/min) variable
10° and 107
Balance equations
dNADP/dt (V= Vg=V,) (MM/min)
dNADPH/dt (Vg + v, = V) (MM/min])
d3PG/dt (Vgg + Vg, Vo = V) [MM/min]
d2PG/dt (V3= v,) (MM/min)
dPEP/dt (v, Vg) (MM/min)
dBPG/dt (V4= V, = Vgg) (MM/min)
dPYR/dt (vg) (mM/min)
dTRIO/dt (=V; = Vg —Vgg) (MM/min)
dPrb/dt (=ATP) (Vp+ Vg = Vg) (MM/min)
Conserved moieties
NADP(t) + NADPH(t) 1.58 (mMM)
Initial conditions
Prb(0) 6.3 (mM)
NADP(0) 1.54 (mM) [1.48 mM for design 4 (only
GAPN)]
BGP(0) 0.0000522 (mM)
NADPH(0) 0.04 (mM) [0.1 mM for design 4 (only
GAPN)]
3PG(0) 0.08 (mM) [1.28 mM for design 4 (only
GAPN)]
PEP(0) 0.09 (mM) [1.37 mM for design 4 (only
GAPN)]
2PG(0) 0.01 (mM) [0.23mM for design 4 (only
GAPN)]
PYR(0) (fixed) 8.5 (mMM)
GAP(0) (fixed) 0.77 (mM)
SUMAXP (fixed) 4.1 (mM)

GAP, glyceraldehyde 3-phosphate; BPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate;
2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate; Prb, corresponds to

2ATP +ADP, SUMAXP, corresponds to ADP, ATP and AMP, fixed.

*V,, was measured in U/mg of crude (total) protein (umol/min/mg) and converted to (mM/min) using
the conversion factor 1g of total protein corresponds to 1 ml of cell volume (parameter set in the
realistic range, for yeast 1g = 3.7 ml (Teusink et al, 2000), for mitochondria 1g = 1ml)
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loss (Ahmed et al., 2004; Ettema et al., 2008; Say et al., 2010). However, the decay products
of the spontaneous degradation of 1,3BPG are still unknown and part of current studies. If
other ‘grey’ metabolites are formed, they may escape from glycolysis.

In both organisms, the mesophile S. cerevisiae and the thermophile S. solfataricus, GAP
is produced via two different glycolytic pathways. S. cerevisiaze metabolizes GAP via the clas-
sical EMP pathway, whereas in S. solfataricus GAP is formed via the sp ED branch; no GAP
is produced in the np ED branch of the S. solfataricus pathway. In the model, the main focus
lies on the ATP production in terms of ATP produced per molecule of GAP converted into
pyruvate.

S. cerevisiae forms two ATP per molecule of GAP at low temperature, which might drop to
below one ATP per molecule GAP at high temperature, by taking the temperature induced
non-enzymatic degradation of 1,3BPG into account (futile cycling leads to a negative flux
value of ATP through PGK reaction). The circumvention of 1,3BPG by the use of GAPN, as
in S. solfataricus, results in the formation one ATP per GAP molecule.

Consequently it may be advantageous to remove GAPDH/PGK and involve GAPN or
GAP-OR enzymes in (hyper)thermophiles, which catalyse the direct oxidation of GAP
to 3PG. This fits with the above-mentioned bioinformatics analyses, showing that GAPN
seems to be mostly present in Archaea with an optimal growth temperature above 75°C
(Ettema et al., 2008).

We have shown here that the GAPDH/PGK enzyme pair may cause a futile cycling: at
high temperatures 1,3BPG would degrade spontaneously and it can be re-synthesized by
reversed PGK activity resulting in the consumption of ATP. Thus, to circumvent the futile
cycle it is essential to remove the PGK even more so than adding GAPN (or GAP-OR).
However, GAPN cannot substitute entirely for the GAPDH/PGK couple. Both GAPDH
and PGK are essential for gluconeogenesis.

