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1 Introduction 

1.1 Archaea 

For a long time, life on the earth has been dived into two groups: prokaryotes and eukaryotes, 

or five kingdoms: Monera, Protista, Fungi, Animalia and Plantae1. Both of these two 

taxonomies represented a summary of phenotypic characteristics, but neither of them could 

explain clearly the phylogenetic relationship between different organisms. This situation 

continued until Carl Woese and George Fox proposed a new taxonomy based on comparing 

the sequences of the 16S/18S rRNA. According to their theory, life should be divided into 

three domains: Bacteria, Archaea and Eukarya (Fig. 1)2,3. As a newly proposed domain of life, 

Archaea encompassed two kingdoms, Euryarchaeota and Crenarchaeota. Euryarchaeota 

were composed of methanogens, extreme halophiles, sulfate-reducing species and some 

(hyper)thermophiles, while Crenarchaeota comprised mainly thermopiles and 

hyperthermophiles.3 Therefore, Archaea were regarded as extremophiles at that time. 

Figure 1. The three-domain phylogenetic tree of life based on 16S/18S rRNA sequence 

comparison.3 

With the widespread use of DNA sequencing and cultivation-independent metagenomic 

approaches, new archaeal lineages have been discovered at unprecedented speed. Thus, it 

was realized that Archaea are not only extremophiles but are also widely distributed in a 

broad range of mesophilic habitats, such as lakes and oceans, sewage and soil, marshland, 

and even on the skin and in the digestive system of human beings4-8. Benefiting from this, the 

taxonomic information about Archaea has been improved gradually, and three sister phyla of 

Crenarchaeota were identified, namely Korarchaeota, Thaumarchaeota and Aigarchaeota, 

forming a monophyletic group named as the TACK superphylum9. Strikingly, the new 

analyses indicated that eukarya originated from within the Archaea representing a TACK’s 

sister group, suggesting a two-domain tree of life rather than the widely accepted three-
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domain tree10-12. In recent years, many new archaeal species have been identified. The 

TACK superphylum was supplemented with three new phyla, including Verstraetearchaeota, 

Geoarchaeota and Bathyarchaeota13-15. Moreover, two new superphyla were classified, 

including the so-called DPANN superphylum (composed of Diapherotrites, Parvarchaeota, 

Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota), which was characterized by 

members with small cells and genomes16, and the Asgard superphylum composed of the 

phyla Lokiarchaeota, Thorarhaeota, Odinarchaeota and Heimdallarchaeota17. Even though 

all the members of the Asgard superphylum are still uncultivated, their genomes were shown 

to harbor genes encoding proteins thought to be specific for eukarya, i.e. eukaryal signature 

proteins17. These findings provided another strong support for the two-domain taxonomy. In 

the latest proposed phylogenetic tree of life, the Eukarya were placed as a sister group of 

Asgard sharing a common ancestor with the archaeal species, while Bacteria were classified 

as the other independent domain of life (Fig. 2)18.  

 

Figure 2.The two-domain phylogenetic tree of life.18 

In terms of morphology and physiology, Archaea exhibit a mosaic of bacterial and eukaryal 

features. They are single-celled prokaryotic microorganisms showing similar size and shape 

to Bacteria, containing neither nucleus nor organelles. Also the DNA structure with circular 

chromosomes, plasmid, and operon structures resembles that of Bacteria, while their 

information processing machineries (DNA replication, transcription, translation, etc.) are quite 

similar to the eukaryal counterparts but with less complexity19. However, Archaea also 

possess many unique features. For instance, archaeal cell walls do not contain 

peptidoglycan20. Most of their cell walls are constituted by surface-layer 

proteins/glycoproteins (S-layer21). Some methanogens like Methanobacteriales and 

Methanopyrus spp. contain pseudopeptidoglycan in the cell walls, which is different from the 

bacterial peptidoglycan in both of the peptide and glycan moieties22, and some species like 

the members of Thermoplasmatales do not possess any cell wall at all23. The archaeal 
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membrane lipids are also unique. In Bacteria and Eukarya, the hydrophobic moieties of the 

membrane lipids are straight chains of saturated or unsaturated fatty acid, which are ester 

linked to sn-glycerol 3-phosphate. In contrast, the hydrophobic moieties in Archaea are 

isoprenoid chains with occasional cyclopentane/cyclohexane rings, and the chains are ether 

linked to sn-glycerol 1-phosphate24,25. In some archaeal species, such as Sulfolobus 

acidocaldarius, the common bilayer lipid membrane is substituted by a monolayer membrane 

formed by dibiphytanyltetraethers.26 This monolayer structure and the cyclopentane 

/cyclohexane rings make the membranes more rigid and thus play a role for archaea to 

survive under harsh conditions like low pH and high temperature26,27.  

In regard to metabolic complexity, Archaea are similar to Bacteria and lower Eukarya, but 

possess also some unique pathways like methanogenesis28. In addition, they are 

characterized by using modified versions of some classical bacterial and eukaryal pathways, 

which could be so far especially exemplified in the central carbohydrate metabolism 

(CCM)29,30. For instance, the hexose metabolism in Archaea is mainly accomplished by the 

modified Embden-Meyerhof-Parnas (EMP) and Entner-Doudoroff (ED) pathway. In 

comparison to the classical EMP pathway, the modified version contains many unique 

enzymes, like the ADP dependent glucokinases and ADP or PPi dependent 

phosphofructokinases31-33, and the non-phosphorylating glyceraldehyde 3-phosphate (GAP) 

dehydrogenase (GAPN) or the GAP:ferredoxin oxidoreductase (GAPOR) for the conversion 

of GAP to 3-phosphoglycerate without ATP formation34-36. The modified ED pathway is well 

distinguished from the classical version, because it contains two branches, a semi-

phosphorylative (sp) and a non-phosphorylative (np) branch (Fig. 3). As for pentose 

metabolism, the commonly used oxidative pentose phosphate pathway in Bacteria and 

Eukarya for the production of NADPH and ribulose 5-phosphate (precursor of nucleotides 

and aromatic amino acids) is rarely found in Archaea. Instead, ribulose 5-phosphate is 

synthesized in most archaeal species via the reversed ribulose monophosphate (RuMP) 

pathway37,38. Also the archaeal pathways for pentose degradation, the Dahms and/or 

Weimberg pathway (Fig. 4), were reported only in a few of Bacteria like Rhizobium 

japonicum and Caulobacter crescentus39,40. In-depth study of these unique metabolic 

pathways deepens our understanding of Archaea, provides clues and evidence for the 

phylogenetic and evolutionary history, and offers unique possibilities for industrial 

applications. In this study, we focus on two well-characterized model organisms of 

Crenarchaeota.  

1.2 Sulfolobus spp. 

The genus of Sulfolobus belongs to the phylum of Crenarchaeota and the members are 

among the best investigated archaeal species up to date. They are obligate aerobes and 
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grow naturally in sulfuric springs with an optimal pH of 2-3 and temperature of 70-80°C, so 

that they are defined as (hyper)thermoacidophiles. The two strains from this genus, 

Sulfolobus solfataricus (recently renamed as Saccharolobus solfataricus41) and S. 

acidocaldaricus, represent model organisms of the Crenarchaeota and have been studied in 

many aspects including genomics, proteomics, metabolomics, composition and function of 

the cell envelope and archaellum42-45. Under laboratory conditions, the two species exhibit 

different metabolic capacity. S. solfataricus shows high metabolic potential and is able to 

utilize a broad spectrum of substrates including monosaccharides (e.g. D-glucose, D-

galactose, L-fucose, D-fructose, D/L-arabinose and D-xylose), disaccharides (e.g. cellobiose, 

maltose, sucrose, trehalose and lactose), poly- and oligo-saccharides (e.g., cellulose, starch 

and dextrin), amino acids (e.g. glutamate), peptides (e.g. tryptone), and alcohols (e.g. 

ethanol, phenol)46-48. On the contrary, S. acidocaldaricus has a much narrower substrate 

spectrum. It is well adapted to peptides and amino acids, and is capable to grow on limited 

sorts of other substrates like D-glucose, L-arabinose, D-xylose, sucrose, maltotriose, dextrin 

and starch49,50. However, compared to S. solfataricus which possesses high level of genomic 

plasticity due to a large amount of mobile genetic elements (201 insertion sequence 

elements and 143 miniature inverted-repeat transposable elements), the low metabolic 

diversity of S. acidocaldaricus is compensated by its much more stable genome51,52, which is 

important for the genetic modification and for maintaining stable performance in industrial 

production.  

In the last decades, many studies have been made on the gluconeogenesis and glycolysis 

as well as pentose metabolism pathways in these two model organisms34,53-58. In this study, 

many of the remaining questions about their CCM and the regulatory mechanisms have been 

addressed, which makes the reconstruction of the CCM more complete and at the same time 

provides a resource for novel extremozymes as well as an improved platform for further 

industrial cell factory application.  

1.3 Hexose metabolism in Sulfolobus spp. 

Like most archaeal aerobes, the two Sulfolobus species degrade D-glucose via the modified 

branched ED pathway59 (Fig. 3). In this pathway, D-glucose is directly oxidized by glucose 

dehydrogenase (GDH) to D-gluconate without phosphorylation, and D-gluconate is 

subsequently dehydrated to 2-keto-3-deoxy-gluconate (KDG) by gluconate dehydratase 

(GAD). Following these initial steps, the pathway is divided into two branches. In the sp 

branch, KDG is phosphorylated by a KDG kinase (KDGK), resulting the 2-keto-3-deoxy-6-

phophogluconate (KDPG) which is then cleaved by the KDPG aldolase (KDPGA) to pyruvate 

and GAP. GAP is further oxidized by GAPN to 3-phosphoglycerate (3PG), which is 

afterwards transformed via 2-phosphoglycerate (2PG) to phosphoenolpyruvate (PEP). Finally, 
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PEP is converted to the second molecule of pyruvate, producing ATP via substrate level 

phosphorylation. In the np branch, KDG is cleaved to pyruvate and glyceraldehyde (GA) by 

the same aldolase as for KDPG cleavage, which is thus a bifunctional enzyme (KD(P)GA). 

GA is successively oxidized and phosphorylated to 2PG, which enters the common lower 

shunt of the EMP pathway for further degradation. Since the enzymes in the upper part of the 

pathway including GDH, GAD, KD(P)GA as well as KDGK are all promiscuous for D-

galactose and its derivatives53,54,60, the whole pathway is also responsible for the degradation 

of D-galactose56. On the basis of crystal structure studies, the mechanisms of the promiscuity 

of the GDH, KD(P)GA and KDGK from S. solfataricus have been elucidated61,62.  

1.3.1 The bifunctional 2-keto-3-deoxy-(6-phopho)gluconate aldolase 

As outlined above, KD(P)GA plays a central role in both, sp and np ED branches, for D-

glucose and D-galactose degradation, catalyzing the reversible cleavage of the un-

phosphorylated intermediates KDG/KDGal and the phosphorylated intermediates KDPG/

KDPGal to pyruvate and GA or GAP, respectively. Our bioinformatic study indicates that 

there is no KD(P)GA homologue in the genome of S. acidocaldarius, thereby further 

emphasizing its importance for this organism in hexose metabolism. In previous study, the 

structure of Saci-KD(P)GA has been unraveled and the enzyme activity in the condensation 

direction was determined63, while the activity in the cleavage direction as well as the 

influence of KD(P)GA on in vivo cell growth have never been analyzed. In this study, Saci-

KD(P)GA was homologously expressed and purified to apparent homogeneity, and the 

enzyme activity was assayed in both cleavage and condensation directions. Moreover, a 

KD(P)GA gene deletion mutant strain of the S. acidocaldarius parent strain MW00164 

(MW001_ΔKD(P)GA) was constructed to study its physiological function in cell growth.  

The characterization of the enzyme confirmed the activity of Saci-KD(P)GA in both the 

catabolic and the anabolic directions (L. Shen and B. Siebers, unpublished data). 

Furthermore, the comparative analyses of the growth phenotypes revealed that the deletion 

of the KD(P)GA encoding gene completely abolished the growth on D-glucose whereas the 

MW001 showed normal growth. Thus, the previously proposed essential role of the KD(P)GA 

in D-glucose degradation via the modified branched ED pathway59 has been demonstrated in 

S. acidocaldarius MW001. 
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Figure 3. Hexose metabolism in S. solfataricus and S. acidocaldarius. Abbreviations: ED, Entner-

Doudoroff; EMP, Embden-Meyerhof-Parnas; RuMP, ribulose monophosphate; G6P, glucose 6-

phosphate; G1P, glucose 1-phosphate; F6P, fructose 6-phosphate; DHAP, dihydoxyacetone 

phosphate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; KDPGal, 2-keto-3-deoxy-6-

phosphogalactonate; KDG, 2-keto-3-deoxy-gluconate; KDGal, 2-keto-3-deoxy-galactonate; GAP, 

glyceraldehyde 3-phosphate; GA, glyceraldehyde; BPG, 1,3-bisphosphoglycerate; 3PG, 3-

phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate. 

1.3.2 The carbon switch at the level of pyruvate-PEP conversion in S. solfataricus 

Gluconeogenesis in the Sulfolobus spp. is accomplished by the EMP pathway (Fig. 3)65,66. 

Pyruvate is phosphorylated to PEP by PEP synthetase (PEPS), and the resulting PEP is 

converted via 2PG to 3PG. Unlike the GAPN catalyzed conversion of GAP to 3PG in the 

catabolic direction, the conversion of 3PG to GAP in anabolic direction is catalyzed by the 

classical phosphoglycerate kinase (PGK)-GAP dehydrogenase (GAPDH) couple, consuming 

one molecule of ATP. The produced GAP is afterwards condensed together with a molecule 

of dihydroxyacetone phosphate (DHAP) and subsequently dephosphorylated by a 

bifunctional fructose 1,6-bisphosphate aldolase/phosphatase (FBPA/ase) forming fructose 6-

phosphate (F6P). F6P is further utilized for pentose formation via the RuMP pathway or in 
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anabolic processes requiring sugar phosphates such as glycogen and trehalose 

production37,67,68.  

Among the enzymes involved in the CCM of Sulfolobus spp., the GAPN and the bifunctional 

FBPA/ase are not commonly found in mesophilic Bacteria and Archaea, which might be the 

result of metabolic thermoadaptation30. Triose phosphates such as GAP, DHAP and 1,3-

bisphosphoglycerate (BPG) are quite unstable at high temperature69-71. The one-step and 

unidirectional catalytic activity of GAPN avoids the formation of BPG34 and FBPA/ase is able 

to convert GAP and DHAP rapidly to the thermostable F6P, so that carbon is saved and the 

metabolism is more efficient72.  

The presence of new/unusual enzymes in the pathways is often accompanied by new 

regulatory properties. In Bacteria and Eukarya, hexokinase/glucokinase, PFK and PK are 

normally allosterically regulated and are thus the main control points of the CCM73,74. In 

Archaea, however, all of the studied hexokinases/glucokinases and PFKs lack allosteric 

properties30, thus giving rise to novel control points in the CCM. For example, as also shown 

for other (hyper)thermophilic Archaea like Thermoproteus tenax and Aeropyrum pernix36,75, 

the GAPN in Sulfolobus spp. is allosterically regulated, e.g. the velocity of the GAPN in 

S. solfataricus is 2-4 folder activated in presence of 0.01 mM G1P34 — an intermediate in 

glycogen metabolism. In addition, its reverse reaction catalyzed by the GAPDH/PGK couple 

is also a control point of the pathway. PGK is only active in the anabolic direction in presence 

of high intracellular energy charge (high concentration of ATP) and is inhibited by high 

concentration of ADP in both the catabolic and anabolic direction72. The regulation at the 

level of GAP-BPG conversion allows the organism to adjust its metabolism, i.e. glycolysis or 

gluconeogenesis, according to the intracellular energy charge and intermediate 

concentration, in order to adapt to environmental changes. Thus, instead of the kinases, the 

triose phosphate interconversion appears to represent the most important control point of the 

glycolytic and gluconeogenic pathways in Archaea. 

Like in other organisms, pyruvate is one central hub in the carbohydrate metabolism of 

Sulfolobus spp. that channels carbon into different anabolic and catabolic pathways, implying 

another important metabolic control point. In the lower common part of the classical EMP 

pathway in Bacteria, the conversion between PEP and pyruvate via the antagonistic enzyme 

couple, catabolic pyruvate kinase (PK) and anabolic phosphoenolpyruvate synthetase (PEPS) 

(equation (1) and (2)), serves as a switch between glycolysis and gluconeogenesis. In few 

species, a pyruvate:phosphate dikinase (PPDK) is found in addition, which catalyzes the 

reversible conversion of PEP and pyruvate (equation (3))76. As a common feature of the 

bacterial PKs, most of them are allosterically regulated by fructose 1,6-bisphosphate, 

fructose 2,6-bisphosphate, AMP and/or other sugar phosphates. In Archaea, PK is also 
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ubiquitous and many of them have been thoroughly studied30. However, most of the archaeal 

PKs like those from T. tenax, A. pernix and Archaeoglobus fulgidus are not allosterically 

regulated by sugar phosphates or by other effectors including adenosine phosphates, amino 

acids and citrate77,78. Exceptions are the two PKs from Thermoplasma acidophilum and 

Pyrobaculum aerophilum. The former one is activated by AMP and for the latter one 3-PG 

serves as allosteric activator, which binds to the enzyme with a different mode than FBP to 

the eukaryal PKs79,80. Inhibition by ATP was observed for the A. fulgidus PK, but it can be 

reversed by higher concentrations of PEP and ADP, suggesting a competitive inhibition 

instead of allosteric regulation78.  

(1) Pyruvate kinase (PK) 

PEP + ADP → Pyruvate + ATP (ΔG°’ = -27.7 kJ/mol) 

(2) Phosphoenolpyruvate synthetase (PEPS) 

Pyruvate + ATP + H2O → PEP + AMP + Pi (ΔG°’ = 3.8 kJ/mol) 

(3) Pyruvate:phosphate dikinase (PPDK) 

Pyruvate + ATP + Pi ↔ PEP + AMP + PPi (ΔG°’ = 19.6 kJ/mol) 

ΔG°’ values were calculated via eQuilibrator81, http://equilibrator.weizmann.ac.il/. 

The reverse reaction of PK is catalyzed by PEPS or PPDK. Both enzymes belong to the 

PEP-utilizing enzyme family, catalyzing similar reactions (equation (2) and (3)). In Bacteria, it 

has been reported that PEPS is essential in e.g. E. coli and Salmonella typhimurium for the 

growth on some C3 substrates like pyruvate, lactate and alanine82,83. In Archaea, genes of 

PEPS have been identified in almost all of the genomes, except for Thermoplasma spp.. The 

activity in the gluconeogenic direction has been proven in many species like Pyrococcus 

furiosus, Methanothermobacter thermautotrophicus and Thermoproteus tenax84-86, while the 

acitivity in the glycolytic direction was only shown in few species like Thermococcus 

kodakarensis and P. furiosus87,88. For PEPS from T. kodakarensis it was demonstrated that 

the enzyme is indispensable for glycolytic growth on maltooligosaccharides using a genetic 

approach. In respect to regulatory properties, the T. tenax PEPS was shown to be inhibited 

by α-ketoglutarate (KG), AMP and ADP due to substrate competition with pyruvate and AMP, 

respectively. In addition, ihibition was also observed in presence of high concentration (5 mM) 

of some other intermediates like potassium phosphate, GAP, PPi, 3PG and DHAP.  

Compared to PEPS, PPDK is not commonly found in Archaea. Till now, only the PPDK from 

T. tenax has been throughly studied86. According to the report, the T. tenax PPDK was active 

in both of the anabolic and catabolic direction with a preference for the latter (2 fold higher 

catalytic efficiency for pyruvate than for PEP). In terms of regulation, the enzyme was 

inhibited by ATP in the catabolic direction due to the competition with AMP, while no activitor 

or inhibitor has been demonstrated in the anabolic direction. 
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In members of the Sulfolobus spp. little is known about the PEP-pyruvate conversion and its 

regulatory function for the glycolytic/gluconeogenic switch, which was therefore one of the 

topics addressed in this study (Chapter 3.1). The putative PK, PEPS and PPDK from 

S. solfataricus were recombinantly expressed and purified, enzyme characterization was 

accomplished and the influence of different potential effectors was tested.  

As shown in Chapter 3.1, PK and PEPS revealed the expected enzyme activity with PEP and 

pyruvate, respectively, while the putative PPDK showed no activity with neither of these two 

substrates. The SSO-PK was not allosterically regulated by the classical effectors (the sugar 

phosphates), but was clearly inhibited by ATP and isocitrate which could not be reversed by 

addition of substrates. Similar to E. coli, Methanothermobacter thermautotrophicus and 

T. tenax85,86,89, the SSO-PEPS was found to be inhibited by AMP and KG. These results 

clearly indicated that the conversion between pyruvate and PEP serves as another important 

regulation point for glycolysis and gluconeogenesis in S. solfataricus governed by the energy 

charge of the cell and the concentration of some TCA cycle intermediates. 

1.4 Pentose degradation in Sulfolobus spp. 

In general, there are four pathways for the degradation of D,L-arabinose and D-xylose. In the 

first pathway commonly used in Bacteria like E. coli and Bacillus subtilis, the three pentoses 

are converted via isomerases, kinases, and epimerases (for D,L-arabinose degradation) to 

D-xylulose 5-phosphate, which enters afterwards the lower part of the pentose phosphate 

pathway90,91. In the second pathway, the three pentoses are converted to D-xylulose by 

oxidoreductases and dehydrogenases, followed by the kinase catalyzed phosphorylation to 

D-xylulose 5-phosphate. This pathway is used mainly by fungi, such as Pichia stipitis and 

Candida shehatae92,93. The third pathway is the so called Dahms pathway, which is used in 

Bacteria like Pseudomonas and Rhizobium strains. It is quite similar to the npED pathway for 

hexose degradation39,94,95. The three pentoses are first oxidized to pentanoates via the 

lactone forms, following by a step of dehydration. The resulting 2-keto-3-deoxy-pentanoates 

(KDPs) are afterwards cleaved to pyruvate and glycolaldehyde. Glycolaldehyde is 

consecutively converted via glycolate and glyoxylate to the TCA cycle intermediate malate. 

The fourth pathway is referred as the Weimberg pathway and is found in bacteria like 

Pseudomonas saccharophila96. The three pentoses are first degraded to the corresponding 

KDPs like in the Dahms pathway. However, instead of being cleaved, the KDPs in this 

pathway are further dehydrated and oxidized to KG, which directly enters the TCA cycle. 

The first thoroughly studied pentose degradation pathway in Archaea is the D-arabinose 

degradation pathway in S. solfataricus reported in 200657. Transcriptomic and proteomic 

studies revealed that a small set of genes/proteins were upregulated by growing 
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S. solfataricus on D-arabinose compared to D-glucose, including the D-arabinose ABC 

transporter subunits and four enzymes involved in the Weimberg pathway, namely the D-

arabinose dehydrogenase, D-arabinoate dehydratase, 2-keto-3-deoxy-D-arabinoate 

dehydratase and KG semialdehyde dehydrogenase (KGSADH)47,57. The activity of these 

Weimberg pathway proteins were observed in the cell-free extracts (CFEs) of D-arabinose 

grown S. solfataricus cells (test for KDXD was not performed) and the four enzymes were 

afterwards recombinantly expressed, purified and characterized, confirming the 

corresponding functions57. By incubating D-arabinoate with the D-arabinose grown 

S. solfataricus CFE, production of KG was observed while no pyruvate production was 

detected. Together with the fact that no D-arabinose reductase, D-arabitol dehydrogenase or 

D-arabinose isomerase activity was found in the CFE, it is implied that D-arabinose is 

exclusively degraded via the Weimberg pathway in S. solfataricus. Furthermore, it was 

reported, that the D-arabinose dehydrogenase showed very low (if at all) activity with L-

arabinose/D-xylose, raising the question how L-arabinose and D-xylose are degraded in 

S. solfataricus, or more in general, in Archaea? 

Three years later in 2009, the first archaeal D-xylose degradation pathway was reported from 

the halophilic euryarchaeon, Haloferax volcanii97. In this organism, D-xylose is also degraded 

exclusively via the Weimberg pathway, since by deletion any of the genes encoding the four 

main enzymes in this pathway, namely the D-xylose dehydrogenase (XDH), D-xylonate 

dehydratase (XAD), 2-keto-3-deoxy-D-xylonate dehydratase (KDXD) and KGSADH, the 

organism lost the ability to grow on D-xylose. In the same report, these four enzymes were 

recombinantly expressed and purified, and the corresponding activity has been 

demonstrated. Bioinformatic studies further revealed that this pathway for D-xylose 

degradation is also present in many other halophiles like Haloarcula marismortui, 

Haloterrigena turkmenica and Haloterrigena lacusprofundi. Exception was found in 

Halorhabdus utahensi, which utilizes D-xylose via the isomerase and xylulokinase dependent 

pathway (the first pentose degradation pathway introduced above)98. 

One year later, it was proposed by Nunn and the partners, that L-arabinose and D-xylose are 

degraded by both the Dahms and Weimberg pathway in Sulfolobus spp. (Fig. 4)58. They 

demonstrated the activity of most of the enzymes involved in these two pathways in the 

CFEs of L-arabinose or D-xylose grown S. solfataricus and S. acidocaldarius cells. Moreover, 

their growth experiments with S. acidocaldarius on 13C labeled D-xylose as sole carbon 

source indicated, that the labeled and unlabeled alanine (pyruvate is the precursor) in the 

CFE accounted for equal amounts, suggesting that the two pentose degradation pathways 

were of the same physiological significance58. So far, most of the enzymes involved in these 

two pathways have been intensively studied except for the L-arabinoate/D-xylonate 

dehydratase (XAD) and the glycolaldehyde dehydrogenase/oxidoreductase30, and no 
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physiological significance of these enzyme encoding genes on pentose degradation has 

been ever shown. In this study, the XAD from Sulfolobus spp. was analyzed in detail and 

several in-frame gene deletion mutants of S. acidocaldarius have been constructed, in order 

to study the pentose degradation pathways in Sulfolobus spp. in more detail. 

 

Figure 4. Pentose degradation pathways in S. solfataricus and S. acidocaldarius. Abbreviations: 

L-KDA, 2-keto-3-deoxy-L-arabinoate; D-KDA, 2-keto-3-deoxy-D-arabinoate; D-KDX, 2-keto-3-deoxy-

D-xylonate; GLA, glycolaldehyde; KGSA, α-ketoglutarate semialdehyde; TCA, tricarboxylic acid. 

1.4.1 Mutational analyses of the pentose degradation pathway in S. acidocaldarius 

KD(P)GA is a key enzyme for the Sulfolobus spp. in hexose degradation and also for the 

pentose degradation via the Dahms pathway. As described in the hexose degradation part, 

the recombinant Saci-KD(P)GA was purified and characterized in this study (L. Shen and B. 

Siebers, unpublished data). It was active with KDG and 2-keto-3-deoxy-D-xylonate (KDX) in 

the cleavage direction as well as glyceraldehyde and glycolaldehyde in the condensation 

direction. Our comparative cell growth experiment of the S. acidocaldarius parent strain 

MW001 and MW001_ΔKD(P)GA has confirmed the necessity of this gene for the growth on 
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D-glucose. However, no growth defect of the MW001_ΔKD(P)GA was observed during the 

growth on L-arabinose and D-xylose. Since there is no additional KD(P)GA homologue in 

S. acidocaldarius, it is implied, that the KD(P)GA dependent Dahms pathway is dispensable 

for pentose degradation. This result is inconsistent with Nunn’s proposal as mentioned above. 

Therefore, the significance of the Dahms and Weimberg pathways for pentose degradation 

became another topic of this study (Chapter 3.2).  

From our transcriptomic data it was indicated, that five genes were significantly upregulated 

(> 8-fold) by growing S. acidocaldarius MW001 on N-Z-Amine supplemented with D-xylose 

compared to only N-Z-Amine, including the three subunits of a D-xylose ABC transporter (i.e. 

nucleotide binding domain (Saci_2120), transmembrane domain (Saci_2121) and substrate 

binding protein (Saci_2122)) as well as the last two enzymes of the Weimberg pathway, 

KDXD (Saci_1939) and KGSADH (Saci_1938). Further analyses indicated that these ABC 

transporter proteins were also highly induced in presence of L-arabinose. To study the 

physiological function of the transporter and the two Weimberg pathway enzymes in pentose 

degradation, single gene deletion mutant strains of the five genes have been constructed. In 

addition, Saci_1939 and Saci_1938 were recombinantly expressed in E. coli, purified and 

characterized to confirm the respective activity. 

The function of Saci_1939 and Saci_1938 as KDXD and KGSADH, respectively, were 

confirmed and the enzymes were characterized in detail (L. Shen and B. Siebers, 

unpublished data). The growth experiment indicated (Chapter 3.2), that the deletion of any of 

the ABC transporter subunits led to a significantly defective but not completely abolished 

growth on D-xylose and L-arabinose, suggesting that the transporter is important but not 

indispensable for L-arabinose and D-xylose uptake. No growth phenotype of 

MW001_ΔKGSADH on D-xylose and L-arabinose was observed in comparison to MW001. 

Since there are several aldehyde dehydrogenases in Sulfolobus spp.57,99, we assume that 

this unspecific activity is high enough to support cell growth on pentose. However, according 

to our bioinformatic analyses, there is no KDXD homologue in S. acidocaldarius, suggesting 

that the KDXD gene is essential for the Weimberg pathway. In consistent with the 

assupmtion, the MW001_ΔKDXD lost the ability to grow on L-arabinose and D-xylose. The 

growth experiments were further confirmed by determing the residual enzyme activity in the 

CFEs. Together with the results of the MW001_ΔKD(P)GA growth experiment, it is indicated, 

that the Weimberg pathway is essential while the Dahms pathway is dispensable for pentose 

degradation at least in the S. acidocaldarius MW001 strain.  
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1.4.2 Pentanoate dehydratase in Sulfolobus spp. 

As introduced above, the Dahms pathway for pentose degradation and the npED pathway for 

hexose degradation are quite similar. It has been demonstrated, that the first and third 

enzymes in the npED pathway of Sulfolobus spp., namely the GDH and KD(P)GA, are the 

same enzymes involved in the Dahms pathway for pentose degradation, namely the L-

arabinose/D-xylose dehydrogenase and the 2-keto-3-deoxy-L-arabinoate/D-xylonate 

aldolase53,55. It is therefore a very interesting question, whether the second enzyme of the 

npED pathway, the D-gluconate/D-galactonate dehydratase, is also promiscuous for L-

arabinoate/D-xylonate dehydration.  

By separating the CFE proteins of S. solfataricus with different chromatographic steps, it has 

been indicated, that the L-arabinoate/D-xylonate dehydratase and the D-gluconate/D-

galactonate dehydratase were two different proteins58. Bioinformatic analyses further 

suggested that SSO2665 very likely encodes the XAD, which shows 62% amino sequence 

identity with the D-gluconate/D-galactonate dehydratase (SSO3198) and 28% with the D-

arabinoate dehydratase (SSO3124). Like SSO3198 and SSO3124, SSO2665 also belongs 

to the enolase superfamily. However, due to the extremely poor solubility upon expression in 

E. coli, the characteristics of this enzyme remain unknown so far58. 

In S. acidocaldarius, Saci_0885 shows the highest sequence identity to SSO3198 (75%) and 

also to SSO2665 (59%), and it belongs also to the enolase superfamily, implying that 

Saci_0885 is promiscuous for the degradation of both hexanoate and pentanoate. In this 

study, we expressed Saci_0885 homologously, purified the protein to determine its catalytic 

activity, and constructed the Saci_0885 deletion mutant strain (MW001_ΔSaci_0885) to 

study its physiological significance in cell growth. However, the purified Saci_0885 was 

active with D-gluconate but not with D-xylonate (L. Shen and B. Siebers, unpublished data), 

which is similar to the SSO-D-gluconate/D-galactonate dehydratase (SSO3198). Besides, 

the phenotypic characterization of the mutant strain indicated that the deletion of the gene 

Saci_0885 did not cause any growth defect on D-glucose, D-xylose or L-arabinose in the 

presence of N-Z amine. These results might be explained by the presence of a dihydroxy 

acid dehydratase (DHAD). In S. solfataricus, the DHAD encoded by SSO3107 shows activity 

not only with the natural substrate 2,3-dihydroxyisovaleric acid but also with a broad 

spectrum of sugar acids including D-gluconate, D-galactonate, D-fuconate, D-xylonate, D,L-

arabinoate, and D-ribonate100. The protein encoded by Saci_1715 shows 87% sequence 

identity to SSO3107. This putative Saci-DHAD might be critical for both hexose and pentose 

metabolism in S. acidocaldarius, and is therefore a key target for future studies. Additionally, 

the two proteins encoded by Saci_1967 and Saci_2196 might also be responsible for 

pentose degradation, which show 29% and 26% sequence identity with Saci_0885, 
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respectively. They belong also to the enolase superfamily and Saci_1967 has been 

annotated as D-arabinonate dehydratase, showing 55% sequence identity with the SSO-D-

arabinoate dehydratase. 

1.5 Study on the L-fucose degradation pathway in S. solfataricus using an integrated 

systems biology approach 

As outlined above, the thermoacidophilic Sulfolobus spp. are known for their metabolic 

versatility utilizing a great variety of different carbon sources and the degradation pathways 

for sugars like glucose, galactose and the pentoses including D- and L-arabinose as well as 

D-xylose are meanwhile well characterized. However, the degradation pathways of other 

substrates, e.g. D-mannose, D-fructose, L-fucose, and their regulation are still unknown. To 

get a systems level understanding of the metabolism in Sulfolobus spp., a metabolic model 

was constructed which predicted the growth of S. solfataricus on 35 different carbon 

sources43. In this study (Chapter 3.3), S. solfataricus was grown on 36 different substrates 

including carbohydrates, amino acids, organic acids, as well as organic compounds like 

phenol, glycerol, etc., and the growth on 16 of them has been demonstrated. By analysing 

the metabolic fingerprint of the cells grown on carbohydrates, some interesting differences in 

metabolite profiles between the cells grown on L-fucose and D-glucose were observed. For 

instance, the glycolytic ED pathway intermediates D-gluconate and D-glycerate were only 

found in the D-glucose grown cells, and the amount of pyruvate in the L-fucose grown cells 

was only half of that in the D-glucose grown cells, suggesting that L-fucose is degraded via a 

different pathway than D-glucose. Since the degradation of L-fucose has never been 

reported in Archaea, we applied an integrated systems biology approach to explore the 

metabolic fate of this sugar in S. solfataricus.  

L-fucose is a deoxy-hexose (6-deoxy-L-galactose) and is a stereochemical analogue of D-

arabinose (Fig. 5A). It is commonly distributed in nature, such as in N-linked glycans in insect 

and plant cell surface structures, and in seaweed polysaccharides. In general, there are two 

different pathways for L-fucose degradation in Bacteria. The first one is found in organisms 

like E. coli. In this pathway (Fig. 5B)101, L-fucose is firstly isomerized to L-fuculose following 

by a phosphorylation step forming L-fuculose 1-phosphate, which is afterwards cleaved to 

DHAP and L-lactaldehyde. DHAP enters the EMP pathway for conversion and L-

lactaldehyde is oxidized via L-lactate to pyruvate. The second pathway (Fig: 5C) is found in 

the phytopathogenic bacteria Xanthomonas campestris102. Similar to the degradation of D-

glucose, L-fucose is oxidized to L-fuconate and dehydrated to 2-keto-3-deoxy-L-fuconate 

(KDF). However, KDF is then further oxidized to 2,4-diketo-3-deoxy-L-fuconate (DKDF) and 

cleaved to pyruvate and L-lactate, and the latter is oxidized to a second molecule of pyruvate. 
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Figure 5. Structures of D-arabinose and L-fucose (A) and L-fucose degradation pathways in 

E. coli (B), X. campestris (C) and S. solfataricus (D). Abbreviations: L-fuculose 1P, L-fuculose 1-

phosphate; DHAP, dihydoxyacetone phosphate; KDF, 2-keto-3-deoxy-L-fuconate; DKDF, 2,4-diketo-3-

deoxy-L-fuconate. 

To study the L-fucose degradation in S. solfataricus, cells were grown on D-glucose and L-

fucose for comparative analyses (Chapter 3.3). The transcriptomic and proteomic data 

revealed that the genes encoding the four subunits of the D-arabinose transporter 

(SSO3066–SSO3069) as well as the genes involved in the Weimberg pathway for D-

arabinose degradation (Fig. 4) including SSO1300 (D-arabinose dehydrogenase), SSO3124 

(D-arabinoate dehydratase), SSO3118 (XAD) and SSO3117 (KGSADH) were highly induced 

during growth on L-fucose. Besides, it was demonstrated in a previous study that the D-

arabinose dehydrogenase shows comparable activity with D-arabinose and L-fucose57, 

implying that the D-arabinose transporter and degrading enzymes are promiscuous for the 

uptake and degradation of D-arabinose and L-fucose. Furthermore, the expression of the 

KD(P)GA which cleaves both of the 2-keto-3-deoxy-hexanoates and 2-keto-3-deoxy-

pentanoates was found to be comparable in D-glucose and L-fucose grown cells. Based on 

these results, a reasonable pathway for L-fucose degradation in S. solfataricus was 

proposed as shown in Fig. 5D. L-fucose is consecutively oxidized and dehydrated by the D-
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arabinose dehydrogenase and D-arabinoate dehydratse to 2-keto-3-deoxy-L-fuconate, which 

is then cleaved by the KD(P)GA to pyruvate and L-lactaldehyde. L-lactaldehyde is afterwards 

oxidized by KGSADH to L-lactate followed by a last step of oxidation to the second molecule 

of pyruvate. 

To support this proposal, enzymatic activity in the CFEs of L-fuose and D-glucose grown 

cells was determined and compared. In addition, the D-arabinose dehydrogenase, D-

arabinoate dehydratse, KD(P)GA and KGSADH from S. solfataricus were heterologously 

expressed, purified and the enzyme characterization was performed with D-arabinose, L-

fucose and their derivatives (Chapter 3.3).  

1.6 Sulfolobus spp. as potential platform organisms for biotechnology 

Because of the special characteristics in metabolism, cellular structure, and growth 

conditions, Sulfolobus spp. offer great potential for industrial application (Chapter 3.4). For 

instance, the thermostable proteinases and esterase/lipases are of great interest for 

application in food, feed, pharmaceutical industries and waste water treatment103-107. The 

antimicrobial agents produced by Sulfolobus spp., known as sulfolobicins, are famous for 

their robustness against high temperature, pH changes, SDS treatment and longtime 

storage108. Moreover, as introduced above, the membrane of Sulfolobus spp. is single-

layered composed of tetraether lipids and is therefore more stable against temperature and 

particularly low pH, making them ideal candidates as vectors (e.g. nanoparticles) for the 

delivery of drugs, genes, etc.109-111. 

In the meantime, Sulfolobus spp. attract more and more interest as platform organisms for 

industrial production, as they are able to utilize a broad spectrum of substrates and possess 

high metabolic diversity and are genetically tractable. Additionally, there are many other 

advantages that make them outstanding among the platform organism candidates. Firstly, 

their thermoacidophilic lifestyle can efficiently reduce the risk of microbial contamination, 

which is one of the major problems in the application of mesophilic platform organisms in 

industrial production112. Secondly, benefiting from the high growth temperature, volatile 

products such as ethanol and butanol can be easily and constantly removed during the 

fermentation process, which not only saves energy but also reduces the risk of product 

inhibition on cell growth113. Also, at the elevated temperature, the solubility of many 

substrates can be significantly enhanced114.Therefore, Sulfolobus spp. seem to be suitable 

platform organisms for the production of biofuels using lignocellulose as raw material. 

Lignocellulosic biomass is recognized as a promising energy source by its characteristics of 

ubiquity, abundance, and renewability115. It is widespread in agricultural and industrial waste 

such as corn stalks, wheat bran and sawdust116, which are usually burnt, resulting in both 
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energy waste and more environmental pollution. Nowadays, great efforts have been made in 

utilizing this renewable energy source for bio-alcohol production replacing the traditional 

petroleum-based energy sources117-119. 

 

Figure 6. Structure of lignocellulose.120 

Lignocellulose is composed of cellulose, hemicellulose and lignin, forming a highly 

polymerized and highly stable structure (Fig. 6)120. Cellulose is the main constituent 

accounting for 35-50% of the lignocellulosic biomass121. It is a linear polymer of β-(1,4) linked 

D-glucose molecules. Different cellulose chains are bundled together to microfibrils by intra- 

and intermolecular hydrogen bonds forming a crystalline structure that is resistant to 

hydrolysis116. Hemicellulose is the second main constituent of lignocellulose (20-35% of the 

biomass), which enwinds the microfibrils and is rigidly associated to lignin. It is composed of 

different sugars including D-xylose, L-arabinose, D-mannose, D-glucose, D-galactose, etc.. 

Compared to cellulose, the hemicellulose chains are branched, amorphous and of smaller 

molecular weight, and are thus more sensitive to hydrolysis121. Lignin (15-20% of the 

lignocellulosic biomass) is a cross-linked phenolic polymer with a rigid structure117. It 

encloses cellulose and hemicellulose tightly, forming the first barrier against the degradation 

of lignocellulose.  