With our blueprint modelling approach we have shown that the GAPDH/PGK route
could lead to a net ATP consumption at high temperatures due to futile cycling over the
PGK reaction. It could be shown that in this case it was better to utilize GAPN (in absence
of PGK). If the net flux over the PGK is in the forward direction, this will lead to an ATP/
GAP flux ratio higher than 1, and then the GAPDH/PGK route is more efficient than the
GAPN route. The relative fluxes over the GAPDH/PGK, GAPN and spontaneous degrada-
tion of 1,3BPG at high temperature is dependent on the kinetics for these reactions, which
are currently under experimental investigation.

Indeed, in previous studies we observed a tremendous activation of GAPN by G1P
(intermediate in glycogen metabolism). The activity of GAPN increased about four-fold
on addition of G1P (0.01 mM; Ettema et al.,, 2008), such an activation could lead to an
increased flux over the GAPN route.

In summary, the ‘hot’ design of S. solfataricus does not seem to be a strange design wast-
ing ATP compared with the ‘cool’ design of S. cerevisiae (Fig. 8.3), 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
advantageous 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.
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Figure 8.3 At low temperature, the conversion of GAP into 3PG via 1,3BPG is more
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 utilization of GAPN.

References

Ahmed, H., Tjaden, B., Hensel, R., and Siebers, B. (2004). Embden—Meyerhof-Parnas and Entner—
Doudoroff pathways in Thermoproteus tenax: metabolic parallelism or specific adaptation? Biochem.
Soc. Trans. 32, 303-304.

Ahmed, H., Ettema, T.J.G., Tjaden, B., Geerling, A.C.M., Van Der Oost, J., and Siebers, B. (2005). The semi-
phosphorylative Entner-Doudoroff pathway in hyperthermophilic archaea: a re-evaluation. Biochem.
J. 390, 529-540.

Albers, SV, Jonuscheit, M., Dinkelaker, S., Urich, T., Kletzin, A., Tampé, R., Driessen, A.J.M., and Schleper,
C. (2006). Production of recombinant and tagged proteins in the hyperthermophilic archaeon
Sulfolobus solfataricus. App. Environ. Microbiol. 72, 102-111.

UNCORRECTED PROOF Date: 12:27 Friday 16 December 2011
File: Systems Microbiology 1P




Sulfolobus Systems Biology: Cool Hot Design for Metabolic Pathways | 167

Albers, SV, Birkeland, N.K., Driessen, A.J.M., Gertig, S., Haferkamp, P,, Klenk, H.P,, Kouril, T., Manica,
A., Pham, TK., Ruoff, P, et al. (2009). SulfoSYS (Sulfolobus Systems Biology): towards a silicon cell
model for the central carbohydrate metabolism of the archaeon Sulfolobus solfataricus under temperature
variation. Biochem. Soc. Trans. 37, 58-64.

Auernik, K.S., Cooper, C.R., and Kelly, R.M. (2008). Life in hot acid: pathway analyses in extremely
thermoacidophilic archaea. Curr. Opin. Biotechnol. 19, 445-453.

Bléchl, E., Rachel, R., Burggraf, S., Hafenbradl, D., Jannasch, HW,, and Stetter, K.O. (1997). Pyrolobus
fumarii, gen. and sp. nov., represents a novel group of archaea, extending the upper temperature limit for
life to 113°C. Extremopbhiles 1, 14-21.

Brunner, N.A., Brinkmann, H., Siebers, B., and Hensel, R. (1998). NAD+-dependent glyceraldehyde-
3-phosphate dehydrogenase from Thermoproteus tenax. The first identified archaeal member of the
aldehyde dehydrogenase superfamily is a glycolytic enzyme with unusual regulatory properties. J. Biol.
Chem. 273, 6149-6156.

Brunner, N.A,, Siebers, B., and Hensel, R. (2001). Role of two different glyceraldehyde-3-phosphate
dehydrogenases in controlling the reversible Embden—Meyerhof-Parnas pathway in Thermoproteus
tenax: Regulation on protein and transcript level. Extremophiles 5, 101-109.

Buchanan, C.L., Connaris, H.,, Danson, M.J., Reeve, C.D., and Hough, DW. (1999). An extremely
thermostable aldolase from Sulfolobus solfataricus with specificity for non-phosphorylated substrates.
Biochem. J. 343, 563-570.