To utilize lignocellulose for valuable chemical and fuel production, it has to be firstly 

degraded into mono- or oligosaccharides. This is regarded as pretreatment of lignocellulosic 

biomass. In the last decades, different pretreatment methods have been developed, 

including physical pretreatment such as milling, grinding and freezing, chemical pretreatment 

like acid and alkaline treatment, and biological pretreatment using cellulases or 

microorganisms121. To enhance the efficiency of hydrolysis, these methods are normally 

combined. For instance, the combination of milling, diluted acid/heat and cellulases or 

microorganism is quite favored in industry122-124. However, the hydrolysate of diluted 

17

1 Introduction 



acid/heat treated lignocellulose has to be cooled and neutralized for further processing using 

cellulases or microorganisms, resulting in additional costs for cooling and neutralizing agents, 

and causing a salt removal problem due to the neutralization125. If cellulases producing 

microorganisms could directly utilize the hydrolysate without cooling and neutralization, the 

cost could be significantly reduced.  

In this purpose, Sulfolobus spp. are very promising novel platform organisms for the one-pot 

fermentation strategy, because i) cultivation techniques for large-scale and high cell density 

fermentations have been developed; ii) their lifestyle with high temperature and low pH fits to 

the traditional acid/heat pre-treatment of lignocellulose to provide fermentable 

carbohydrates126; iii) Sulfolobus spp. contain many enzymes for lignocellulose degradation, 

such as endoglucanases, xylanases, β-D-xylosidase/α-L-arabinosidase and β-D-

glucosidases127-132; iv) Sulfolobus spp. are able to metabolize the main monosaccharide 

constituents of lignocellulose that are liberated upon hydrolysis simultaneously, and there is 

no diauxic growth behavior observed on glucose-pentose mixtures57,58,66. v) pentoses are 

degraded exclusively by the Weimberg pathway at least in the S. acidocaldarius MW001 (as 

described above). In comparison with other pentose degradation pathways, the Weimberg 

pathway has several advantages that make it fairly attractive for industrial application133. First 

of all, less enzymes are involved in this pathway so that the process control is easier. Next, 

no ATP for sugar activation is required, so that the competition with other energy-dependent 

reactions in vivo is avoided. Thirdly, the pathway and its intermediates do not interfere with 

other metabolic routes, thus making the metabolic network simpler. Finally and most 

attractively, in other pentose degradation pathways CO2 is released by the conversion from 

pyruvate to acetyl-CoA, while pentoses are converted to the TCA cycle intermediate (KG) 

without any loss of carbon.  

For a practical industrial application, cellulases for lignocellulose degradation and sugar 

transporters from S. solfataricus and other thermostable microorganisms could be integrated 

into S. acidocaldarius MW001, and the carbohydrate degradation pathways can be modified 

for the production of different alcohols. For instance, for the production of ethanol, the 

bifunctional acetaldehyde dehydrogenase/alcohol dehydrogenase from the thermophilic 

bacterium Thermoanaerobacter ethanolicus can be integrated, so that acetyl-CoA (an 

intermediate of D-glucose/D-galactose degradation) is constantly reduced to ethanol via 

acetaldehyde134. 
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1.7 Caulobacter crescentus 

As described in the preceding chapter, Sulfolobus spp. are promising platform organisms for 

the bioconversion of lignocellulose amongst others due to their ability to readily utilize 

hexoses and pentoses. Conversely, although the routine mesophilic platform organisms like 

E. coli and S. cerevisiae are able to produce valuable products from D-glucose, their 

metabolic capacity limits the efficient bioconversion of pentose as well as the co-fermentation 

of hexose/pentose mixtures. Therefore, it is a growing field of research to establish novel 

platform organisms which utilize both hexoses and pentoses efficiently, or to find an effective 

pentose degradation pathway that can be integrated into the established mesophilic platform 

organisms, in order to enhance the biotransformation rate and production yield135. In this 

respect, C crescentus caught plenty of attention due to its broad nutrient spectrum and high 

consumption efficiency of both hexoses and pentoses136. Moreover, it degrades D-xylose, 

one of the main constitutes of hemicellulose, also via the Weimberg pathway.  

Figure 7. C. crescentus and its cell cycle. A, C. crescentus cells in dividing phase (photographs are 

taken from [136])136; B, the cell cycle of C. crescentus137. 

C. crescentus, also known as Caulobacter vibrioides138, is a Gram-negative bacterium 

belonging to the α-proteobacteria. It is an obligate aerobic and oligotrophic bacterium living in 

fresh water rivers and lakes, using decomposed plant tissues as main nutrient resources. It is 

famous for its asymmetric cell division and cellular differentiation. The mother cell is stalked 

and adheres to solid surfaces forming biofilms, while the daughter cell contains one polar 

flagellum so that it is motile (Fig. 7A)136. This special structure allows the cells to keep stable 

in the rapid stream and to search nutrients in a relatively large areas. Once dispersed, the 

motile daughter cell (swarmer cell) swims away and colonizes at a new location, 

differentiating afterwards to a stalked cell to start another cycle of cell division (Fig. 7B)137. 
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This mechanism helps the organism to minimize the competition in their nutrient limited 

environments. 

In 2001, the genome of the C. crescentus was completely sequenced, carrying 4,016,942 

nucleotide base pairs encoding 3,767 genes in a single circular chromosome139. A large 

percentage of the genes are involved in sensing and responding to the substrates in the 

environment, including the chemotaxis and flagellum related genes, and responsible genes 

for substrates transport and metabolism. 16 different chemoreceptors are predicted by the 

genomic data, which implicates that this organism is able to respond to many different kinds 

of compounds. In addition, the presence of a large amount of genes responsible for plant 

polysaccharides (e.g. cellulose, xylan, lignin, glucan) hydrolysis and the transporters for the 

resulting sugars suggests that sugars (especially D-glucose and D-xylose), which are the 

main components of the plant polymers, are one of the major energy and carbon sources of 

this organism.  

Figure 8. Proposed D-glucose (A) and D-xylose (B) degradation pathway in C. crescentus. 

Abbreviations: G6P, glucose 6-phosphate; 6PG, 6-phosphogluconate; KDPG, 2-keto-3-deoxy-6-

phosphogluconate; F6P, fructose 6-phosphate; FBP, fructose 1,6-bisphosphate; DHAP, 

dihydoxyacetone phosphate; GAP, glyceraldehyde 3-phosphate; BPG, 2,3-bisphosphoglycerate; 3PG, 

3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; D-KDX, 2-keto-3-deoxy-

D-xylonate; KGSA, α-ketoglutarate semialdehyde. 
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When the genome of C. crescentus was completely sequenced, the FBPA encoding gene 

(CC_3250) was identified to exist in this bacterium but no PFK homologue could be 

detected139. Therefore, it was speculated, that similar to Sulfolobus spp., the EMP pathway in 

C. crescentus is only functional in the gluconeogenic direction and D-glucose is degraded 

exclusively via the classical ED pathway. This was confirmed in 2004 by transcriptional 

analyses, gene deletion and mutant growth experiments140. By growing on D-glucose as sole 

carbon source, genes from one operon encoding the first four enzymes of the ED pathway 

including GK, G6P 1-dehydrogenase (G6PDH), 6-phosphogluconolactonase (PGLac) and 6-

phosphogluconate dehydratase (PGAD) were all highly upregulated. In addition, mutational 

analyses revealed that G6PDH, PGAD and KDPGA were indispensable for the growth on D-

glucose. Contrarily, the FBPA is upregulated in medium containing only D-xylose or amino 

acids (peptone and yeast extract) as sole carbon source, implicating that the EMP pathway is 

only activated in the anabolic direction (Fig 8A).  

By growing C. crescentus on D-xylose as sole carbon source, an operon of five genes was 

upregulated. These genes encode the five proteins of the Weimberg pathway (Fig 8B), 

respectively, implying that this pathway is the primary route for D-xylose degradation in this 

organism. This was also confirmed later by mutant growth experiments. Deletion of any of 

the five genes encoding the Weimberg pathway enzymes resulted in the loss of ability to 

grow on D-xylose as sole carbon source40. So far, the recombinant D-xylose dehydrogenase 

(XDH) and D-xylonate dehydratase (XAD) from C. crescentus have been purified and 

characterized40,141. The CC-XDH is specific for pentoses with a strong preference for D-

xylose, and is not active with hexoses. The CC-XAD, on the contrary, is active with both 

pentanoates and hexanoates including D-xylonate L-arabinoate, D-gluconate, D-galactonate 

and D-fuconate. The catalytic efficiencies are comparable towards D-xylonate and D-

gluconate, while the other substrates are much less effectively converted. The other three 

enzymes involved in the Weimberg pathway were not biochemically studied so far, and were 

therefore characterized in detail in this study (Chapter 3.5). 

Despite the broad substrate spectrum and high consumption efficiency, C. crescentus might 

not be a competitive platform organism for in vivo production. A recent research has pointed 

out that it cannot tolerate high concentrations of neither D-glucose nor D-xylose142. Sugar 

concentrations higher than 20 g/L inhibited the cell growth. The highest cell density reached 

in shake flasks was around OD620nm 6 in presence of 10 g/L D-glucose, and was even lower 

(OD620nm 2~3) with D-xylose or L-arabinose. Moreover, the cells grew much worse in 

bioreactors reaching a significantly decreased final OD. A possible explanation for this 

phenomenon is, that the high aeration in bioreactors is not favoured by C. crescentus, 

because it is naturally living in streams and lakes where air exchange is not taking place in 

high speed.  
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On the contrary, the C. crescentus D-xylose degradation genes have been integrated into the 

established platform organisms with some success. For example, Toivari and coworkers 

introduced the CC-XDH into S. cerevisiae for the bioproduction of D-xylonate143, Lee’s group 

integrated the CC-XDH and CC-xylonolactonase into E. coli and managed to produce 

poly(D-lactate-co-glycolate) and poly(D-lactate-co-glycolate-co-D-2-hydroxybutyrate) by 

using D-xylose as sole carbon source144, Salusjärvi and coworkers succeed to express CC-

XDH and CC-XAD together with other enzymes in S. cerevisiae for the production of 

ethylene glycol and glycolic acid145. Despite this, there are still many limiting factors 

hampering the successful application of the C. crescentus pathway in commonly used 

platform organisms. For instance, the products like D-xylonate and glycolic acid led to strong 

loss of viability of the host cells, and the heterologously expressed CC-XAD showed quite 

low activity thus limiting the production efficiency. Most severely, since the influences caused 

by the insertion of the gene(s) on metabolism and regulation processes of the platform 

organisms are greatly unknown, optimizing the enzyme efficiency and product yield in whole-

cell biocatalysts is very complicated and time consuming.  

An alternative strategy is, to apply the C. crescentus enzymes in vitro for valuable compound 

production. Such in vitro enzyme cascades have several advantages. First, by using specific 

enzyme combination, the reaction directions are under control and thus reduce the 

production of by-products and enhance yields. Next, the reaction conditions like pH and 

temperature can be adjusted to the optimal conditions of the enzymes. Thirdly, there is no 

risk of microbial contamination. Moreover, with proper treatment methods, the enzymes can 

be stored and reused for a long time thus saving energy and costs. In 2017, Beer et al. built 

up an in vitro biocatalysis system containing five recombinant enzymes derived from five 

different microorganisms for the conversion of glucuronate to KG, and they managed to 

convert 10 g/L glucoronate to KG with 92% yield within 5 h146. However, strong enzyme 

inhibition and accumulation of some intermediates were observed even under their adjusted 

conditions, rising the demand of reasonable cascade optimizing strategies. 

Due to the high system complexity of the enzyme cascades involving non-linear kinetics as 

well as multiple feedback and allosteric regulatory mechanisms, it is very difficult to find out 

and solve the rate-limiting points thereby to optimize the overall production efficiency. 

Currently, the mainly applied strategy is to use combinatorial approaches in which the most 

efficient composition and conditions of the cascade are explored via non-biased combination 

of cascade elements and/or reaction variables (e.g. ions, temperature, pH)147. Rational 

approaches involving pure enzyme characterization and computational support are rare and 

often unsatisfying due to insufficient understanding of the enzyme properties and/or 

intermediates concentration148,149.  
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In this research (Chapter 3.5), we developed a novel iterative approach involving detailed 

characterization of enzyme kinetics followed by multiple cycles of kinetic modelling and 

model validation based on time-resolved NMR for intermediate determination and refined 

enzyme analyses to precisely describe the Weimberg enzyme cascade. Thereby, several 

bottlenecks hampering sufficient cascade application could be identified. The resulting high-

quality kinetic model could accurately predict the cascade performance under different 

conditions, thus allowing rational, computational design exemplified by pathway optimization 

for highest conversion efficiency. The broad applicability of the new cascade model was 

demonstrated by the in vitro production of 2-keto-3-deoxy sugar acids as well as 

hydroxyisoleucine. Moreover, as confirmed by C. crenscentus CFE experiments, the model 

is also applicable under in vivo conditions and can be used for in vivo metabolic engineering 

approaches for the conversion of biomass to added-value products. 
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2 Scope of the thesis 

In the present work, the introduced topics are exemplified in the following chapters and the 

contribution I made in these manuscripts is clarified as below. 

In chapter 3.1, the manuscript with the title “The carbon switch at the level of pyruvate and 

phosphoenolpyruvate in Sulfolobus solfataricus P2”, hexose metabolism, with special focus 

on the interconversion of phosphoenolpyruvate and pyruvate, was studied. The putative 

pyruvate kinase, phosphoenolpyruvate synthetase as well as pyruvate:phosphate dikinase 

from S. solfataricus were recombinantly expressed and purified. Dynamic parameters of the 

enzymes were determined, and different potential inhibitors/activators were inspected. I was 

involved in expression, purification and characterization of PK and PEPS, particularly in 

inhibitor/activator studies. In addition, I made contribution in writing and editing the 

manuscript. 

In chapter 3.2, the manuscript titled as “Sulfolobus acidocaldarius transports pentoses via a 

carbohydrate uptake transporter 2 (CUT2)-type ABC transporter and metabolizes them through 

the aldolase independent Weimberg pathway”, the pentose transporter as well as the pentose 

degradation pathway in S. acidocaldarius MW001 were intensively studied through 

transcriptomic analyses, gene deletion studies and enzymatic activity determination. I 

performed the experiments to check and compare the Weimberg pathway enzyme activities 

in the cell extracts of S. acidocaldarius MW001 and the gene deletion mutants.  

In chapter 3.3, the manuscript with the title “A systems biology approach reveals major 

metabolic changes in the thermoacidophilic archaeon Sulfolobus solfataricus in response to 

the carbon source L-fucose versus D-glucose”, the L-fucose degradation pathway in 

S. solfataricus was proposed using an integrated systems biology approach, and most of the 

involved enzymes were recombinantly expressed, purified, and characterized. I cloned three 

genes in the proposed pathway including SSO1300, SSO3124 and SSO3117, expressed the 

genes heterologously in E. coli, purified the recombinant enzymes, and tested the enzyme 

activities with different substrates. 

In chapter 3.4, the manuscript with the title “Sulfolobus – a potential key organism in future 

biotechnology”, the great potential of Sulfolobus spp. for industrial application was 

summarized, including the genetic tractability, metabolic diversity, unique pathways and 

enzymes, as well as the advantages of their thermoacidophilic lifestyle. In this work, I drew 

the figure describing the central metabolism of Sulfolobus spp. and made contribution in 

manuscript reviewing. 

In chapter 3.5, the manuscript with the title “The Weimberg pathway” (manuscript submitted, 

Nature Microbiology), enzymes involved in the Weimberg pathway of C. crescentus were 
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recombinantly expressed, purified and intensively characterized. Using the obtained 

parameters, a kinetic model was successfully constructed, allowing rational, computational 

pathway design exemplified by pathway optimization for highest conversion efficiency. The 

broad applicability of the enzyme cascade was confirmed by the production of 2-keto-3-

deoxy sugar acids and 4-hydroxyisoleucine. In this study, I cloned, purified and 

characterized the C. crescentus Weimberg pathway enzymes, thus provided the kinetic 

parameters for model construction. Afterwards, I performed the assays for NMR 

measurement and cell-free extract experiment to validate the constructed model. 

Additionally, I established the methods for the production of high-valued compounds (4-

hydroxyisoleucine, KDX, KDG, KDGal, KGSA) using the purified enzymes.  
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Sulfolobus solfataricus P2 grows on different carbohydrates as well as alcohols,

peptides and amino acids. Carbohydrates such as D-glucose or D-galactose are

degraded via the modified, branched Entner–Doudoroff (ED) pathway whereas

growth on peptides requires the Embden–Meyerhof–Parnas (EMP) pathway for

gluconeogenesis. As for most hyperthermophilic Archaea an important control point

is established at the level of triosephophate conversion, however, the regulation

at the level of pyruvate/phosphoenolpyruvate conversion was not tackled so far.

Here we describe the cloning, expression, purification and characterization of the

pyruvate kinase (PK, SSO0981) and the phosphoenolpyruvate synthetase (PEPS,

SSO0883) of Sul. solfataricus. The PK showed only catabolic activity [catalytic efficiency

(PEP): 627.95 mM−1s−1, 70◦C] with phosphoenolpyruvate as substrate and ADP

as phosphate acceptor and was allosterically inhibited by ATP and isocitrate (K i

0.8 mM). The PEPS was reversible, however, exhibited preferred activity in the

gluconeogenic direction [catalytic efficiency (pyruvate): 1.04 mM−1s−1, 70◦C] and

showed some inhibition by AMP and α-ketoglutarate. The gene SSO2829 annotated

as PEPS/pyruvate:phosphate dikinase (PPDK) revealed neither PEPS nor PPDK activity.

Our studies suggest that the energy charge of the cell as well as the availability of

building blocks in the citric acid cycle and the carbon/nitrogen balance plays a major

role in the Sul. solfataricus carbon switch. The comparison of regulatory features of well-

studied hyperthermophilic Archaea reveals a close link and sophisticated coordination

between the respective sugar kinases and the kinetic and regulatory properties of the

enzymes at the level of PEP-pyruvate conversion.

Keywords: Archaea, (hyper)thermoacidophile, Sulfolobus solfataricus, pyruvate kinase, phosphoenolpyruvate

synthetase, carbon switch

INTRODUCTION

Archaea resemble in their metabolic diversity and complexity bacteria and primitive eukaryotes.
However, their metabolism is characterized by many new, unusual pathways and enzymes
(Sato and Atomi, 2011; Bräsen et al., 2014; Nelson-Sathi et al., 2015; Wolf et al., 2016).
Even the generic pathways of sugar degradation, such as the EMP and the ED pathway, have
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modifications as compared to the classical pathways (for reviews
see Ronimus and Morgan, 2003; Verhees et al., 2003; Siebers
and Schönheit, 2005; Bräsen et al., 2014). Most catalyzed
reactions as well as the intermediates of the modified archaeal
pathways resemble the classical glycolytic pathways in bacteria
and eukaryotes. However, many of the utilized archaeal
enzymes share no homology with their bacterial and eukaryotic
counterparts but are members of different ‘new’ enzyme families
[e.g., ADP/ATP-dependent hexo(gluco)kinases and ADP/ATP-
dependent PFK of the ribokinase enzyme family; archaeal type
class I fructose-1,6-bisphosphate aldolase of the DhnA family]
(for review see Bräsen et al., 2014). This ‘acquirement’ of new
catalysts is often accompanied by new regulatory properties. For
example all archaeal sugar kinases characterized so far exhibit
no allosteric properties and thus give rise to novel control
points in the central metabolic pathways. Thesemodified archaeal
pathways therefore offer great potential formetabolic engineering
and synthetic biology by the combination with classical bacterial
and eukaryotic features.

The thermoacidophilic crenarchaeon Sulfolobus solfataricus
(strain P2) grows optimally at 80◦C (60 – 92◦C) and pH 2 – 4
(Zillig et al., 1980) and is able to maintain an intracellular
pH at around 6.5 (Moll and Schäfer, 1988). The organism
uses a modification of the classical ED pathway for glucose
breakdown and the reverse EMP pathway for gluconeogenesis
as reported earlier (Lamble et al., 2003; Ahmed et al., 2005;
Bräsen et al., 2014). The branched ED pathway is promiscuous for
D-glucose and D-galactose degradation; 2-keto-3-deoxygluconate
(KDG) and 2-keto-3-deoxy-6-phoshogluconate (KDPG) are the
characteristic intermediates of the non-phosphorylative ED
(npED) and spED pathway, respectively. After aldolase cleavage
pyruvate and glyceraldehyde 3-phosphate (GAP, spED) or
2-phosphoglycerate (2PG, npED) are formed and both are
channeled into the lower EMP pathway forming a second
molecule of pyruvate (Ahmed et al., 2005). From a genetic
approach in Sul. solfataricus (KDG kinase knock-out) combined
with metabolomics and enzymatic studies there is evidence
that the spED pathway plays a major anabolic role for

Abbreviations:1,3BPG, 1,3-bisphosphoglycerate; 2PG, 2-phoshoglycerate;
3-PG, 3-phohoglycerate; ADP, adenosine diphosphate; AMP, adenosine
monophosphate; AOR, glyceraldehyde:ferredoxin oxidoreductase; ATP, adenosine
triphosphate; CTP, cytidine triphosphate; DHAP, Dihydroxyacetone phosphate;
ED, Entner–Doudoroff; EMP, Embden–Meyerhof–Parnas; ENO, Enolase;
F1,6BP, Fructose 1,6-bisphophate; F2,6BP, Fructose 2,6-bisphophate; F6P,
fructose 6-phosphate; FBPA/ase, fructose 1,6-bisphosphate aldolase/phosphatase;
Fructose 1,6-P2, fructose 1,6-bisphosphate; G1P, glucose 1-phosphate; G6P,
glucose 6-phosphate; GAD, gluconate dehydratase; GAP, glyceraldehyde
3-phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GAPN, non-
phosphorylating GAPDH; GDH, glucose dehydrogenase; GDP, guanosine
diphosphate; GK, glycerate kinase; GTP, guanosine triphosphate; HK,
hexokinase; KD(P)GA, 2-keto-3-deoxy-(6-phospho)gluconate aldolase;
KDG, 2-keto-3-deoxygluconate; KDGK, 2-keto-3-deoxygluconate kinase;
KDPG, 2-keto-3-deoxy-6-phoshogluconate; LDH, lactate dehydrogenase;
npED, non-phosphorylative ED; ORF, open reading frame; PCK, PEP-
carboxykinase; PEP, phosphoenolpyruvate; PEPS, phosphoenolpyruvate
synthetase; PFK, Phosphofructokinase; PGAM, phosphoglycerate mutase; PGI,
phosphoglucose/phosphomannose isomerase; PGK, phosphoglycerate kinase;
PGM, phosphoglucomutase/phosphomannomutase; Pi, inorganic phophate;
PK, pyruvate kinase; PPDK, pyruvate:phosphate dikinase; PPi, pyrophosphate;
RT, room temperature; spED, semi-phosphorylative ED; TIM, triosephosphate
isomerase; UTP, uridine triphosphate.

the generation of hexose phosphates under glycolytic growth
conditions (Kouril et al., 2013b). In addition, the upper catabolic
part of the EMP pathway is active (from glucose to fructose
6-phosphate) and provides hexose phosphates via hexokinase
and phosphoglucose isomerase in Sulfolobus spp. (Nishimasu
et al., 2006). Fructose-6-phosphate constitutes the precursor
for pentose generation via the reverse ribulose monophosphate
pathway (Orita et al., 2006), and G6P is the building block for
glycogen and trehalose formation in Sulfolobus (König et al.,
1982; Maruta et al., 1996; Kouril et al., 2008; Zaparty and
Siebers, 2011). For a functional glycolysis via the EMP pathway
only the PFK seems to be missing and no functional, catabolic
fructose-1,6-bisphosphate aldolase (FBPA) was identified so
far. Pyruvate as central metabolite is channeled into the
citric acid cycle and is completely oxidized to CO2. Reducing
equivalents are transferred into the branched respiratory chain
with oxygen as terminal acceptor for energy conversion via
electron transfer phosphorylation. In addition, Sul. solfataricus
grows on various non-saccharolytic substrates such as peptides,
amino acids or alcohols and the reversed EMP pathway is
used for gluconeogenesis.

Thus, like in other organism pyruvate is one central hub
in the metabolism of Sul. solfataricus that channels carbon
into different anabolic and catabolic pathways implying an
important metabolic control point. In the lower common
part of the classical EMP pathway in Bacteria, the conversion
between phosphoenolpyruvate (PEP) and pyruvate via the
antagonistic enzyme couple, catabolic PK and anabolic PEPS,
serves as a switch between glycolysis and gluconeogenesis.
In few species in addition a PPDK is found, which catalyzes
the reversible conversion of PEP and pyruvate (Evans and
Wood, 1968) and in contrast to PEPS, requires Pi in the
anabolic and PPi in the catabolic direction for activity (see
Equations 1–3, �G◦’-values were calculated via eQuilibrator1,
Flamholz et al., 2012).

(1) Pyruvate kinase (PK, EC 2.7.1.40)
PEP+ADP→ Pyruvate+ATP (�G◦’ =−27.7 kJ/mol,
−32 kJ/mol at 75◦C)

(2) Phosphoenolpyruvate synthetase (PEPS, EC 2.7.9.2)
Pyruvate + ATP + H2O → PEP + AMP + Pi
(�G◦’ = 3.8 kJ/mol, 4.5 kJ/mol at 75◦C)

(3) Pyruvate:phosphate dikinase (PPDK, EC 2.7.9.1)
Pyruvate + ATP + Pi ↔ PEP + AMP + PPi
(�G◦’ = 19.6 kJ/mol, 23 kJ/mol at 75◦C)

Till now, little is known about the PEP-pyruvate conversion
and its regulatory function for the glycolytic/gluconeogenic
switch in members of the Sulfolobales. In order to unravel
the regulatory properties, the genes annotated as PK
(SSO0981), PEPS (SSO0883) and putative PEPS or PPDK
(SSO2820) of Sul. solfataricus P2 were cloned, recombinantly
expressed, purified and characterized. Here we report the
regulatory properties at the level of PEP/pyruvate conversion
and compare the findings to other well characterized
hyperthermophilic Archaea.

1http://equilibrator.weizmann.ac.il/
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MATERIALS AND METHODS

Cloning and Expression of the PEPS, the

PK and the Putative PEPS/PPDK of

Sulfolobus solfataricus in

Escherichia coli
The genes encoding the PK (SSO0981) and the putative
PEPS/PPDK (SSO2820) were amplified by PCR mutagenesis
using the KOD HiFi DNA Polymerase (Novagen). For the
PCR reaction the following primer sets were used (55◦C
annealing temperature).

Forward SSO0981_BspHI ggggctcgagtcatgagaaagactaaaatag
ttgc

Reverse SSO0981_XbaI ggcggtctagatcatttcttttgttgttctag
Forward SSO2820_NdeI gggggaattcatatgaactatacatacttac
Reverse SSO2820_BamHI ggcggggatcctcaaaattcgggatacaatcg

After digestion with BspHI and XbaI for SSO0981 as well
as NdeI and BamHI for SSO2820 the constructs were ligated
into pET324 (SSO0981) and pET11c (SSO2820), respectively.
The gene encoding PEPS (SSO0883), was synthesized (codon
optimized for expression in Escherichia coli; for sequence see
Supplementary Material) and cloned into pET11c by Eurofins
MWG (Ebersberg, Germany).

The resulting constructs (PK_pET324, SSO2820_pET11c,
PEPS_pET11c) were transformed into competent E. coli Rosetta
(DE3) pRIL cells (Novagen). The cells were cultivated in a
5 L fermenter (Minifors, Infors HT) with 4.5 L of LB-medium,
100 μg/ml ampicilin, 34 μg/ml chloramphenicol, and 25 μL/L
(v/v) of antifoam 204 (Sigma). The fermenter was inoculated
with 2% (v/v) of a pre-culture of the respective expression
strain and fermentation was performed at 37◦C, 750 rpm
and aeration (1 bar). Gene expression was induced at OD600
of 0.5–0.8 by adding isopropyl-β-D-thiogalacto-pyranoside to
a final concentration of 1 mM. The cells were grown until
the stationary phase was reached and cells were harvested by
centrifugation (5465 × g, 20 min, 4◦C) and stored at −80◦C
(∼10 g wet weight).

Purification of the Recombinant Proteins
For the purification of PK (SSO0981) and the putative
PEPS/PPDK (SSO2820) cells were re-suspended in 30 mL
100 mM HEPES/KOH, pH 7 [room temperature (RT)] [3 mL
buffer/g cells (wet weight)]. Cell disruption was performed
by sonification (ultrasound processor UP 200s, Hielscher
Ultrasonics GmbH) at an intensity of 50% for 4 × 5 min
interrupted by intervals of 30 s on ice. Cell debris and unbroken
cells were removed by centrifugation (21,000 × g, 1 h, 4◦C).
The resulting crude extract was diluted 1:1 with 100 mM
HEPES/KOH, pH 7 (RT). Recombinant Sul. solfataricus proteins
were enriched via heat precipitation for 20 min at 80◦C, followed
by centrifugation (21,000 × g, 1 h, 4◦C). For the PEPS/PPDK the
protein fraction was directly used for enzymatic analysis, whereas
the PK was further purified.

For ion exchange chromatography the PK protein solution
was dialyzed against 20 mM HEPES/KOH (pH 7, RT).
Ion chromatography was performed using a continuous
bed ion exchange column (12 mL, Q-Sepharose Fast Flow,
GE Healthcare). After equilibration of the column the protein
sample was applied and proteins were eluted via a continuous
gradient of 0–1 M NaCl in 20 mM HEPES/KOH, pH 7 (RT)
(336 mL, flow rate: 5 mL/min). Fractions containing the target
enzymes were pooled and dialyzed against 5 L of 20 mM
HEPES/KOH, pH 7 (RT) for 2 h. The sample volume was
reduced to 4.5 mL via centrifugation (3000 × g, 4◦C) using
Vivaspin 20 diafiltration cups (10,000 MWCO PES, Sartorius
Stedium Biotech). Gel filtration was performed applying the
protein samples to HiLoad 26/60 SuperdexTM 200 prep grade
(GE Healthcare) pre-equilibrated in running buffer [50 mM
HEPES/KOH, 300 mM KCl, pH 7 (RT)]. Protein separation
was performed at a flow rate of 2 mL/min. Fractions containing
the target protein were pooled and the protein sample was
stored at 4◦C.

For the purification of PEPS (SSO0883) cells were re-
suspended in 100 mM Tris/HCl pH 7 (70◦C), 20 mM
β-mercaptoethanol and 1 mM MgCl2. After sonification
[3 × 5 min, (intensity of 60%)] and centrifugation (21,000 × g,
30 min, 4◦C) the heat precipitation (20 min at 75◦C) was
performed without further dilution followed by centrifugation
(21,000 × g, 30 min, 4◦C). Due to the instability of the PEPS no
further purification steps were performed.

Enzyme Assays
Pyruvate Kinase
The assay was performed continuously at 50, 60, and 65◦C in
the presence of 100 mM HEPES/KOH (pH 6.5 at the respective
temperature), 0.2 mM NADH, 4 U of lactate dehydrogenase
(LDH, rabbit muscle; Sigma), 0–5 mM PEP, 5 mM ADP,
0.75–2 mg/mL of protein, and 10 mM MgCl2 (total volume of
500 μL). Enzyme activity was determined by monitoring the
decrease in absorption at 340 nm. Reactions were started by
adding the substrate PEP.

Pyruvate kinase activity at 70◦C and 80◦C was determined
using a discontinuous enzyme assay, performed in 0.1 M HEPES
(pH 6.5 at 70 or 80◦C) with 0.75–2 μg of protein in presence
of 10 mM MgCl2 in a total volume of 120 μL. Reactions were
started by the addition of PEP and samples were removed after 0,
1, 2, 3, and 4 min and stored on ice. The tested range of substrate
and co-substrate concentrations were 0.01 mM - 10 mM for PEP
and 0.02 mM -5 mM for ADP. Formed pyruvate was detected
in an indicator reaction at 37◦C in 0.1 M HEPES/KOH (pH 7,
RT) containing 0.5 mM NADH and 4 U LDH (total volume
500 μL, 340 nm).

Assays in presence of effectors were performed in a
continuous assay system (500 μL total volume) at 60◦C
under half-saturating substrate conditions for PK (0.03 mM
PEP) in the presence of 2.3 μg protein, 0.2 mM NADH, 4 U
LDH (rabbit-muscle, Sigma-Aldrich), 2 mM ADP and 10 mM
MgCl2. Following effectors were used in final concentrations of
1 mM: fructose 6-phosphate, fructose 1,6-bisphosphate, glucose
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6-phosphate, glucose 1-phosphate, trehalose 6-phosphate,
fructose 1-phosphate, ribose 1-phosphate, UDP-glucose, 2-keto-
3-deoxy-6-phospho-D-gluconate, 3-phosphoglycerate, 2-phos-
phoglycerate, dihydroxyacetone phosphate, glyceraldehyde
3-phosphate, citrate, malate, oxaloacetate, α-ketoglutarate,
succinate, fumarate, 2-oxo-glutamate, isocitrate, KPi, PPi, AMP,
ATP, UTP, CTP. More detailed analyses were performed in
presence of ATP and isocitrate by varying the concentrations
between 0.1 and 6 mM.

Phosphoenolpyruvate Synthetase
Phosphoenolpyruvate synthetase activity in both the anabolic and
catalytic direction was determined at 70◦C using a discontinuous
assay according to Eyzaguirre et al. (1982). The standard assay
(total volume 25–50 μL) was performed in 100 mM Tris/HCl,
pH 7.0 (at 70◦C), in the presence of 30 mM β-mercaptoethanol,
10 mMMgCl2 and 20 μg of purified enzyme.

For the anabolic direction, 0.1–10 mM pyruvate and
0.1–10 mM ATP were used as substrate and cosubstrate,
respectively. The reaction was stopped at 0, 2, 4, 6, 8, and
10 min by transferring the samples on ice. The formed PEP
was determined at RT after 60–300 s in 0.5 mL 100 mM
Tris/HCl (pH 7.0), 20 mM MgCl2, 1 mM ADP and 0.8 mM
NADH by calculating the decrease in absorption at 365 nm
(ε25◦C = 3,4 mM−1 cm−1) using 10 U LDH (rabbit muscle)
and 5 U PK (rabbit muscle) as auxiliary enzymes. To clarify
whether AMP/Pi or ADP is produced in the anabolic direction,
the samples obtained at different time points [using 6 mM
pyruvate and 10 mM ATP as (co)substrates] were transferred to
centrifugal concentrators (VIVASPIN 500, Sartorius) to remove
the protein. The concentration of PEP in the obtained flow
through was determined as described above. In addition, the
assay was performed in absence of ADP or with addition of 1 mM
ATP and 5 U myokinase (rabbit muscle) to differentiate between
the formation of ADP and AMP, respectively.

For the catabolic direction 6 mM PEP, 10 mM K2HPO4
and 10 mM ADP or AMP were used as substrates and
the formed pyruvate was determined as described for PEP
detection, however, in absence of the MgCl2, ADP and PK. To
analyze the regulatory properties of PEPS, various metabolites
(α-ketoglutarate, AMP, ADP, glyceraldehyde-3-phosphate,
3-phosphoglycerate, 2-phosphoglycerate, dihydroxyacetone
phosphate, glucose 1-phosphate, glucose 6-phosphate,
oxaloacetate, fructose 6-phosphate, fructose 1,6-bisphosphate)
were tested for their influence on the catalytic activity of the
enzyme at half-saturating concentrations of ATP and pyruvate.

Pyruvate:Phosphate Dikinase
For monitoring PPDK activity in the anabolic direction
(PEP formation), the discontinuous assay described for PEPS
containing 100 mM Tris/HCl, pH 7.0 (55 or 70◦C), 20 mM
β-mercaptoethanol, 6 mM pyruvate, 15 mM ATP, 10 mMMgCl2
and additional 5 mM KPi was used. Pyruvate formation by
PPDK (catabolic direction) was determined either at 70◦C using
a discontinuous assay or at 55◦C in a continuous assay. In both
cases, standard assays were performed in 100 mM Tris/HCl, pH
7.0 (55 or 70◦C) in the presence of 3 mM PEP, 5 mM AMP

and 4 mM Mg-EDTA. The reaction was started by addition
of 1 mM PPi. In the continuous assay, the reaction mixture
additionally contained 0.8 mM NADH and 10 U LDH, and
pyruvate formation was followed directly by the decrease in
absorption at 366 nm [∈55◦C = 3.33 mM−1 cm−1 (Fabry and
Hensel, 1987)]. At 70◦C a discontinuous assay was used and the
amount of pyruvate formed by PPDK after 20–120 s (sample
volume 25–50 μL) was determined at RT in 500 μL total volume,
100 mM Tris/HCl (pH 7.0), 0.8 mM NADH using 10 U LDH as
auxiliary enzyme.

RESULTS

Archaea utilize modifications of the classical metabolic pathways
which are often characterized by novel enzymes with different
regulatory properties. The regulation in dependence of the
offered carbon source and the switch between glycolytic and
gluconeogenic growth is so far only scarcely addressed. Here we
identify and characterized the enzymes involved in PEP-pyruvate
conversion in Sul. solfataricus.

Pyruvate Kinase
The open reading frame (ORF) SSO0981 is annotated as PK in the
Sul. solfataricus genome and was cloned into the vector pET324.
The enzyme was expressed heterologously in E. coli using the pET
expression system. The protein was purified by heat precipitation
(20 min 90◦C) and ion exchange chromatography (elution at
360 mM NaCl). PK exhibits a molecular mass of approximately
50 kDa (Figure 1A), which matches the calculated molecular
mass of 49.8 kDa. The total yield of protein was 3 mg out of 9.5 g
of cells (wet weight).

For the ORF SSO0981 PK activity could be confirmed and
the enzyme was characterized at 50, 65, 70, and 80◦C (Table 1).
The Sul. solfataricus PK follows classical Michaelis–Menten
kinetics for PEP (0–6 mM) and ADP (0–6 mM) at the different
temperatures tested (Figure 2 and Supplementary Figure 1).

FIGURE 1 | Purification of the PK (A) and PEPS (B) from Sul. solfataricus

heterologously expressed in E. coli. Protein fractions were separated via

SDS-PAGE [12.5% (w/v) polyacrylamide, stained with Coomassie brilliant

blue]. M, protein marker [PageRuler Unstained Protein Ladder (A), PageRuler

Plus Prestained Protein Ladder (B), Thermo Scientific]; CE (10 μg), crude

extract; MF, membrane fraction; HP (5 μg), heat precipitation; IC (2 μg): PK

fractions after ion exchange chromatography.
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TABLE 1 | Kinetic parameters of the Sul. solfataricus PK for PEP and ADP

determined at 50, 65, 70, and 80◦C.

Temp Vmax Kcat Km Kcat/Km

Substrate [◦C] [U/mg] [s−1] [mM] [mM−1s−1]

PEP 50 47.9 39.7 0.23 137.3

65 60.4 50.1 0.12 435.8

70 70.4 58.4 0.09 628.0

80 88.7 73.0 0.26 281.0

ADP 50 48.3 40.1 0.16 244.3

65 63.7 52.9 0.14 385.8

70 70.8 58.8 0.07 851.9

80 96.7 80.3 0.11 710.5

For the final enzyme characterization one enzyme preparation was used and the

enzyme assays were performed in triplicates. The mean values and standard

deviation is shown in Figure 2 and Supplementary Figures 1, 3.

Only for PEP concentrations below 1 mM at 80◦C a slight
deviation was observed. For PEP, the specific activity (Vmax)
increased with temperature, with the highest specific activity
at 80◦C with 88.7 U/mg. The determined affinity for PEP
(Km-values) increased from 0.23 mM at 50◦C to 0.12 at 65◦C

and 0.09 mM at 70◦C. Only at 80◦C a decrease in affinity
(Km-value 0.26 mM) was observed. Therefore, the highest
catalytic efficiency was determined at 70◦C (628.0 mM−1s−1)
with a 2.2-fold reduction at 80◦C (281.0 mM−1s1). The catalytic
efficiency for the co-substrate ADP showed a similar trend
with 244.3 mM−1s−1 at 50◦C, 385.8 mM−1s−1 at 65◦C,
851.9 mM−1s−1 at 70◦C and 710.5 mM−1s−1 at 80◦C (Table 1).
These observed differences in catalytic efficiency are mainly due
to the changes of Km-values at the different temperatures.

Numerous metabolites and signaling compounds (fully listed
in material and methods) were tested as effectors of Sul.
solfataricus PK activity at half-saturating concentration of PEP
and ADP. No activator was identified, but ATP and isocitrate
acted as inhibitors (Supplementary Figure 2). The product
inhibition by ATP and isocitrate was studied in more detail:
Approximately 0.8 mM of ATP or isocitrate was required for
50% inhibition (50% residual activity) at 60◦C. The inhibition
could not be reversed by the addition of PEP or ADP.
Additionally, well known activators of classical bacterial and
eukaryotic PKs, i.e., AMP and FBP were tested as possible
effectors, but showed no effect and did not reverse the
inhibition of ATP.