Chaban, B., Ng, S.Y.M., and Jarrell, K.F. (2006). Archaeal habitats — from the extreme to the ordinary. Can.
J. Microbiol. §2, 73-116.

Daniel, R.M., and Cowan, D.A. (2000). Biomolecular stability and life at high temperatures. Cell. Mol. Life
Sci. §7,250-264.

DeLong, E. (1998a). Archael means and extremes. Science 280, 542-543.

De Long, E.F. (1998b). Everything in moderation: Archaea as ‘non-extremophiles’ Curr. Opin. Genet. Dev.
8, 649-654.

De Long, E.F, and Pace, N.R. (2001). Environmental diversity of bacteria and archaea. Syst. Biol. 50,
470-478.

De Rosa, M., Gambacorta, A., Nicolaus, B., Giardina, P., Poerio, E., and Buonocore, V. (1984). Glucose
metabolism in the extreme thermoacidophilic archaebacterium Sulfolobus solfataricus. Biochem. J. 224,
407-414.

Dello Russo, A., Rullo, R., Masullo, M., Ianniciello, G., Arcari, P, and Bocchini, V. (1995). Glyceraldehyde-
3-phosphate dehydrogenase in the hyperthermophilic archaeon Sulfolobus solfataricus: Characterization
and significance in glucose metabolism. Biochem. Mol. Biol. Int. 36, 123-135.

Deng, L., Zhu, H., Chen, Z., Liang, Y.X., and She, Q. (2009). Unmarked gene deletion and host-vector
system for the hyperthermophilic crenarchaeon Sulfolobus islandicus. Extremophiles 13, 735-746.

Elbein, A.D,, Pan, YT, Pastuszak, L, and Carroll, D. (2003). New insights on trehalose: a multifunctional
molecule. Glycobiology 13, 17R-27R.

Empadinhas, N., and Da Costa, M.S. (2006). Diversity and biosynthesis of compatible solutes in hyper/
thermophiles. Int. Microbiol. 9, 199-206.

Ettema, TJ.G.,, Ahmed, H., Geerling, A.C.M., Van Der Oost, ], and Siebers, B. (2008). The non-
phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN) of Sulfolobus solfataricus: A
key-enzyme of the semi-phosphorylative branch of the Entner-Doudoroff pathway. Extremopbhiles 12,
75-88.

Fabry, S., and Hensel, R. (1987). Purification and characterization of D-glyceraldehyde-3-phosphate
dehydrogenase from the thermophilic arachaebacterium Methanothermus fervidus. Eur. J. Biochem. 168,
147-1S5S.

Grogan, DW. (1989). Phenotypic characterization of the archaebacterial genus Sulfolobus: comparison of
five wild-type strains. J. Bacteriol. 171, 6710-6719.

Haferkamp, P., Kutschki, S., Treichel, J., Hemeda, H., Sewczyk, K., Hoffmann, D., Zaparty, M., and Siebers,
B. (2011). An additional glucose dehydrogenase from Sulfolobus solfataricus: fine-tuning of sugar
degradation? Biochem. Soc. Trans. 39, 77-81.

Hansen, T., Wendorff, D., and Schénheit, P. (2004). Bifunctional phosphoglucose/phosphomannose
isomerases from the archaea Aeropyrum pernix and Thermoplasma acidophilum constitute a novel
enzyme family within the phosphoglucose isomerase superfamily. J. Biol. Chem. 279, 2262-2272.

Hess, D., Kruger, K., Knappik, A., Palm, P, and Hensel, R. (1995). Dimeric 3-phosphoglycerate kinases
from hyperthermophilic Archaea. Cloning, sequencing and expression of the 3-phosphoglycerate
kinase gene of Pyrococcus woesei in Escherichia coli and characterization of the protein. Structural and

UNCORRECTED PROOF Date: 12:27 Friday 16 December 2011
File: Systems Microbiology 1P




168 | Kouril et al.

functional comparison with the 3-phosphoglycerate kinase of Methanothermus fervidus. Eur. J. Biochem.
233,227-237.