FIGURE 2 | Characterization of PK and PEPS from Sul. solfataricus at 70◦C. PK activity with PEP (A) and ADP (B) and PEPS activity with pyruvate (C) and ATP (D)

was determined. Both enzymes follow classical Michaelis–Menten kinetics at 70◦C. All measurements were performed in triplicate, the points in the figures are the

mean values and the error bars indicate the standard deviation. Kinetic parameters are given in Tables 1, 2.
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Phosphoenolpyruvate Synthetase (PEPS)
The ORF SSO0883 is annotated as PEPS in the Sul. solfataricus
genome. The encoding gene was synthesized with codon
optimization for expression into E. coli using the pET expression
system (vector pET11c). The enzyme was partially purified by
heat precipitation (20 min at 75◦C). PEPS exhibits a molecular
mass of 89–92 kDa (Figure 1B), which matches approximately
the calculated molecular mass of 89.3 kDa. Due to its instability
no further purification steps were applied and aliquots of the
enzyme were directly stored at −80◦C in the presence of
20% (v/v) glycerol.

The recombinant PEPS from Sul. solfataricus (SSO0883) was
shown to catalyze the ATP-dependent formation of PEP. PEPS
activity was assayed in the anabolic direction following PEP
formation in a discontinuous assay at 65, 70, and 80◦C. The
enzyme follows classical Michaelis–Menten kinetics for pyruvate
and ATP (Figure 2 and Supplementary Figure 3). Further
analysis revealed that in agreement with the classical PEPS
reaction AMP and Pi rather than ADP is formed in the anabolic
direction. Kinetic properties could not be determined at 80◦C
properly, which might be due to the heat instability of PEPS.
The Vmax-value at 70◦C is slightly increased and the Km-
value decreased resulting in a higher catalytic efficiency at 70◦C
compared to 65◦C (0.75 mM−1s−1 at 65◦C and 1.04 mM−1s−1

at 70◦C, respectively, Table 2). In the catabolic direction, PEPS
activity was determined as 0.032 U/mg at 70◦C using PEP,
AMP and Pi as substrates, which is 10% of its anabolic activity
under comparable assay conditions (data not shown). No enzyme
activity was detected in the catabolic direction using ADP as
phosphate acceptor.

As shown in Supplementary Figure 4, PEPS activity was
inhibited by α-ketoglutarate and AMP (around 80% residual
activity in presence of 1 mM inhibitor). All other metabolites
tested (fully listed in Section “Material and Methods”) showed no
effect on PEPS activity.

Phosphoenolpyruvate Synthetase (PEPS)

or Pyruvate:Phosphate Dikinase (PPDK)
The predicted PEPS/PPDK (SSO2820, PpsA-2) was cloned into
pET11c. The protein was expressed in E. coli and purified by heat
precipitation (20 min at 80◦C) to confirm the respective enzyme

TABLE 2 | Kinetic parameters of Sul. solfataricus PEPS for pyruvate and ATP

determined at 65 and 70◦C, respectively.

Temp Vmax Kcat Km Kcat/Km

Substrate [◦C] [U/mg] [s−1] [mM] [mM−1s−1]

Pyruvate 65 0.27 0.41 0.54 0.75

70 0.32 0.48 0.46 1.04

ATP 65 0.17 0.25 0.47 0.53

70 0.22 0.33 0.61 0.53

PEP + AMP 70 0.03 0.05 ND ND

For the final enzyme characterization one enzyme preparation was used and

the enzyme assays were performed in triplicates. The mean values and

standard deviation is shown in Figure 2 and Supplementary Figures 1, 3.

ND, not determined.

activity. For the predicted PPDK (SSO2820) no interconversion
of PEP and pyruvate could be detected under different test
conditions (PPDK, PK, and PEPS assay), demonstrating that the
protein encoded by SSO2820 exhibits neither PPDK, PEPS, nor
PK activity (data not shown).

DISCUSSION

A general feature of all (hyper)thermophilic Archaea analyzed
hitherto is the lack of classical bacterial or eukaryotic control
points at the beginning and end of the EMP pathway (for
review see Bräsen et al., 2014). The archaeal ATP-dependent
hexokinase, ADP-dependent glucokinase, ATP-, ADP-, and PPi-
dependent PFKs lack allosteric properties and also the archaeal
PKs typically exhibit reduced, if at all any, regulatory potential. In
Sul. solfataricus three candidate genes were annotated for PEP-
pyruvate conversion, i.e., PK, PEPS and PEPS/PPDK, which were
recombinant expressed in E. coli and the corresponding proteins
were characterized for their enzymatic and regulatory properties.

Pyruvate Kinase
Pyruvate kinase catalyzes the final step in glycolysis, the
conversion of PEP to pyruvate with the concomitant synthesis
of ATP via substrate-level phosphorylation (Reynard et al.,
1961). For the ORF SSO0981 annotated as PK the respective
activity was confirmed. The enzyme like other PKs requires
magnesium or other divalent metal ions for activity (Susan-
Resiga and Nowak, 2004). However, as reported previously for
other archaeal PKs, with the exception of the Thermoplasma
acidophilum enzyme, the enzyme does not require monovalent
cations such as K+ or NH4

+ for activity as described for
many other PKs from Bacteria and Eukaryotes (Schramm et al.,
2000; Oria-Hernández et al., 2005; Bräsen et al., 2014). The
characterization of the Sul. solfataricus PK at temperatures from
50◦C to 80◦C revealed highest catalytic efficiency at 70◦C (Table 1
and Supplementary Figure 1). No positive cooperativity for PEP
or ADP was observed at the different temperatures but effector
studies revealed a significant non-competitive inhibition of the
Sul. solfataricus PK by ATP and isocitrate (K i = 0.8 mM). The
addition of (co) substrate or activators of classical bacterial and
eukaryotic PKs (i.e., AMP and FBP) did not affect the inhibition
of the Sul. solfataricus PK. Therefore the energy charge of the cell
(ATP) as well as the availability of building blocks for biosynthesis
in the citric acid cycle (isocitrate) seem to play important roles in
the regulation of glycolysis in Sul. solfataricus.

To date, only a few PKs from the archaeal domain have
been biochemically characterized, i.e., of the hyperthermophiles
Thermoproteus tenax (Schramm et al., 2000), Pyrobaculum
aerophilum (Solomons et al., 2013), Aeropyrum pernix and
Archaeoglobus fulgidus (Johnsen et al., 2003) as well as
the moderate thermoacidophile Tpl. acidophilum (Potter and
Fothergill-Gilmore, 1992). For most of the archaeal PKs
positive cooperativity toward PEP or ADP or for the Tpt.
tenax PK toward PEP and Mg2+ was reported. In general,
archaeal PKs exhibit no allosteric regulation by classical
effectors of bacterial and eukaryotic PKs such as fructose
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1,6-bisphosphate (F1,6BP), fructose 2,6-bisphosphate (F2,6BP),
AMP or other sugar phosphates (Siebers and Schönheit, 2005).
Only the Tpl. acidophilum PK was shown to be activated
by AMP (Potter and Fothergill-Gilmore, 1992). For the PK
of Pyb. aerophilum 3-phosphoglycerate (3-PG) was identified
as unusual activator (Solomons et al., 2013). Inhibition by
ATP was so far only reported for the Arc. fulgidus PK,
which, however, could be reversed by higher PEP and ADP
concentrations, suggesting a competitive inhibition (Johnsen
et al., 2003). Notably, the PK from the hyperthermophilic
bacterium Thermotoga maritima exhibits conventional bacterial
regulatory properties demonstrating that the differences found
for archaeal PKs represent no general adaptation to high
temperature (Johnsen et al., 2003).

PEPS/PPDK
The ORFs SSO2820 and SSO0883 are annotated as PEPS/PPDK
and PEPS, respectively. In the lower shunt of the EMP pathway,
these enzymes catalyze the interconversion of pyruvate and
PEP. PEPS is a member of the PEP-utilizing enzyme family,
which also comprises PPDK. PEPS activity was demonstrated
for many bacterial and few archaeal species (e.g., Cooper and
Kornberg, 1965; Hutchins et al., 2001; Tjaden et al., 2006).
Deletion mutant experiments in Escherichia coli and Salmonella
typhimurium revealed that the enzyme is crucial for growth on
C3 substrates like pyruvate, lactate and alanine (Cooper and
Kornberg, 1967; Smyer and Jeter, 1989). In accordance with this
gluconeogenic function, for the archaeon Methanothermobacter
thermoautotrophicus an essential role for autotrophic growth
in the presence of CO2 (Eyzaguirre et al., 1982) and for
Pyrococcus furiosus on pyruvate (Schäfer and Schönheit, 1993)
was demonstrated.

However, the sequence of SSO2820 does not match the
typical size of characterized PEPSs and PPDKs (Figure 3). The
protein comprises only the conserved PPDK_N superfamily
domain (pfam01326, amino acid location 31–340) involved
in PEP/Pyruvate binding. The additional histidine domain
(pfam00391, PEP-utilizing enzyme, mobile domain; cl00215,
Aconitase swivel domain, amino acid location 353–461) and
the nucleotide domain (pfam02896 PEP-utilizing enzyme, TIM
barrel domain; cl21481, malate synthase; amino acid location
479–784) characteristic for PEPSs and PPDKs are missing
(Herzberg et al., 1996; Lim et al., 2007) (Figure 3).

Both ORFs were heterologously expressed in E. coli and
analyzed. Only the three-domain protein SSO0883 exhibited
reversible PEPS activity, while the truncated SSO2820 showed
neither PEPS nor PPDK (or PK) activity. Notably, SSO2820 was
identified as one of the differentially phosphorylated proteins in a
previous phosphoproteome study in Sul. solfataricus (Esser et al.,
2012; Esser et al., 2016). The protein was phosphorylated under
glucose but not under tryptone growth conditions suggesting a so
far unknown function in the carbon switch, may be a role in the
regulation of PK or PEPS or the PEP-pyruvate conversion.

For the PEPS (SSO0883) gluconeogenic and glycolytic
activity with PEP, AMP/Pi (PEPS activity) could be detected
although the gluconeogenic direction was clearly preferred.
The highest catalytic efficiency in the anabolic direction was
observed at 70◦C (1.04 mM−1s−1 at 70◦C). For the PEPS
from Pyr. furiosus also reversible PEPS activity with a clear
preference for the gluconeogenic direction for PEP formation
was reported (Hutchins et al., 2001). Also for the PEPSs from
Mba. thermautotrophicus and Tpt. tenax an in vivo anabolic
function was confirmed (Eyzaguirre et al., 1982; Tjaden et al.,
2006). Like for the Sul. solfataricus PEPS (inhibition by AMP
and α-ketoglutarate, 80% residual activity in presence of 1 mM
inhibitor) also for the Tpt. tenax PEPS allosteric regulation
[i.e., inhibition by α-ketoglutarate, AMP and ADP (K i of
0.6, 0.5 and 2.6 mM, respectively)] was shown. The authors
proposed an inhibition by low energy charge of the cell and
a linkage of the EMP pathway to amino acid biosynthesis
(Tjaden et al., 2006).

Therefore the PEPS (SSO0883) of Sul. solfataricus is a
unidirectional anabolic enzyme that is inhibited by low energy
charge of the cell (i.e., AMP) and α-ketoglutarate, an intermediate
of the citric acid cycle. The ORF SSO0883 annotated as
PEPS/PPDK is only a truncated protein and possesses neither
PEPS or PPDK activity and a possible function in the regulation
of PEP-pyruvate conversion is predicted.

Current Insights Into the Regulation of

the Carbon Switch in Sul. solfataricus
Sulfolobus solfataricus misses a functional PFK and therefore
the branched ED pathway with ATP-dependent KDG kinase
(spED) and glycerate kinase (npED) is used for glycolysis (Ahmed
et al., 2005). In addition, the ATP-dependent hexokinase provides
sugar phosphates for the generation of pentoses (reverse ribulose

FIGURE 3 | Conserved domain organization of the PEPS and putative PEPS/PPDK from Sul. solfataricus.
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monophosphate pathway), glycogen and trehalose (Nishimasu
et al., 2006; Kouril et al., 2013b).

In Sul. solfataricus and other (hyper)thermophiles with
optimal growth at 80◦C a major control site in the EMP/spED
pathway was identified at the level of triosephosphate
conversion, which has been discussed in respect to metabolic
thermoadaptation (Kouril et al., 2013a; Bräsen et al., 2014).
Triosephosphates are especially instable at high temperatures

[half-lives: GAP 12.4 min at 70◦C, DHAP 30.8 min at 70◦C,
and 1,3-bisphosphoglycerate (BPG) 1.6 min at 60◦C (Kouril
et al., 2013a)] and for DHAP and GAP the formation of
highly toxic methylglyoxal is reported (Gauss et al., 2014). Due
to this metabolic burden, the accumulation of thermolabile
triosephosphates seem to be critical for (hyper)thermophiles
and a sophisticated regulation to avoid their accumulation in
the cell is required: (i) Glyceraldehyde 3-phosphate (GAP)

FIGURE 4 | Current insights into the regulation of the branched ED pathway for glycolysis and the EMP pathway for gluconeogenesis in Sul. solfataricus. The

branching point of the semi-phosphorylative ED (spED) and the non-phosphorylative ED (npED) branch is indicated. Thermolabile intermediates are highlighted and

for simplicity, only the cosubstrates for ATP (GTP) converting reactions are shown. The energy consuming reactions are marked by P in an orange circle, the ATP

formed by substrate level phosphorylation in the PK reaction is boxed in yellow. Enzymes are shown in italics with reversible, unidirectional/preferred glycolytic and

gluconeogenic enzymes in gray, red, and blue, respectively. Inhibitors and activators are shown in red and green, respectively. Enzymes: ENO, enolase; GAD,

gluconate dehydratase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GAPN, non-phosphorylating GAPDH; GDH, glucose dehydrogenase; GK, glycerate

kinase; HK, hexokinase; KDGK, 2-keto-3-deoxygluconate kinase; KD(P)GA, 2-keto-3-deoxy-(6-phospho)gluconate aldolase; PGK, phosphoglycerate kinase;

PGAM, phosphoglycerate mutase; PK, pyruvate kinase; PEPS, PEP synthetase; AOR, glyceraldehyde:ferredoxin oxidoreductase; PCK, phosphoenolpyruvate

carboxykinase; PGM, phosphoglucomutase/phosphomannomutase; PGI, phosphoglucose/phosphomannose isomerase; FBPA/ase, fructose 1,6-bisphosphate

aldolase/phosphatase; TIM, triosephosphate isomerase. Intermediates: G6P, glucose 6-phosphate; G1P, glucose 1-phosphate; F6P, fructose 6-phosphate; GAP,

glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; 1,3BPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP,

phosphoenolpyruvate; KDG, 2-keto-3-deoxygluconate; KDPG, 2-keto-3-deoxy-6-phosphogluconate; ATP, adenosine triphosphate; ADP, adenosine diphosphate;

AMP, adenosine monophosphate; GTP, guanosine triphosphate; GDP, guanosine diphosphate; Pi, inorganic phosphate. Pathway: EMP, Embden–Meyerhof–Parnas;

ED, Entner–Doudoroff; spED, semi-phosphorylative ED; npED, non-phosphorylative ED.
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conversion is exerted by the solely gluconeogenic enzyme couple
GAPDH and PGK and the catabolic, non-phosphorylating
NAD(P)+-dependent GAPDH (GAPN). GAPN catalyzes
the direct oxidation of GAP to 3-phosphoglycerate omitting
substrate level phosphorylation and is typically activated
by G1P, an intermediate in polymer degradation/glycogen
metabolism. The glycolytic activity of the GAPDH is hampered
by a tremendously high Km-value for Pi (409 mM) and the
PGK, although it prefers the catabolic reaction, is inhibited
by low energy charge of the cell [K i (ADP) = 1.14 mM]
(Kouril et al., 2013a). (ii) The TIM for GAP and DHAP
interconversion possesses an anabolic/gluconeogenic function
in Sul. solfataricus and is inhibited by PEP (Ki = 0.66 mM)
and 3-phosphoglycerate (K i = 0.4 mM), which might allow
fine-tuning of metabolism by redirecting the carbon flux
in the glycolytic direction (Kouril et al., 2013a). (iii) The
further conversion of triosephophates in the gluconeogenic
direction is catalyzed by a solely anabolic, bifunctional
FBP aldolase/FBPase (Say and Fuchs, 2010; Kouril et al.,
2013a). (iv) In addition, the inhibition of the glycerate
kinase by glycerate (K i = 1 mM) was demonstrated and a
function as throttle valve in the npED pathway to redirect

the carbon flux in the gluconeogenic direction was proposed
(Kouril et al., 2013b).

In this study we analyzed PEPS and PK activity in Sul.
solfataricus: (i) The unidirectional PK is only active in the
glycolytic direction with a catalytic efficiency of 628.0 mM−1s−1

(PEP, 70◦C; Table 1) and is allosterically regulated (i.e., via ATP
and isocitrate), which is a well known regulatory mechanism
for bacterial and eukaryotic PKs but seems to be rather unusual
in Archaea. (ii) The PEPS clearly prefers the gluconeogenic
direction (10-times higher activity) with a catalytic efficiency of
1.04 mM−1s−1 (pyruvate, 70◦C, Table 2) and is allosterically
regulated by AMP and α-ketoglutarate.

The determined gluconeogenic activity of PEPS was
significantly lower (0.32 U/mg) than the activity of the
glycolytic counterpart PK (70.4 U/mg) both determined at 70◦C
(Tables 1, 2). However, the inhibition of the Sul. solfataricus PK
by ATP (50% residual activity at 0.8 mM ATP at 70◦C) is in line
with the relatively high Km for ATP of the Sul. solfataricus PEPS
(0.61 mM at 70◦C). Therefore, high energy charge of the cell and
availability of building blocks (i.e., isocitrate) will slow down
the glycolytic reaction of the PK and trigger the gluconeogenic
reaction of PEPS. In contrast, low energy charge of the cell

FIGURE 5 | Relationship between sugar phosphorylation and PEP-pyruvate conversion in the archaeal species Sul. solfataricus, Tpt. tenax, and Tco. kodakarensis.

For simplicity, only the cosubstrates for the energy converting reactions in the EMP and branched ED pathway are shown. Enzymes are depicted in italics. Red, blue,

or violet arrows indicate unidirectional glycolytic and gluconeogenic as well as reversible reactions, respectively. Established inhibitors are given in red. For

abbreviations see Figure 4; PFK, phosphofructokinase; PPDK, pyruvate:phosphate dikinase; fructose 1,6-P2, fructose 1,6-bisphosphate; PPi, pyrophosphate.
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(AMP) and the availability of building blocks in the citric acid
cycle for amino acid synthesis (α-ketoglutarate, carbon/nitrogen
balance) will inhibit PEPS activity.

In addition to PEPS, BLAST analyses revealed the presence of
an alternative pathway for PEP formation via PEP-carboxykinase
(PCK, SSO2537, EC4.1.1.32) in Sul. solfataricus. PCK catalyzes
the GTP-dependent conversion of oxaloacetate (citric acid cycle)
to PEP and CO2. The enzyme of Tco. kodakarensis (AB167819)
has been characterized and showed significant similarity to the
PCK from Sul. solfataricus (Fukuda et al., 2004). The PCK of
Sul. solfataricus was identified as phosphoprotein suggesting
a regulation by post-translational modification (Esser et al.,
2012). Therefore, beside PEPS a second gluconeogenic enzyme
is available in the cell in order to drive the glycolytic switch.
The inhibition of the PK by isocitrate, the precursor in the
citric acid cycle for the formation of malate and oxaloacetate
via the glyoxylate shunt in Sul. solfataricus (Uhrigshardt et al.,
2002) might thus enhance gluconeogenesis by favoring PEP
formation via PCK.

Therefore, in Sul. solfataricus the energy charge of the cell
seems to play a major regulatory role, which is demonstrated
by the inhibition of the anabolic/gluconeogenic enzymes PEPS
and PGK by ADP and the inhibition of the catabolic/glycolytic
PK by ATP. In addition, the activity of the citric acid cycle and
glyoxylate bypass monitored by the availability of intermediates
(i.e., isocitrate, α-ketoglutarate) seems to have an additional
control function.

Comparison to the Regulation of the

Carbon Switch in Other Studied Archaea
In contrast to the aerobe Sul. solfataricus the obligate anaerobic
hyperthermophiles Pyr. furiosus and Tco. kodakarensis
(Thermococcales) as well as Tpt. tenax use a modified, reversible
EMP pathway and only in Tpt. tenax the branched ED pathway
is active in parallel (Figure 4) (Ahmed et al., 2004; Zaparty et al.,
2008). Also in these hyperthermophiles the conserved control
point at the level of triosephosphate conversion is established,
however, the anaerobes possess in addition to GAPN a ferredoxin
dependent GAP:OR (Mukund and Adams, 1995; Reher et al.,
2007; Zaparty et al., 2008).