Itoh, T, Yoshikawa, N., and Takashina, T. (2007). Thermogymnomonas acidicola gen. nov., sp. nov., a novel
thermoacidophilic, cell wall-less archaeon in the order Thermoplasmatales, isolated from a solfataric
soil in Hakone, Japan. Int. J. Syst. Evol. Microbiol. 57, 2557-2561.

Jones, C.E., Fleming, T.M., Cowan, D.A., Littlechild, ].A., and Piper, PW. (1995). The phosphoglycerate
kinase and glyceraldehyde-3-phosphate dehydrogenase genes from the thermophilic archaeon
Sulfolobus solfataricus overlap by 8-bp. Isolation, sequencing of the genes and expression in Escherichia
coli. Eur. J. Biochem. 233, 800-808.

Kardinahl, S., Schmidt, C.L., Hansen, T., Anemiiller, S., Petersen, A., and Schifer, G. (1999). The strict
molybdate-dependence of glucose-degradation by the thermoacidophile Sulfolobus acidocaldarius
reveals the first crenarchaeotic molybdenum containing enzyme. An aldehyde oxidoreductase. Eur. J.
Biochem. 260, 540-548.

Kawashima, T., Amano, N., Koike, H., Makino, S.I,, Higuchi, S., Kawashima-Ohya, Y., Watanabe, K.,
Yamazaki, M., Kanehori, K., Kawamoto, T, et al. (2000). Archaeal adaptation to higher temperatures
revealed by genomic sequence of Thermoplasma volcanium. Proc. Nat. Acad. Sci. US.A. 97, 14257~
14262.

Kim, S., and Lee, S.B. (2005). Identification and characterization of Sulfolobus solfataricus D-gluconate
dehydratase: A key enzyme in the non-phosphorylated Entner-Doudoroff pathway. Biochem. J. 387,
271-280.

Kénig, H., Kralik, R., and Kandler, O. (1982). Structure and modifications of the pseudomurein in
Methanobacteriales. In. Zbl. Bakt. Hyg. I Abt. Orig. Reihe. C 3: 179-191.

Kénig, H., Kandler, O., Jensen, M., and Rietschel, ET. (1983). The primary structure of the glycan moiety
of pseudomurein from Methanobacterium thermoautotrophicum. Hoppe-Seyler’s Zeit. Physiol. Chemie
364, 627-636.

Kénig H, R, R, and H,, C. (2007). Proteinaceous Surface Layers of Archaea: Ultrastructure and
Biochemistry. In Archaea: Molecular and Cellular Biology, Cavicchioli, R., ed (ASM Press, Washington,
DC).<Please provide author surnames and page range>

Lamble, H.J., Heyer, N.L, Bull, S.D., Hough, D.W., and Danson, M.J. (2003). Metabolic pathway promiscuity
in the archaeon Sulfolobus solfataricus revealed by studies on glucose dehydrogenase and 2-keto-3-
deoxygluconate aldolase. J. Biol. Chem. 278, 34066-34072.

Lamble, H.J,, Milburn, C.C., Taylor, G.L., Hough, DW.,, and Danson, M.J. (2004). Gluconate dehydratase
from the promiscuous Entner—Doudoroff pathway in Sulfolobus solfataricus. FEBS Lett.576, 133-136.

Lamble, H.J., Theodossis, A., Milburn, C.C., Taylor, G.L., Bull, S.D., Hough, DW,, and Danson, M.].
(2005). Promiscuity in the part-phosphorylative Entner-Doudoroff pathway of the archaeon Sulfolobus
solfataricus. FEBS Lett. 579, 6865-6869.

Littlechild, J.A., and Isupov, M. (2001). Glyceraldehyde-3-phosphate Dehydrogenase from Sulfolobus
solfataricus. In Methods in Enzymology, pp. 105-117. <Please provide the names of the editors, the
name of the the publisher and the place of publication>

Lorentzen, E., Pohl, E., Zwart, P, Stark, A., Russell, R.B., Knura, T., Hensel, R., and Siebers, B. (2003).
Crystal Structure of an Archaeal Class I Aldolase and the Evolution of (fa), Barrel Proteins. J. Biol.
Chem. 278, 47253-47260.

Lorentzen, E., Hensel, R., Knura, T,, Ahmed, H.,and Pohl, E. (2004). Structural basis of allosteric regulation
and substrate specificity of the non-phosphorylating glyceraldehyde 3-phosphate dehydrogenase from
Thermoproteus tenax. J. Mol. Biol. 341, 815-828.

Lorentzen, E., Siebers, B., Hensel, R., and Pohl, E. (2005). Mechanism of the Schiff Base Forming
Fructose-1,6-bisphosphate Aldolase; Structural Analysis of Reaction Intermediates. Biochemistry 44,
4222-4229.

Mukund, S., and Adams, MWW. (1995). Glyceraldehyde-3-phosphate ferredoxin oxidoreductase, a
novel tungsten- containing enzyme with a potential glycolytic role in the hyperthermophilic archaeon
Pyrococcus furiosus. J. Biol. Chem. 270, 8389-8392.

Olivier, B.G., and Snoep, ].L. (2004). Web-based kinetic modelling using JWS Online. Bioinformatics 20,
2143-2144.

Orita, I, Yarimoto, H., Hirai, R., Kawarabayasi, Y., Sakai, Y., and Kato, N. (2005). The archaeon Pyrococcus
horikoshii possesses a bifunctional enzyme for formaldehyde fixation via the ribulose monophosphate
pathway. J. Bacteriol. 187, 3636-3642.

UNCORRECTED PROOF Date: 12:27 Friday 16 December 2011
File: Systems Microbiology 1P




Sulfolobus Systems Biology: Cool Hot Design for Metabolic Pathways | 169

Ronimus, R.S., and Morgan, HW. (2003). Distribution and phylogenies of enzymes of the Embden-
Meyerhof-Parnas pathway from archaea and hyperthermophilic bacteria support a gluconeogenic
origin of metabolism. Archaea 1, 199-221.

Say, R.F, and Fuchs, G. (2010). Fructose 1,6-bisphosphate aldolase/phosphatase may be an ancestral
gluconeogenic enzyme. Nature 464, 1077-1081.

Schifer, T., and Schénheit, P. (1993). Gluconeogenesis from pyruvate in the hyperthermophilic archaeon
Pyrococcus furiosus: Involvement of reactions of the Embden—Meyerhof pathway. Arch. Microbiol. 159,
354-356.

Schramm, A., Siebers, B., Tjaden, B., Brinkmann, H., and Hensel, R. (2000). Pyruvate kinase of the
hyperthermophilic crenarchaeote Thermoproteus tenax: Physiological role and phylogenetic aspects. J.
Bacteriol. 182,2001-2009.

Schut, G.J., Brehm, S.D., Datta, S., and Adams, MWW. (2003). Whole-genome DNA microarray analysis
of a hyperthermophile and an archaeon: Pyrococcus furiosus grown on carbohydrates or peptides. J.
Bacteriol. 185, 3935-3947.

Selig, M., Xavier, K.B., Santos, H., and Schonheit, P. (1997). Comparative analysis of Embden-Meyerhof
and Entner-Doudoroff glycolytic pathways in hyperthermophilic archaea and the bacterium
Thermotoga. Arch. Microbiol. 167, 217-232.

Siebers, B., and Schonheit, P. (2005). Unusual pathways and enzymes of central carbohydrate metabolism
in Archaea. Curr. Opin. Microbiol. 8, 695-705.

Siebers, B., Brinkmann, H., Dérr, C., Tjaden, B., Lilie, H., van der Oost, J., and Verhees, C.H. (2001).
Archaeal fructose-1,6-bisphosphate aldolases constitute a new family of archaeal type class I aldolase. J.
Biol. Chem. 276, 28710-28718.