In the different archaeal species there are differences regarding
the interconversion of PEP and pyruvate, which seem to be
closely linked to the phosphoryl donor in the preparatory phase
of glycolysis via sugar kinases (Figure 5 and Table 3).

Thermoproteus tenax
Thermoproteus tenax uses three enzymes for PEP/pyruvate
conversion: PK, PEPS, and PPDK. PK and PEPS are only
unidirectional, whereas the PPDK is bidirectional but more
efficient in the glycolytic direction. The PPDK from Tpt. tenax is
the only archaeal PPDK that has been characterized so far (Tjaden
et al., 2006). The enzyme reaction was shown to be reversible
with a slight preference for the catabolic direction (2-fold higher
catalytic efficiency for pyruvate than for PEP at 70◦C). The PPDK
of Tpt. tenax was independent from monovalent cations and
allosteric inhibition by ATP (Ki of 0.075 mM) was reported. The
Tpt. tenax PPDK has been discussed as standby enzyme, which

TABLE 3 | Kinetic parameters of enzymes involved in PEP-pyruvate conversion in

the archaeal species Tpt. tenax, Pyr. furiosus and Sul. solfataricus.

Assay

Organism Enzyme Temperature Vmax Km Reference

Tpt. tenax PEPS

(anabolic)

70◦C 0.45 0.4 (pyruvate) Tjaden

et al., 2006

1.0 (ATP)

PEPS

(catabolic)

70◦C Not detectable

PPDK

(anabolic)

70◦C 1.1 0.8 (pyruvate)

8.0 (ATP)

PPDK

(catabolic)

55◦C 2.5 0.5 (PEP)

0.02 (AMP)

PK 50◦C 46 0.7 (PEP) Schramm

et al., 2000

Pyr. furiosus PEPS

(anabolic)

80◦C 14.9 0.11 (pyruvate) Hutchins

et al., 2001

0.39 (ATP)

PEPS

(catabolic)

50◦C 2.5 0.4 (PEP)

1.0 (AMP)

Sul. solfataricus PEPS

(anabolic)

70◦C 0.32 0.46 (pyruvate) This study

0.61 (ATP)

PEPS

(catabolic)

70◦C 0.03 ND

PK 70◦C 70.4 0.09

PPDK 70◦C Not detectable

The respective kinetic parameters for S. solfataricus were generated in this study

(see Tables 1, 2 and Figure 2) and were retrieved from the literature for Tpt. tenax

and Pyr. furiosus as indicated. ND, not determined.

allows for fine tuning of the energy level (Figure 5 and Table 3)
(Schramm et al., 2000; Tjaden et al., 2006).

Intriguingly the organism also relies on a reversible
PPi-dependent PFK for F6P and fructose 1,6-bisphosphate
conversion (Siebers et al., 1998). Thus both enzymes, the
PPi-dependent PFK as well as the PPDK, are reversible
enzymes that rely on PPi for the glycolytic and Pi for the
gluconeogenic direction. In addition, a homolog for a vacuolar-
type H+-translocating pyrophosphatase from Pyb. aerophilum
was identified in Tpt. tenax enabling generation of a proton
motive force (e.g., for ATP synthesis) from PPi (Drozdowicz
et al., 1999; Siebers et al., 2011). PPi is often regarded as waste
product that has to be removed by cytoplasmic pyrophosphatases
in order to drive anabolic processes such as DNA synthesis,
however, PPi and polyphosphates in general possess manifold
functions and are regarded as ancient energy source (Kornberg,
1995). Therefore, in addition to the energy charge of the cell
(ATP/ADP and AMP ratio), that regulates PEPS and PPDK, the
PPi/Pi ratio in the cell seems to be another important control
point for the glycolytic switch in Tpt. tenax.

Thermococcus kodakarensis
The level of PEP-pyruvate conversion as a control point is also
well established in Tco. kodakarensis (Imanaka et al., 2006).
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In Tco. kodakarensis and Pyr. furiosus a functional PK and
a bidirectional PEPS were described (Hutchins et al., 2001;
Imanaka et al., 2006) (Table 3). Notably, a genetic analysis
(pps deletion strain) in Tco. kodakarensis showed that the
PEPS in contrast to PK is indispensable for glycolysis and
has only an additional, although not essential function for
gluconeogenesis. The pps deletion strain displayed no growth
on maltooligosaccharides and reduced growth on pyruvate
(Imanaka et al., 2006). The sugar phosphorylation in the
preparatory part of the EMP pahtway in Tco. kodakarensis
and Pyr. furiosus is catalyzed by unusal ADP-dependent
glucokinases and PFKs. Therefore, it was discussed that
the ADP will be consumed by the sugar kinases, which
will compete with the PK for ADP, and thus PK activity
would be lowered and the glycolytic flux reduced (Imanaka
et al., 2006). In contrast to PK, PEPS utilizes AMP formed
via the ADP-dependent sugar kinase, thus accelerating
carbon flux. Thus at high energy/ADP charge of the cell
a possible function of PK in conjunction with adenylate
kinase (AMP + ATP ↔ 2 ADP) as valve to maintain the
intracellular ADP concentration was proposed (Imanaka
et al., 2006). In addition, the competitive inhibition of the
ADP-dependent glucokinase from Pyr. furiosus by AMP
(approximately K i value 0.06 mM) was reported (Verhees et al.,
2002). Therefore the utilization of ADP in the sugar kinase
reactions in conjunction with the catabolic PEPS reaction in
Thermococcales, which reutilizes the formed AMP, seems to
represent an important controlmechanims to enable an increased
glycolytic flux.

CONCLUSION

The detailed study of the regulation of the lower shunt of
glycolysis in Sul. solfataricus in comparison to other archaea
reveals different strategies for regulation at the level of PEP-
pyruvate conversion. However, as well known for bacteria and
eukaryotes it seems to be an important regulation point also in
archaeal metabolism. Notably, in the Archaea studied so far there
seems to be a close link between the sugar kinases and their
phosphoryl donors used in the preparatory phase and the utilized

enzymes with different regulatory properties at the level of PEP-
pyruvate conversion. These different regulatory strategies might
be seen as a sophisticated coordination of energy consuming
and generating reactions in glycolysis and gluconeogenesis in
order to optimize the direction of carbon flux and energy
yield. The observed diversity and presence of modified pathways
with different, unusual enzymes is in line with an autotrophic
origin of life and the acquirement of metabolic enzymes via
massive horizontal gene transfer by Archaea (Nelson-Sathi et al.,
2015). These modified archaeal pathways with unusual enzymes
often from different enzyme families required novel regulatory
mechanisms that are adapted to the respective enzyme repertoire
andmetabolic challenges such as instability of metabolites at high
temperature (Bräsen et al., 2014).
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1. Supplementary Data 

Gene sequence of the codon optimized PEPS (SSO0883) for expression in Escherichia coli: 

CATATGGGCTCATTTCTCCTGGTTGAAGCGATTAGCTCCGAGGAAGACCTTATCCTCGATGTGTCTCA
AGTAACCAAAGACATGGTGCAGCTCGCGGGTGGTAAAGGGGCCAATCTGGGAGAACTGACTAGCATTG
GAGTGCGTGTTCCTCCGGCATTTATTCTTACCAGCAAAGCCTTCAAATACTTTCTGGAGTACAACAAT
CTCTTCGACAAAATTCGCGATACCTTGAGTTCGAGTGAGACCAGCGAAGAAGCGAGTGAGAAAATTAA
ACAGCTGATCAAAAACGCCAAAATGCCGGATAAACTGTCGTCCATGATCTATCAGGCCTACGATGAAC
TGAGCAAAAAAGTAGGCAAAGAAATCCTGGTAGCGGTACGGTCTTCGGCTACAGCGGAGGACATCGAA
ACAGCGAGTTTTGCTGGTCAGCAGGATACGTACCTGAATGTGACCAAAGATGAGCTGATTGATCGCAT
TAAAGACGTGTGGGCCAGCTTGTACAATGCCCGTGCCATGGAATATCGCAAAAGTAAAGGCATTGACG
ATTTATCGATTCTGATTGCCGTGGTCGTCCAGAAAATGGTTAATTCTCGTTCCGCAGGCGTTATGTTT
ACTCTGCATCCGGTAACGGGTGATGAGAAATACATTATGATCGAATCGAACTGGGGTCTTGGCGAATC
CGTCGTCGGTGGCAAAGTCACGCCTGATGAAGTGCTGATTGAAAAGTCGACCTTACGCATCGTTGAGA
AGAAAGTTTCGAACAAGAACATCAAAATCGTTTACGACAAACAGCTGAAGAAGAATGTCACCATTACC
CTGGACGAGAAAGAAAGTCGCCTGATGAGCATTACGGACGAAGAAGCGATTGAATTAGCAAAACTGGC
TCTGAAAATTGAAGAACACTATAAACGCCCAATGGATATTGAGTGGGCCATTGACAACGATTTGTCCT
TTCCCGAAAACATCTTCATTGTACAGGCACGTCCGGAAACCTTCTGGTCTTCCAAACGCAAAGAAAAC
AAGAATATTGCGGAGAAAAGCGCCCCAATTGGTGGTAAAGTCCTGGTTCGTGGTCTTGCTGCGTCACC
AGGGATTGCCTTTGGCAAAGCAAAGATTATTTTGGATATCAAAGATCCGAAGGTTCATGAGTTCCAGA
AGGGTGAAATTCTGGTGACCAAAATGACTGATCCGGACTGGGTACCGCTCATGAAAATCGCAGGCGCG
ATCATCACCGATGAAGGAGGGATGACGTCACATGCGGCCATTGTCTCACGTGAACTGGGTATCCCCGC
GATCGTTGGTTCTCGCGAAGCAACTAAAATCATCCGCGATAACCAGGAAATCACAGTGGATGCCATCC
GTGGCATTGTGTATGAAGGCAAGGTTCTTCAAACGAGCGAAACAGTGAGCCAACAGGCTCAACCGAGC
ATTGGCATCCAGGGCATTAGTCGCGAGGTGTTGTTAAGCTTATACCCGGTTACCGCGACTAAAATCTA
CATGAACCTGGGCGAGCCAGATGTGATCGATAAATACCTGGACCTGCCGTTTGATGGCATTGGTTTAA
TGCGTATCGAATTTATTGTATCCGAGTGGGTACGCTATCACCCGCTGTATCTGATCAAGATCGGTAAC
GCGGAACTGTTTGTGGACAAACTGGCCGAAGGTATCGCTAAGGTCGCATCTGCGATCTATCCGCGTCC
CGTTGTTGTGCGGTTCAGCGACTTTAAGACGAACGAATACAAAAAACTCATTGGAGGAGAAGAATTTG
AACCTGATGAACGTAACCCGATGATCGGTTGGCGTGGGGTCAGCCGTTATGTGTCGAAAGAATATGAA
CCGGCGTTTCGGTTAGAAGCCAAGGCGATTCGCAAAGTTCGCGAAGAAATGGGCTTAAAGAATGTCTG
GGTTATGTTCCCGTTTGTGCGCACCACCTGGGAACTGGAGAAAGCGATCAAAATCATGGAGGAAGAAG
GCCTGCGCCGCGATTCAGATTTCAAAGTCTGGATTATGGCAGAGGTACCTTCTGTCGTGGTTCTGGCC
GAGGAATTCGCTAAAATTGTGGATGGGTTCTCGGTTGGCTCAAATGATCTCGCACAATTGACGTTGGG
CGTTGATCGCGATTCTGAGTTGCTGGCACGCATGGGCTATTATGATGAGCGCGACCCAGCAGTCCTGG
AAAGCATTCGTAAACTGATTAAAGCGGCGCACAAATATGGGAAAACGGTGAGTATTTGCGGCCAAGCT
CCGAGCGTGTATCCTGCAGTAGTGGAGTATCTTGTCAAAGCTGGTATTGACAGTATTTCAGTGAATCC
CGACGCGGTGATTAACGTGCGCCGTCAAGTGGCTTCCATTGAACAGCAGATCATTCTTCGGAATCTGA
ATGGGAAACGTAAGAACAAATAAGGATCC 
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2. Supplementary Figures and Tables 

 

 

Supplementary Figure 1. Characterization of PK from Sul. solfataricus. PK activity with PEP 
(A-D) and ADP (E-H) was determined at 50°C, 65°C, 70°C and 80°C. All measurements were 
performed in triplicate, the points in the figures are the mean values and the error bars indicate 
the standard deviation.  
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Supplementary Figure 2. Regulation of PK activity. The inhibition of PK activity by ATP and 
isocitrate was determined at half-saturating concentration of ADP and PEP at 60°C. All 
measurements were performed in triplicate, the points in the figures are the mean values and 
the error bars indicate the standard deviation.  

 

 

 

Supplementary Figure 3. Characterization of PEPS from Sul. Solfataricus. PEPS activity with 
pyruvate (A and B) and ATP (C and D) was determined at 65°C and 70°C. All measurements 
were performed in triplicate, the points in the figures are the mean values and the error bars 
indicate the standard deviation.  
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Supplementary Figure 4. Regulation of PEPS activity. The inhibition of PEPS activity by 
AMP and α-ketoglutarate was determined at half-saturating concentration of ATP and pyruvate 
at 70°C. 
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Sulfolobus acidocaldarius Transports Pentoses via a
Carbohydrate Uptake Transporter 2 (CUT2)-Type ABC
Transporter and Metabolizes Them through the Aldolase-
Independent Weimberg Pathway

Michaela Wagner,a Lu Shen,b Andreas Albersmeier,c Nienke van der Kolk,a Sujin Kim,d Jaeho Cha,d Christopher Bräsen,b

Jörn Kalinowski,c Bettina Siebers,b Sonja-Verena Albersa

aInstitute of Biology II, Molecular Biology of Archaea, University of Freiburg, Freiburg, Germany
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ABSTRACT Sulfolobus spp. possess a great metabolic versatility and grow hetero-
trophically on various carbon sources, such as different sugars and peptides. Known
sugar transporters in Archaea predominantly belong to ABC transport systems. Al-
though several ABC transporters for sugar uptake have been characterized in the
crenarchaeon Sulfolobus solfataricus, only one homologue of these transporters, the
maltose/maltooligomer transporter, could be identified in the closely related Sulfolo-
bus acidocaldarius. Comparison of the transcriptome of S. acidocaldarius MW001
grown on peptides alone and peptides in the presence of D-xylose allowed for the
identification of the ABC transporter for D-xylose and L-arabinose transport and the
gaining of deeper insights into pentose catabolism under the respective growth
conditions. The D-xylose/L-arabinose substrate binding protein (SBP) (Saci_2122)
of the ABC transporter is unique in Archaea and shares more similarity to bacterial
SBPs of the carbohydrate uptake transporter-2 (CUT2) family than to any character-
ized archaeal one. The identified pentose transporter is the first CUT2 family ABC
transporter analyzed in the domain of Archaea. Single-gene deletion mutants of
the ABC transporter subunits exemplified the importance of the transport system
for D-xylose and L-arabinose uptake. Next to the transporter operon, enzymes of
the aldolase-independent pentose catabolism branch were found to be upregu-
lated in N-Z-Amine and D-xylose medium. The �-ketoglutarate semialdehyde de-
hydrogenase (KGSADH; Saci_1938) seemed not to be essential for growth on
pentoses. However, the deletion mutant of the 2-keto-3-deoxyarabinoate/xy-
lonate dehydratase (KDXD [also known as KDAD]; Saci_1939) was no longer able
to catabolize D-xylose or L-arabinose, suggesting the absence of the aldolase-
dependent branch in S. acidocaldarius.

IMPORTANCE Thermoacidophilic microorganisms are emerging model organisms for
biotechnological applications, as their optimal growth conditions resemble condi-
tions used in certain biotechnologies such as industrial plant waste degradation. Be-
cause of its high genome stability, Sulfolobus acidocaldarius is especially suited as
a platform organism for such applications. For use in (ligno)cellulose degradation, it
was important to understand pentose uptake and metabolism in S. acidocaldarius.
This study revealed that only the aldolase-independent Weimberg pathway is re-
quired for growth of S. acidocaldarius MW001 on D-xylose and L-arabinose. Moreover,
S. acidocaldarius employs a CUT2 ABC transporter for pentose uptake, which is more
similar to bacterial than to archaeal ABC transporters. The identification of pentose-
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inducible promoters will expedite the metabolic engineering of S. acidocaldarius for
its development into a platform organism for (ligno)cellulose degradation.

KEYWORDS ABC transporters, archaea, Sulfolobus carbon metabolism, pentose
metabolism, promoters, sugar transport

I
n Archaea, most characterized sugar transporters predominantly belong to the class
of ATP-binding cassette (ABC) transporters (1). So far, the only major facilitator

superfamily (MFS) transporter studied in Archaea is the glucose transporter in the
euryarchaeon Haloferax volcanii (2). A phosphotransferase system (PTS) system for
D-fructose has been characterized in the same organism, and homologues were found
in a few haloarchaea (3).

In the phylum of crenarchaeota, Sulfolobus solfataricus is the best-studied organism
for sugar transport, and a number of sugar ABC transporters have been examined (4, 5).
Five different sugar-binding proteins were identified belonging to CUT1 or the peptide/
opine/nickel uptake transporter (PepT) family of ABC transporters: (i) D-/L-arabinose/D-
fructose/D-xylose, (ii) D-galactose/D-glucose/D-mannose, (iii) cellobiose and higher cel-
looligosaccharides, (iv) maltose/maltodextrin, and (v) trehalose. The glucose-binding
protein GlcS and the trehalose-binding protein TreS are constitutively expressed inde-
pendently of the growth substrate. The maltose- and cellobiose-binding proteins MalE
and CbtA showed moderate induction in the presence of the corresponding substrates.
Expression of the arabinose binding protein AraS was strongly induced when S.
solfataricus cells were grown on D-arabinose (4, 6–8). Although the promoter architec-
ture of AraS was studied intensively and the cis-regulatory element “ara box” was
identified in several promoter regions of genes upregulated in the presence of
D-arabinose as the growth substrate, the corresponding transcriptional regulator has
not been identified so far (9–11).

In the closely related crenarchaeon Sulfolobus acidocaldarius, only one homologue
of the S. solfataricus sugar ABC transporters has been identified and functionally
characterized as a maltose and maltooligomer transporter (12, 13). Co-utilization stud-
ies of D-glucose and D-xylose in S. acidocaldarius showed no carbon catabolite repres-
sion, as was reported for the glucose-induced inhibition of D-arabinose uptake in S.
solfataricus (6, 14). Using microarray data of the co-utilization studies in S. acidocal-
darius, the respective D-glucose and D-xylose transport systems were predicted (14)
but not experimentally confirmed.

Once L-arabinose and D-xylose have entered the cell, Sulfolobus spp. oxidize both C5
sugars by means of the same glucose dehydrogenase that also has been shown to be
promiscuous for the oxidation of D-glucose and D-galactose in the branched Entner-
Doudoroff pathway (15–17). The resulting C5 sugar acids are further converted to
2-keto-3-deoxy-D-xylonate/L-arabinoate (KDX/KDA) by a D-xylonate/L-arabinoate dehy-
dratase (L-XAD/L-AraD). KDX/KDA has been described to be further converted by an
aldolase-dependent and an aldolase-independent pathway. In the aldolase-dependent
pathway, KDA/KDX is cleaved to pyruvate and glycolaldehyde, which is further oxidized
to glyoxylate via glycolaldehyde oxidoreductase and glycolate dehydrogenase. Malate
synthase converts glyoxylate to malate, which enters the citric acid cycle. In the
aldolase-independent pathway, KDX/KDA is first dehydrated to �-ketoglutarate semi-
aldehyde (KGSA) and further converted to �-ketoglutarate (�-KG) via a KDX/KDA
dehydratase and a KGSA dehydrogenase, respectively. �-KG then enters the citric acid
cycle. Most enzyme activities of the branched pathway have been confirmed in cell
extracts of S. solfataricus and S. acidocaldarius, and several of the enzymes have been
biochemically characterized from S. solfataricus (some also from S. acidocaldarius). 13C
labeling experiments in S. acidocaldarius grown on D-xylose revealed that both routes
are operative in vivo at a 1:1 ratio (15).