Snijders, A.P.L., Walther, J,, Peter, S., Kinnman, L, De Vos, M.G.J., Van De Werken, HJ.G., Brouns, S.JJ.,,
Van Der Oost, J., and Wright, P.C. (2006). Reconstruction of central carbon metabolism in Sulfolobus
solfataricus using a two-dimensional gel electrophoresis map, stable isotope labelling and DNA
microarray analysis. Proteomics 6, 1518-1529.

Stetter, K.O. (1999). Extremophiles and their adaptation to hot environments. FEBS Lett. 452, 22-25.

Teusink, B., Passarge, J., Reijnga, C. A., Esgalhado, E., van der Weijden, C. C., Schepper, M., Walsh, M. C,,
Bakker, B. M., Van Dam, K., Westerhoff, H. V. et al. (2000). Can yeast glycolysis be understood in terms
of in vitro kinetics of the constituent enzymes? Testing biochemistry. Eur. J. Biochem. 267, 5313-29

Thauer, R.K., Kaster, A.K., Seedorf, H., Buckel, W,, and Hedderich, R. (2008). Methanogenic archaea:
Ecologically relevant differences in energy conservation. Nat. Rev. Microbiol. 6, 579-591.

Van Der Oost, J., and Siebers, B. (2007). The Glycolytic Pathways of Archaea: Evolution by Tinkering. In
Archaea: Evolution, Physiology and Molecular Biology, Garrett, R.A., and Klenk, H.-P,, eds (Blackwell
Publishing, Singapore). <Please provide the page range>

Van Der Oost, J., Schut, G., Kengen, SW.M., Hagen, W.R., Thomm, M., and De Vos, W.M. (1998). The
ferredoxin-dependent conversion of glyceraldehyde-3-phosphate in the hyperthermophilic archaeon
Pyrococcus furiosus represents a novel site of glycolytic regulation. J. Biol. Chem. 273, 28149-28154.

Verhees, C.H., Kengen, SW.M,, Tuininga, J.E., Schut, G.J.,, Adams, MWW, De Vos, W.M,, and Van der
Oost, J. (2004). Erratum: The unique features of glycolytic pathways in Archaea. Biochem. J. 375,
231-246.

Wagner, M., Berkner, S., Ajon, M., Driessen, A.J.M., Lipps, G., and Albers, SV. (2009). Expanding and
understanding the genetic toolbox of the hyperthermophilic genus Sulfolobus. Biochem. Soc. Trans. 37,
97-101.

Woese, C.R,, and Fox, G.E. (1977). Phylogenetic structure of the prokaryotic domain: the primary
kingdoms. Proc. Nat. Acad. Sci. U.S.A. 74, 5088-5090.

Worthington, P, Hoang, V., Perez-Pomares, F., and Blum, P. (2003). Targeted disruption of the a-amylase
gene in the hyperthermophilic archaeon Sulfolobus solfataricus. J. Bacteriol. 185, 482-488.

Zaparty, M., and Siebers, B. (2011). Physiology, Metabolism and Enzymology of Thermoacidophiles. In
Extremophiles Handbook K. Horikoshi, G. Antranikian, A.T. Bull, ET. Robb, and K.O. Stetter, eds.
(Springer, Tokyo). <Please provide page range>

Zaparty, M., Esser, D., Gertig, S., Haferkamp, P., Kouril, T., Manica, A., Pham, T.K., Reimann, J., Schreiber,
K., Sierocinski, P, et al. (2010). “Hot standards” for the thermoacidophilic archaeon Sulfolobus
solfataricus. Extremophiles 14, 119-142.

Zillig, W,, Stetter, K.O., and Wunder], S. (1980). The Sulfolobus-'Caldariella’ group: taxonomy on the basis
of the structure of DNA-dependent RNA polymerases. Arch. Microbiol. 125, 259-269.

Zwickl, P, Fabry, S., Bogedain, C., Haas, A, and Hensel, R. (1990). Glyceraldehyde-3-phosphate
dehydrogenase from the hyperthermophilic archaebacterium Pyrococcus woesei: Characterization of

UNCORRECTED PROOF Date: 12:27 Friday 16 December 2011
File: Systems Microbiology 1P




170 | Kouril et al.

the enzyme, cloning and sequencing of the gene, and expression in Escherichia coli. J. Bacteriol. 172,
4329-4338.

UNCORRECTED PROOF Date: 12:27 Friday 16 December 2011
File: Systems Microbiology 1P




170 | Index

Metabolomics 31,32-37,72,127

Minimization of metabolic adjustment see
MOMA

MOMA 18,22,23-24

Monod-Wyman-Changeux see MWC

MWC 51-56,57, 63

Models

mechanistic 1,2,7,8,12,15

stochastic 4, 5, 6,10, 57,72,98,102, 104,
107,110,112, 118

MS 32,33,34-37, 38, 39,

Mycobacterium tuberculosis see M. tuberculosis

Myosin 95,97,109, 110, 116-118, 119

Named entity recognition 13
Natural language processing 13
NMR 32,33, 34, 36,38

Nucleic magnetic resonance see NMR

Parameter estimation 7, 8

Petri networks 4

Phagocytosis 80, 95-99

Bistability 99, 110-113,119

cup closure 108,109-110,116,118

zipper mechanism 98, 100-103, 104, 108,
109,110, 111,112, 118, 119

membrane availability 105-107

particle size 102, 103-105, 110

myosins 109-110

Phenotypes 3,12, 18, 19, 21-26, 28, 30,
72-73,87, 89,91,

Probabilistic models 4, 5, 6

Promoters 31

Regulatory on/off minimization
(ROOM) 18,22,24

Repressilator §, 6,10, 11

Reverse engineering 7, 14

S. solfataricus 151

glycolysis 158-159

Salmonella 28,79-81, 85,102

Signal amplification 51, 53, 64
Space-time coordination 113
Spatio-temporal dynamics 114
Statistical inference 7

Stochastic modelling S, 6

Sulfolobus solfataricus see S. solfataricus
Support vector machines 13

Text mining 7, 13-14

Transcriptome 38,71, 141-144
Transposon 30-31,72,134, 135,138, 141
Tuberculosis 77,85-87,119, 127



Current Books of Interest

Horizontal Gene Transfer in Microorganisms

Microbial Ecological Theory: Current Perspectives

Two-Component Systems in Bacteria

Foodborne and Waterborne Bacterial Pathogens

Yersinia: Systems Biology and Control

Stress Response in Microbiology

Bacterial Regulatory Networks

Systems Microbiology: Current Topics and Applications

Quantitative Real-time PCR in Applied Microbiology

Bacterial Spores: Current Research and Applications

Small DNA Tumour Viruses

Extremophiles: Microbiology and Biotechnology

Bacillus: Cellular and Molecular Biology

Microbial Biofilms: Current Research and Applications

Bacterial Glycomics: Current Research, Technology and Applications
Non-coding RNAs and Epigenetic Regulation of Gene Expression
Brucella: Molecular Microbiology and Genomics

Molecular Virology and Control of Flaviviruses

Bacterial Pathogenesis: Molecular and Cellular Mechanisms
Bunyaviridae: Molecular and Cellular Biology

Emerging Trends in Antibacterial Discovery: Answering the Call to Arms
Epigenetics: A Reference Manual

Metagenomics: Current Innovations and Future Trends

Nitrogen Cycling in Bacteria: Molecular Analysis

The Biology of Paramyxoviruses

Helicobacter pylori

Microbial Bioremediation of Non-metals: Current Research

Lactic Acid Bacteria and Bifidobacteria: Current Progress in Advanced Research
Viruses and Interferon: Current Research

Essentials of Veterinary Parasitology

Hepatitis C: Antiviral Drug Discovery and Development
Streptomyces: Molecular Biology and Biotechnology
Alphaherpesviruses: Molecular Virology

Recent Advances in Plant Virology

Vaccine Design: Innovative Approaches and Novel Strategies
Salmonella: From Genome to Function

PCR Troubleshooting and Optimization: The Essential Guide

Insect Virology

Environmental Microbiology: Current Technology and Water Applications
Sensory Mechanisms in Bacteria: Molecular Aspects of Signal Recognition
Bifidobacteria: Genomics and Molecular Aspects

2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2010
2011
2010
2010