The aim of this study was to investigate the uptake of D-xylose and L-arabinose as
well as the regulation of the assimilation pathway for both pentoses in S. acidocaldarius
MW001 by using a transcriptomic and mutational approach.
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RESULTS

Identification of xylose-inducible transcripts in S. acidocaldarius using RNA-seq

analysis. Growth experiments with S. acidocaldarius MW001 in liquid Brock medium
with 0.2% (wt/vol) N-Z-Amine and 0.4% (wt/vol) D-xylose as the carbon and energy
source compared to 0.2% (wt/vol) N-Z-Amine alone revealed a significant growth
enhancement, as indicated by higher final cell densities in the presence of D-xylose (Fig.
1). To identify genes transcriptionally regulated in response to D-xylose and thereby to
identify potential xylose transporters, RNA sequencing (RNA-seq) was performed with
S. acidocaldarius cells grown under both nutrient conditions. Cells were harvested and
RNA was isolated at mid-exponential growth phase (optical density at 600 nm [OD600],
�0.5) (Fig. 1, arrow), where the growth rate of the two growth conditions was
comparable.

Quantitative RNA determination and RNA data analysis using DESeq (23) revealed
that only 10 genes were significantly (2-fold; P � 0.01) upregulated, and 17 genes were
significantly downregulated in the presence of 0.4% (wt/vol) D-xylose compared to
levels in cells grown only on 0.2% (wt/vol) N-Z-Amine. Genes more than 2.5-fold
upregulated (log2-fold change, �1.35) or downregulated (log2-fold change, ��1.35)
are summarized in Table 1. The highest transcriptional upregulation (�10-fold) was
observed for the four genes saci_2122, saci_2121, saci_1938, and saci_1939.

Bioinformatic analysis of saci_2121 and saci_2122 using BLASTP 2.3.0 (34) indicated
that these genes encode an ABC transporter-associated transmembrane domain (TMD)
and a substrate binding protein (SBP), respectively. An ABC transporter-associated
nucleotide binding domain (NBD) was not annotated in the genomic neighborhood.
However, an open reading frame (ORF) prediction search (https://www.ncbi.nlm.nih
.gov/orffinder/) in the nearby genomic region of saci_2121 and saci_2122 revealed the
presence of a gene located downstream of saci_2121. This gene encodes a putative
ATPase and here is called saci_2120. The RNA-seq data confirmed that saci_2120 was
cotranscribed with saci_2122 and saci_2121 as a single mRNA. saci_2120 transcripts
were 8.97-fold (3.17 log2-fold) upregulated in cells growing in the presence of D-xylose
(Table 1) compared to the cells grown only on N-Z-Amine.

Interestingly, synteny studies using the Archaeal and Bacterial Synteny Explorer
(Absynte) webserver (http://archaea.u-psud.fr/absynte/) (35) showed that this operon
is only conserved among all sequenced S. acidocaldarius strains (Fig. 2) and a few
sequenced archaeal species, like some Thermophilum species, the two S. islandicus
strains L S 2 15 and M 16 27, and the haloarchaea Halopiger xanaduensis and Halorh-

FIG 1 Growth curves of S. acidocaldarius MW001 in Brock medium containing 0.2% (wt/vol) N-Z-Amine
alone (closed circles) and 0.2% (wt/vol) N-Z-Amine and 0.4% (wt/vol) D-xylose (open circles). For the
experiment, six replicates were performed for each growth condition. Cells of three replicates were
harvested for RNA isolation at mid-exponential growth phase (OD600 of �0.5; marked with an arrow);
growth of three additional replicates was further monitored.
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abdus tiamatea. However, the Absynte scores for archaeal species other than S. acido-
caldarius all were below 15, which means very low synteny. Instead, the synteny of this
operon appeared more conserved in bacterial species such as Sulfobacillus acidophilus,
different Burkholderia species, Acidiphilium species, Rubrobacter xylanophilus, or Glu-
conacetobacter diazotrophicus, with Absynte scores of up to 40, suggesting that the ABC
transport system was acquired by horizontal gene transfer from bacteria. The newly
identified ABC transporter can be classified according to the Transporter Classification
Database (http://www.tcdb.org/) (36) to the carbohydrate uptake transporter-2 (CUT2)
family with a 10-transmembrane-spanning TMD subunit and only a single NBD, prob-
ably forming a homodimer.

ABC SBP expression is induced in the presence of pentoses. To confirm the
transcriptional upregulation of the ABC substrate-binding protein (SBP) (saci_2122) and
to identify other inducing sugars, quantitative RT-PCR (qRT-PCR) was performed. qRT-
PCR was performed with RNA extracted from cultures grown in the presence of
D-arabinose, L-arabinose, dextrin, D-glucose, sucrose, or D-xylose. SBP transcripts were
highly upregulated in the same log2-fold range observed with DESeq when cells were
grown in the presence of all tested pentoses, i.e., D-arabinose, L-arabinose, and D-xylose,
but were not induced by the other tested sugars (Fig. 3). Together with the cotrans-
cription revealed by RNA-seq data, this indicates that transcription of the entire ABC
transport system is responsive to pentoses but not to hexoses (D-glucose), disaccha-
rides (sucrose), or polysaccharides (dextrin). D-Arabinose was not tested in further
experiments due to the lack of growth enhancement by this sugar.

Isolation of the D-xylose-binding protein of S. acidocaldarius ABC transporter.

It has been shown previously that sugar-binding proteins of S. solfataricus are
N-glycosylated and therefore can be isolated via lectin affinity chromatography (4, 5).
To confirm the induction of the predicted sugar binding protein on the cell surface of
S. acidocaldarius at the translational level, glycosylated surface/membrane proteins
were isolated from D-xylose- and L-arabinose-grown cells as well as from cells grown on
N-Z-Amine by affinity chromatography on concanavalin A (ConA) Sepharose (Fig. 4).

SDS-PAGE analysis of the ConA elution fractions revealed several differences be-
tween the composition of surface proteins of MW001 cells grown on N-Z-Amine alone

TABLE 1 Changes in transcript levels of S. acidocaldarius MW001 in response to D-xylose identified by RNA sequencinga

Gene name Predicted functionb Log2-fold change P value

Xylose upregulated
saci_2122 ABC-type substrate binding protein (SBP) 4.54 4.053E�20
saci_2121 ABC-type transmembrane domain (TMD) 4.41 2.910E�36
saci_1938 Aldehyde dehydrogenase 4.21 5.158E�58
saci_1939 Fumarylacetoacetate (FAA) hydrolase 3.73 5.876E�11
saci_2120 ABC-type nucleotide binding domain (NBD) 3.17 2.532E�17
saci_2139 Uncharacterized conserved protein 1.55 5.393E�06
saci_2117 Aerobic-type carbon monoxide dehydrogenase 1.42 7.461E�11
saci_0883 Ammonia permease 1.41 1.190E�09
saci_1003 Permease of the major facilitator superfamily 1.35 3.026E�05

Xylose downregulated
saci_1148 Uncharacterized conserved protein �1.36 1.166E�18
saci_2234 Acyl-CoA dehydrogenase �1.42 0.00031
saci_0327 Heterodisulfide reductase, subunit A, polyferredoxin �1.43 1.449E�20
saci_2230 Predicted heterodisulfide reductase subunit �1.44 1.123E�11
saci_1147 Subtilase family protease �1.45 1.785E�23
saci_2233 Acetyl-CoA acetyltransferase �1.45 5.223E�23
saci_2232 Acetyl-CoA acetyltransferase �1.46 3.863E�22
saci_2231 Predicted nucleic acid-binding protein containing a Zn ribbon �1.48 5.241E�20
saci_2235 Acyl-CoA synthetase/AMP-(fatty) acid ligase �1.57 4.018E�15
saci_1162 �-Amylase (maltose-induced system) �1.67 1.284E�23

aTranscriptionally regulated genes of S. acidocaldarius MW001 grown in Brock medium containing 0.2% (wt/vol) N-Z-Amine and 0.4 % (wt/vol) D-xylose compared to
growth on Brock medium with only 0.2 % (wt/vol) N-Z-Amine (in the absence of D-xylose). Transcripts were significantly upregulated if a log2-fold change of �1.35
was found or significantly downregulated if a log2-fold change of ��1.35 was found with RNA-seq (P � 0.001). P values were calculated by the DESeq program.
Only genes whose transcript level differences were statistically significant are listed.

bCoA, coenzyme A.
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and that in the presence of D-xylose or L-arabinose. In the elution fraction of the
D-xylose-grown cells, four protein bands were highly abundant, with molecular masses
of �90 kDa (Fig. 4, band 1), �80 kDa (Fig. 4, band 2), �50 kDa (Fig. 4, band 3), and �46
kDa (Fig. 4, band 4). These protein bands were not visible in the N-Z-Amine-grown cells.
Tandem mass spectrometry (MS/MS) analysis of these bands identified the �46-kDa

FIG 2 Synteny of the D-xylose-induced ABC transporter-encoding gene cluster. Absynte scores represent
TBLASTN scores of the 15-kb chromosome segments normalized to the BLASTP score of the query
protein sequence as maximal bit score (35). Only bacterial sequences are closely related to the S.
acidocaldarius genes, while archaeal hits only had a very low similarity that was below the value of
relevant similarity, which is indicated by the dashed line. The numbers in the arrows indicate the
respective ORF number.

FIG 3 Changes in SBP (saci_2122) transcript levels in response to the presence of different sugars in the
growth medium. Differences in saci_2122 transcript amounts were determined by qRT-PCR. Bars indicate
the sugar-specific transcript levels compared to transcription of cells grown only with N-Z-Amine on a
log2-fold scale.
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protein under the D-xylose as well as the L-arabinose condition as the predicted sugar
binding protein Saci_2122 (Fig. 4, bands 5 and 6, and Table 2). The �90-kDa and
�50-kDa proteins also were detected in the arabinose fraction. The �90-kDa protein
corresponded to Saci_1760, a predicted periplasmic solute-binding protein possibly
belonging to an oligopeptide transport system, and the �50-kDa band was identified
as Saci_2316, a predicted Fe-S-oxidoreductase and probably part of the aap pilus
expressed by S. acidocaldarius (37). Additionally, within the 50-kDa band in the arabi-
nose fraction, another predicted periplasmic solute-binding protein, Saci_1737, could
be identified which is not located within an ABC transport operon (albeit with 4%
coverage only). The 80-kDa protein (Fig. 4, band 2) was identified as predicted periplas-
mic solute-binding protein Saci_1668, which seemed to be present only under the
D-xylose condition. This protein is not located in the genomic neighborhood of an ABC
transport system.

Deletion of predicted ABC transporter genes results in a growth defect on

D-xylose and L-arabinose. To confirm the function of the transcriptionally strongly
upregulated ABC transporter genes in vivo (i.e., saci_2120, saci_2121, and saci_2122),
markerless deletions of each of the encoding genes were constructed. The mutant
strains were tested for growth on N-Z-Amine alone or on N-Z-Amine with the addition

FIG 4 Changes in the composition of glycosylated membrane proteins of S. acidocaldarius in response
to the offered carbon source. NZ, N-Z-Amine; D-xyl, D-xylose; L-ara, L-arabinose.

TABLE 2MS analysis of glycosylated membrane proteins that were absent from N-Z-Amine but present under D-xylose and L-arabinose
growth conditionsa

Band ORF no. Annotation

Molecular

mass (kDa)

Peptide

count

Protein

coverage (%)

1 saci_1760 Predicted periplasmic solute binding protein 85.2 5 7
saci_2356 Conserved protein 69.1 3 5

2 saci_1668 Predicted periplasmic solute binding protein 62.9 3 5
3 saci_2316 Fe-S oxidoreductase 60.1 11 20

4 saci_2122 Predicted periplasmic solute binding protein 42.7 4 17
saci_0798 Archaeal S-adenosylmethionine synthetase 44.1 9 26

5 saci_2316 Fe-S oxidoreductase 60.1 15 26
saci_1737 Predicted periplasmic solute binding protein 56.6 2 4

6 saci_2122 Predicted periplasmic solute binding protein 42.7 5 21
saci_0798 Archaeal S-adenosylmethionine synthetase 44.1 7 26

aProtein bands were excised from the SDS gel of the glycosylated membrane fraction of S. acidocaldarius cells grown on 0.2 % (wt/vol) N-Z-Amine and with 0.4 %
(wt/vol) D-xylose or 0.4 % (wt/vol) L-arabinose. Protein bands 1 to 6, as depicted in Fig. 4, were isolated and identified by mass spectrometry.
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of D-xylose, L-arabinose, or dextrin (0.1% [wt/vol] each) (see Fig. 5). All three ABC
transporter mutants showed a significant growth defect compared to the wild type
when grown on L-arabinose and D-xylose (Fig. 5A to D). No changes in growth were
observed on N-Z-Amine alone, excluding a general growth defect of the mutants.
Although impaired, the growth promotion caused by L-arabinose or D-xylose is not
completely abolished in the transporter mutants, suggesting that the ABC transporter
is important for D-xylose and L-arabinose uptake but does not represent the only
transport system for pentoses. Additionally, growth phenotypes were analyzed on rich
medium containing 0.2% (wt/vol) N-Z-Amine and 0.4% (wt/vol) D-xylose or minimal
medium containing 0.4% D-xylose (see Fig. S1A and C in the supplemental material).
The growth defect of the ABC transporter mutants observed in rich medium containing
0.1% (wt/vol) D-xylose could be complemented in rich medium with a higher xylose
concentration (0.4% [wt/vol] D-xylose) (Fig. S1A). In contrast, the ABC transporter
mutants were unable to grow on minimal medium containing 0.4% (wt/vol) D-xylose as
the sole carbon and energy source (Fig. S1C). The transport system seems to be
essential for D-xylose uptake under these conditions.

Deletion of predicted KDXD/KDAD gene illustrates the importance of the

aldolase-independent pentose degradation branch. Two additional genes, saci_1938
and saci_1939, were found to be highly upregulated in response to D-xylose (Table 2).
Saci_1938 and Saci_1939 are close homologues of �KGSADH (SSO3117; 84% sequence
identity) and KDXD (also known as KDAD) (SSO3118; 78% sequence identity), involved
in the aldolase-independent pentose degradation pathway in S. solfataricus (9, 15).
Deletion of saci_1939 (Δsaci_1939; ΔKDXD/KDAD) completely abolished growth of S.
acidocaldariusMW001 on D-xylose minimal medium (Fig. S1D). A similar phenotype was
also observed in medium containing L-arabinose and D-xylose in addition to N-Z-Amine,

FIG 5 Growth of S. acidocaldarius MW001 wild-type (wt) and ΔABC-TMD, ΔABC-SBP, ΔABC-NBD, Δ�KGSADH, and
ΔKDXD/KDAD gene deletion strains in the presence of different carbon sources. Cultures were grown on 0.1%
(wt/vol) N-Z-Amine alone (black closed circles) or with the addition of 0.1% (wt/vol) L-arabinose (orange open
squares), dextrin (green open triangles), or D-xylose (blue open circles). (A) Wild-type S. acidocaldarius MW001; (B)
ΔABC-TMD, ABC type transmembrane domain (saci_2121) mutant; (C) ΔABC-SBP, ABC type substrate binding
domain (saci_2122) mutant; (D) ΔABC-NBD, ABC type nucleotide binding domain (saci_2120) mutant; (E)
Δ�KGSADH, �-ketoglutarate semialdehyde dehydrogenase (saci_1938) mutant; (F) ΔKDXD/KDAD, 2-keto-3-deox-
yarabinoate/xylonate dehydratase (saci_1939) mutant.

Pentose Transport in Sulfolobus acidocaldarius Applied and Environmental Microbiology

February 2018 Volume 84 Issue 3 e01273-17 aem.asm.org 7

 on A
pril 24, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

49

3.2 Pentose transporter and degradation 
 

 

 



where the mutation nearly abolished the growth promotion observed in wild-type
MW001 (Fig. 5F). The growth of ΔD-KDXD/L-KDAD remained unchanged in N-Z-Amine
alone and dextrin-containing medium, suggesting that growth defects are specific for
L-arabinose and D-xylose. This suggests that pentose degradation mainly proceeds via
the aldolase-independent pathway and cannot be replaced by the aldolase-dependent
pathway in vivo. However, the deletion of saci_1938 (�-KGSADH) resulted in a strong
but not complete growth inhibition on minimal medium and caused only a slight
growth defect in the presence of N-Z-Amine and L-arabinose or D-xylose, indicating that
alternative dehydrogenase enzymes substitute for KGSADH (Fig. 5E and Fig. S1B and D).

L-arabinose- and D-xylose-specific enzyme activities of crude extracts. To further
analyze the regulation of the pentose degradation pathway on the protein level and
the effect of the mutations, enzyme measurements were performed in crude extracts
of the S. acidocaldarius wild type (MW001) and the ΔKGSADH, ΔKDXD/KDAD, and
ΔABC-SBP mutant strains grown on different carbon sources. MW001 and all mutant
strains showed similar sugar dehydrogenase activity (i.e., 500 to 900 mU mg�1)
irrespective of the offered carbon source for growth (Fig. S2A to D). Additionally, the
dehydrogenase activity toward the substrates D-xylose, L-arabinose, and D-glucose was
almost identical in all strains. No activity was observed with D-arabinose as the
substrate. Furthermore, all strains showed comparable sugar acid dehydratase activities
(Fig. S3). Thus, in agreement with the transcriptomics data, the upper part common to
the aldolase-dependent and -independent pentose degradation pathway also appears
not to be regulated at the enzyme activity level in response to the offered carbon and
energy sources. The ΔKGSADH (Δsaci_1938) and ΔKDXD/KDAD (Δsaci_1939) deletions
also had no effect on the sugar acid dehydratase activities. Similarly, the KD(P)G
aldolase measured in the cleavage direction with KDG as the substrate (Fig. 6A)

FIG 6 Enzymatic activities of KDG aldolase, KDXD/KDAD, and �KGSADH in crude extracts of S. acidocaldarius wild-type
(MW001) and ΔKDXD/KDAD, ΔKGSADH, and ΔABC-SBP mutant strains. The columns denote the mean enzyme activity of
three biological replicates, and the error bars show standard deviations. �KGSADH, �-ketoglutarate semialdehyde
dehydrogenase (Saci_1938); KDXD/KDAD, 2-keto-3-deoxyarabinoate/xylonate dehydratase (Saci_1939); ABC-SBP, ABC type
substrate binding domain (Saci_2122).
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appeared not to be regulated or, if at all, only slightly downregulated when pentoses were
used as the carbon and energy source for growth. In regard to KDG aldolase activity, no
differences were observed between wild-type MW001 and mutant strains (Fig. 6A).
Importantly, complementation of the saci_2120 and saci_1939 deletion mutants
showed that the deletion of the respective genes did not cause any polar downstream
effects (Fig. S4).

In contrast, the enzyme activities of the lower part of the aldolase-independent
route of the pentose degradation pathway were upregulated in response to pentoses.
The KDXD/KDAD activity in the wild-type MW001 and ΔKGSADH mutant strains and the
ΔABC-SBP strain was induced to 35 mU mg�1 when D-xylose or L-arabinose was used
as the growth substrate (Fig. 6B). In the absence of these sugars, i.e., on N-Z-Amine
alone and on N-Z-Amine plus dextrin as the carbon and energy source, only negligible
KDXD/KDAD activity was observed. In the ΔKDXD/KDAD mutant, as expected, no
KDXD/KDAD activity could be detected on the four different carbon and energy
sources, confirming the absence of an alternative pathway/enzyme for KDX/KDA
conversion under these conditions in S. acidocaldarius MW001.

The second enzyme activity of the aldolase-independent branch, the �KGSADH
activity, was induced in wild-type and ΔABC-SBP mutant cells in the presence of
pentoses (300 to 500 mU mg�1) but not with 100 mU mg�1 in N-Z-Amine- and
N-Z-Amine-plus-dextrin-grown cells (Fig. 6C). In the ΔKGSADH mutant, basal �KGSADH
activity was observed in the range of 50 mU mg�1, which was only slightly reduced
compared to that of the uninduced state (in the absence of pentoses). This indicated
the presence of an alternative dehydrogenase(s) catalyzing the KGSA oxidation. The
ΔKDXD/KDAD mutation, however, unexpectedly also appeared to have an inhibitory
effect on the �KGSADH activity, since only a very slight induction (if at all) was observed
compared to the basal activity in the uninduced state on N-Z-Amine alone and
N-Z-Amine plus dextrin as growth substrates.

Identification of the ara box in xylose-inducible promoters. Bioinformatic anal-
yses of the three promoter regions of the highly upregulated genes saci_1938,
saci_1939, and saci_2122 were performed. A motif search in the 80-bp upstream region
of each transcription start site (TSS) using the Regulatory Sequence Analyzing Tools
(RSAT) for prokaryotes (29) revealed a motif, AACATGTT, located �40 to �50 bp
upstream of the TSS with a score of 1.42. This sequence was identical to the ara box
motif AMCWWGTT (M � A or C; W � A or T) found in the promoter regions of
D-arabinose-upregulated transcripts in S. solfataricus (9). A genome-wide promoter
screening was performed in S. acidocaldarius, using the S. solfataricus ara box motif
AMCWWGTT as a query sequence in which the regions �35 to �60 bp upstream of all
transcription start sites were analyzed for the presence of this sequence motif. In
addition to the three already-mentioned ara box-containing promoters, three other
regions could be identified harboring that motif: the upstream regions of saci_1782,
saci_2057, and saci_2295. saci_1782 encodes a predicted MFS transporter, saci_2057
encodes an alcohol dehydrogenase, and saci_2295 encodes a 3,4-dihydroxyphenylacetate-
2,3-dioxygenase. However, these genes were not (saci_1782 and saci_2057) or were only
slightly (saci_2295, �2-fold) upregulated in response to D-xylose in the RNA-seq data
set. The ara box motifs upstream of these genes were slightly changed with respect to
sequence or distance to the TATA box: positions 4 and 5 of the motif are inverted
(saci_1782), A at position 4 is replaced by T (saci_2295), or the sequence remains
unchanged but the distance to the TATA box is shortened by 1 bp (saci_2057)
(highlighted in Fig. 7). These changes might influence the pentose-mediated induction
or might be another layer of regulation.

Promoter activity. To analyze the actual role of the ara box motif in vivo, promoter-
reporter gene fusion assays were performed as described before (12). The �-
galactosidase gene lacS of S. solfataricus (SSO3019), as the reporter gene, was cloned
under the control of the promoters of saci_1938, saci_1939, and saci_2122. Additionally,
the promoter region of saci_1938 was mutated with a purine-to-purine and pyrimidine-
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to-pyrimidine exchange in the 8-bp-long motif region, resulting in the Psaci_1938Δara-
box mutation (depicted in Fig. 8). Cell extracts of transformants growing in the
presence of L-arabinose, dextrin, or D-xylose were analyzed for their �-galactosidase
activity. The three natural promoters were highly inducible in the presence of
L-arabinose and D-xylose (Fig. 8). Both sugars led to comparable promoter activity levels
for each single construct. The �-galactosidase activity was up to 12 times higher in the
presence of L-arabinose or D-xylose than dextrin. The ara box-deficient promoter of
saci_1938 was significantly less active than the natural promoter. The resulting
�-galactosidase activity was reduced by a factor of 34 or 27 for L-arabinose or D-xylose
induction, respectively.

DISCUSSION

The crenarchaeon S. acidocaldarius utilizes different carbohydrates, including pen-
toses such as D-xylose and L-arabinose (14, 15, 38). However, so far no transport system
for D-xylose could be identified, and whether pentose assimilation strictly relies on both
the aldolase-dependent and the aldolase-independent pathways is not yet fully un-
derstood. In this study, we compared growth on complex, proteinaceous media in the
absence or presence of D-xylose. RNA sequencing of S. acidocaldarius MW001 revealed
only five highly upregulated transcripts in response to D-xylose. Three of them encode
an unknown and uncharacterized ABC transport system, and two represent enzymes of
the previously reported aldolase-independent pathway.

The identified ABC transport system is not conserved within the Sulfolobales or
found in any other archaea. The SBP Saci_2122 revealed a closer relationship to
bacterial SBPs. Additionally, the NBD-encoding gene saci_2120 was previously not
annotated. Therefore, the D-xylose/L-arabinose ABC transporter remained undiscovered
for a long time. In this study, we identified the NBD-encoding gene by ORF prediction
and confirmed the ABC transporter function in vivo.

All carbohydrate ABC transporters identified so far in Archaea belong either to
the CUT1 (3.A.1.1) family or to the PepT (3.A.1.5) family, as classified by the Trans-
porter Classification Database (TCDB; http://www.tcdb.org/) (1, 36, 39). However, the
pentose ABC transporter consisting of Saci_2120 to Saci_2122, identified in S. acido-
caldarius, belongs to the CUT2 (3.A.1.2) family. Transporters of the CUT2 family usually
consist of one SBP, one or two TMD with 7 to 12 transmembrane segments each, and

FIG 7 Identification of a cis-acting element in D-xylose-inducible promoter regions. Shown is WEBLogo and promoter alignment of ara
box-containing promoters in the genome of S. acidocaldarius. Sequences containing the ara box motif AMCWWGTT (M � A or C; W �
A or T) in the region �40 to �50 bp upstream of the transcription start site were used to generate a sequence logo by WEBLogo
(http://weblogo.berkeley.edu/) (30).
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one motor protein, which represents a natural fusion of two NBDs (40, 41). In this fusion
ATPase, only the N-terminal Walker A motif is active, whereas the C-terminal Walker A
motif has no more ATP hydrolyzing activity due to the replacement of an invariant
lysine residue within the Walker A motif (40). However, the CUT2 family D-xylose/L-
arabinose ABC transporter of S. acidocaldarius harbors an ATPase consisting of only one
NBD. Two other CUT2 family members with only one NBD have been identified in
Streptomyces coelicolor and Sinorhizobium meliloti that transport xylose and fructose,
respectively (42, 43).

In S. solfataricus P2, the best-studied crenarchaeal organism with regard to sugar
transport and metabolism, no homologous system of the D-xylose/L-arabinose CUT2
ABC transporter (consisting of Saci_2120 to Saci_2122) could be identified. Instead, S.
solfataricus uses a CUT1 family ABC system (SSO3066-3069) to transport the pentoses
D-arabinose, L-arabinose, and D-xylose, which in turn is absent from S. acidocaldarius (4).

Interestingly, the ABC transport gene cluster consisting of saci_2120 to saci_2122
was not found to be differentially regulated in former microarray analyses using S.
acidocaldarius grown on either D-glucose or D-xylose as the sole carbon source (14). The
authors predicted Saci_0880 to Saci_0883 to be the transport system responsible for
D-xylose transport. Transcriptional induction of Saci_0883 in response to D-xylose could
be observed by RNA sequencing as well, but the transcriptional changes were only
marginal compared to those of the ABC transporter consisting of saci_2120 to
saci_2122. Saci_0880 to Saci_0883 is predicted to be an ammonium transporter, but its
function has not yet been tested.

To functionally characterize the ABC transporter operon, Δsaci_2120, Δsaci_2121,
and �saci_2122 single ABC transporter mutants were phenotypically analyzed on
different carbon sources. The mutants grew identically to wild-type MW001 on dextrin,

FIG 8 �-Galactosidase (�-gal) activity of promoter-reporter fusions in cells grown in the presence of L-arabinose, dextrin, and
D-xylose. The columns in panel A denote the mean enzyme activity of three biological replicates, and the error bars show the
standard deviations. The dextrin condition represents the negative control. Sequences of the different promoters are shown
in panel B.
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confirming that the mutations did not lead to a general growth defect. All three ABC
transporter mutants revealed a distinct defect for growth on D-xylose minimal medium
or on rich medium containing 0.1% D-xylose or L-arabinose. However, growth enhance-
ment due to the presence of these pentoses in rich medium was not completely
abolished, and the growth defect could be complemented by supplementation of
higher pentose concentrations, indicating the presence of an additional transport
system. We hypothesize that the newly identified CUT2 ABC transporter consisting of
Saci_2120 to Saci_2122 is crucial for the uptake of pentoses from minimal medium or
low-concentration carbon source medium. The observed stimulation of growth of the
Δsaci_2121 and �saci_2122 deletion mutants in contrast to the Δsaci_2120 mutant at
high xylose concentrations was unexpected and cannot be explained without further
experiments (see Fig. S1A in the supplemental material).

The pentose assimilation pathway of Sulfolobus has been studied previously in detail
(9, 15). It was demonstrated that D-xylose and L-arabinose are degraded via an aldolase-
dependent route and an aldolase-independent route. Both pathways have the initial
steps in common, i.e., sugar oxidation catalyzed by sugar dehydrogenase and sugar
acid dehydration catalyzed by sugar acid dehydratase (Fig. 9). The absence of tran-
scriptional or translational regulation of these genes by different sugars is in agreement
with earlier studies (14) (Fig. S2A to C and S3A to C). These results are in agreement with
former enzyme activity measurements in crude extracts of the close relative S. solfa-
taricus grown on rich medium supplemented with either D-glucose or D-xylose (15) and
with the broad substrate specificity of glucose dehydrogenase-1 (GDH1), which is
promiscuous for D-glucose, D-galactose, D-xylose, and L-arabinose (46).

The KD(P)G aldolase of S. solfataricus, as the first enzyme of the aldolase-dependent
branch, is promiscuous for the assimilation of hexose- and pentose-derived 2-keto-3-
deoxy sugar acids (9, 15, 47). Crude extract measurements in S. solfataricus revealed
no change of KD(P)G aldolase activity between D-xylose- and D-glucose-grown cells,
whereas the downstream pentose-specific enzymes of the aldolase-dependent branch,
glycolate reductase and malate synthase, were more active in D-xylose cells (15). In
S. acidocaldarius MW001, the homologues for the proposed genes of the aldolase-
dependent branch were not significantly regulated at the transcript level when
grown on D-xylose. The S. acidocaldarius KD(P)G aldolase, which exhibits a substrate
promiscuity similar to that of the S. solfataricus enzyme, was active in D-xylose- and
L-arabinose-grown cultures, demonstrating that the key activity of the aldolase-
dependent pathway is present.

In contrast to the noninduced aldolase-dependent branch, the genes saci_1938 and
saci_1939, encoding the enzymes of the aldolase-independent pathway KDXD/KDAD
and �-KGSADH, were significantly upregulated when cells were grown on D-xylose or
L-arabinose, which is in accordance with the previous microarray results (14).

The significant growth defects of the ΔKDXD/KDAD deletion mutant strain in the
presence of L-arabinose and D-xylose suggest that this enzyme and the whole aldolase-
independent pathway are essential for S. acidocaldarius MW001 growth on these
pentoses. However, S. acidocaldarius DSM639, which was used in the earlier studies
(14), can use these sugars as a sole carbon source. This could explain the differences in
the obtained results.

The growth of the ΔKGSADH strain on D-xylose and L-arabinose, as well as the
�KGSADH activity observed in crude extracts, indicate the presence of alternative
enzymes with �KGSADH activity in S. acidocaldarius. In the S. acidocaldarius genome, six
additional aldehyde dehydrogenase homologues were identified, including Saci_1700,
with an identity of 47% to �KGSADH. Saci_1738 shows 38% identity to �KGSADH
but even higher identities (79%) to two aldehyde dehydrogenases of S. solfataricus
previously characterized as succinic semialdehyde (SSA) dehydrogenases SSADH-1
(SSO1842) and SSADH-2 (SSO1629), which also were shown to catalyze the conversion
of �KGSA to 2-oxoglutarate in addition to the canonical KGSADH (SSO3117) (48).
Therefore, it is likely that these aldehyde dehydrogenase homologues account for the
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FIG 9 Model of D-xylose and L-arabinose transport and metabolism in S. acidocaldarius MW001. The ABC
transporter consists of the SBD Saci_2122 XylF (purple), the TMD Saci_2121 XylH (orange), and the NBD
Saci_2120 XylG (green) and transports D-xylose and L-arabinose into the cell. An additional unknown
transporter can import pentoses in the presence of peptides. Within the cells, these pentose sugars were
shown to be degraded via the aldolase-independent Weimberg pathway to �-ketoglutarate, which enters the
citric acid cycle. Conversely, the aldolase-dependent Dahms pathway converting the pentoses to pyruvate
and glycolaldehyde (entering the citric acid cycle via glyoxylate) is not utilized under the chosen growth
conditions. Enzymes transcriptionally upregulated on D-xylose are in blue, and stars mark promiscuous
enzymes, which function simultaneously in hexose and pentose metabolism. Abbreviations: GDH-1, glucose
dehydrogenase (isoenzyme 1); D-XAD/L-AraD, xylonate/arabinoate dehydratase; D-KDXD/L-KDAD, 2-keto-3-
deoxy-xylonate/arabinoate dehydratase; �-KGSADH, �-ketoglutarate semialdehyde dehydrogenase.
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basal �-KGSA oxidizing activity which enables the S. acidocaldarius ΔKGSADH mutant
to grow on D-xylose.

Unexpectedly, the �KGSADH activity was also reduced in the ΔKDXD/KDAD mutant
strain. Both genes are located directly adjacent to each other in the S. acidocaldarius
genome but are oriented in opposite directions and separated by 107 bp. However, the
promoter assays using this region as the saci_1938 promoter region showed results
similar to those of the other promoter constructs, pointing at a possible posttransla-
tional regulation. Interestingly, KGSADH was previously found to be phosphorylated in
a proteomic study (26).

The promoters of the five xylose-upregulated genes saci_2120 to saci_2122,
saci_1938, and saci_1939 had the highly conserved ara box, 5=-AACATGTT-3=, as their
upstream regulatory element, located �40 to �49 bp upstream of the TSS. Promoter
activity could be abolished by exchanging the conserved sequence motif with an
unspecific DNA sequence in the promoter of saci_1938, as was demonstrated by
promoter-reporter gene assays. The same conserved sequence motif was found in the
upstream regions of S. solfataricus genes (9), which were upregulated when cells
were grown on D-arabinose. The genes encoding KDAD/KDXD (SSO3118), KGSADH
(SSO3117), and the arabinose ABC transporter (SSO3066-3069) were among these
upregulated transcripts. The genes encoding KDXD/KDAD and KGSADH show synteny
among S. solfataricus and S. acidocaldarius, but the operons of the pentose ABC
transporter share no synteny between the two Sulfolobus species. It is quite remarkable
that the two Sulfolobus species share the same transcription regulation mechanism,
even though inducible sugar transport systems are not alike.

In conclusion, we propose a model, as described in Fig. 9, for D-xylose and
L-arabinose transport and metabolism in S. acidocaldarius. Pentoses are transported
into the cell via the newly identified ABC transporter. Since pentose-dependent growth
enhancement was not completely abolished in the ABC transporter mutants (Fig. 5),
D-xylose and L-arabinose can be imported via other unknown transport systems.
Imported D-xylose and L-arabinose are metabolized exclusively via the aldolase-
independent Weimberg pathway. The aldolase-dependent Dahms pathway seems not
to be active under these conditions in S. acidocaldarius MW001. The pentose CUT2-ABC
transporter consisting of Saci_2120 to Saci_2122, the KDXD/KDAD Saci_1939, and the
KGSADH Saci_1938 are transcriptionally upregulated in cells grown on pentoses to
enable efficient conversion of D-xylose and L-arabinose to finally form �-ketoglutarate,
which enters the citric acid cycle.

MATERIALS AND METHODS

Strains, growth conditions, and media. Sulfolobus acidocaldarius strain MW001 (18), the resulting
gene deletion mutants, and expression plasmid-harboring strains were grown aerobically in Brock
medium at a pH of 3 in a 76°C incubator. The medium was supplemented with 0.2% (wt/vol) N-Z-Amine
or with 0.2% (wt/vol) N-Z-Amine and 0.4% (wt/vol) D-arabinose, 0.4% (wt/vol) L-arabinose, 0.4% (wt/vol)
dextrin, 0.4% (wt/vol) fructose, 0.4% (wt/vol) glucose, 0.4% (wt/vol) sucrose, or 0.4% (wt/vol) D-xylose,
unless specified otherwise. MW001 and the deletion mutants were supplemented with 10 �g/ml uracil.
Growth of cells was monitored by measuring the optical density at 600 nm (OD600) or by measuring light
scattering with a CGQ system (Aquila-Biolabs, Badesweiler, Germany).

Escherichia coli Top10 cells (Invitrogen, Carlsbad, CA) used for cloning were grown aerobically in LB
medium supplemented with 50 �g/ml ampicillin when transformed with a plasmid at 37°C. E. coli ER1821
(New England BioLabs, Ipswich, MA) bearing the additional plasmid pM.EsaBC4I (New England BioLabs,
Ipswich, MA) was used for methylation of the S. acidocaldarius expression plasmids. This propagation was
done in LB medium containing 50 �g/ml ampicillin and 25 �g/ml kanamycin.

RNA isolation. S. acidocaldarius cells were grown on 0.2% (wt/vol) N-Z-Amine or 0.2% (wt/vol)
N-Z-Amine supplemented with 0.4% (wt/vol) D-xylose and uracil as described above. Cells of three
biological replicates for each condition were harvested at mid-exponential phase (OD600 of �0.5; 22.5 h).
Additionally, three other biological replicates for each condition were further incubated, and growth was
monitored until stationary phase/beginning of death phase (54.5 h) (Fig. 1). RNA was isolated for all
replicates using TRIzol (ThermoFisher, Waltham, MA) as described earlier (19). The obtained RNA samples
were treated with RNase-free DNase (Qiagen, Venlo, Netherlands) before the purification, and another
DNase treatment was performed according to the RNeasy minikit cleanup protocol.

rRNA was depleted using a RiboZero magnetic kit for bacteria (Epicentre, Madison, WI) with a
modified protocol. Only 90 �l, instead of 225 �l, of magnetic beads was used, and for the rRNA removal
reaction only 1 �g RNA was mixed with 4 �l removal solution in a total volume of 20 �l instead of 40 �l.
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RNA sequencing and data analysis. Sequencing libraries for all six samples were prepared with the
TruSeq stranded mRNA HT kit (Illumina, San Diego, CA), starting with the RNA fragmentation step after
elution of precipitated RNA in 19 �l of the Elute, Fragment, Prime Mix (Illumina). Sequencing libraries
were quantified using a high-sensitivity chip in a Bioanalyzer (Agilent, Böblingen, Germany). Sequencing
was performed with a HiSeq1500 instrument (Illumina) in rapid mode with a read length of 2 	 25
nucleotides (nt). Sequencing reads were mapped with Bowtie2 (20) against the reference genome.

Since S. acidocaldariusMW001 is a deletion mutant of S. acidocaldarius DSM639, the latter was chosen
as a reference (S. acidocaldarius DSM639 genome size, 2,225,959 nt; RefSeq identifier NC_007181.1).
Mapped reads were counted using the software ReadXplorer (21). Subsequently, RPKM (reads per
kilobase of gene per million reads of experiment) values were manually calculated for each gene (22). The
calculation of RPKM comprises a normalization regarding library size (i.e., one million reads). The
following stochastical treatment of RPKM data then was performed with standard software (DESeq) (23).
Only reads mapping to coding sequences were added together in order to get the total number of reads.
For determination of regulated genes, statistical analysis was performed using DESeq.

Quantitative RT-PCR. S. acidocaldarius MW001 cells were grown in triplicate, as described above, in
Brock medium supplemented with only 0.2% (wt/vol) N-Z-Amine or supplemented with 0.4% (wt/vol)
sugar, i.e., D-arabinose, L-arabinose, dextrin, glucose, sucrose, or D-xylose. Cell cultures (14 ml) were
harvested at mid-exponential phase (OD600, �0.5).

Total RNA isolation and cDNA synthesis were carried out as described previously (24). Quantitative
RT-PCR was performed in a Rotor Gene Q (Qiagen, Venlo, Netherlands) using the 2xqPCRBIO SyGreen mix
Lo-Rox (PCR Biosystems, London, United Kingdom) by following the manufacturer’s instruction. Gene-
specific primer sets (Table 3) were used to analyze the transcript levels of genes encoding the periplasmic
binding protein Saci_2122. All quantification cycle (Cq) values for the efficiency of amplification were
calculated for each primer set and were standardized to the Cq value of the housekeeping gene saci_0574
(secY) (25).

ConA purification of glycosylated membrane proteins of S. acidocaldarius. S. acidocaldarius
strain MW001 was grown as described above and supplemented with 0.2% (wt/vol) N-Z-Amine alone or
0.2% (wt/vol) N-Z-Amine with 0.4% (wt/vol) L-arabinose or D-xylose in a volume of 400 ml. Cells were
harvested at mid-exponential phase (OD600, �0.5) by centrifugation for 15 min at 4°C at 6,675 	 g. The
pellet was resuspended with 15 ml ConA buffer A (20 mM Tris-HCl, pH 7.5, 500 mM NaCl) containing 2
mM phenylmethylsulfonyl fluoride. Cells were disrupted by sonication with a Sonotrode KE-76 (20 min;
20 s on, 20 s off; amplitude, 50%). Cell debris and unbroken cells were removed by centrifugation for 20
min at 4°C at 2,000 	 g. Membranes and S-layer were pelleted at 140,000 	 g for 30 min at 4°C in an
Optima Max-XP Ultracentrifuge (Beckman Coulter, Brea, CA). The membrane pellet was resuspended with
5 ml ConA buffer. ConA affinity purification of glycosylated proteins was further performed as described
in reference 4. ConA elution fractions were loaded on an 11% SDS-PAGE gel and analyzed by mass
spectrometry as described before (26).

Construction and characterization of deletion mutants. For markerless deletion of saci_1938,
saci_1939, saci_2120, saci_2121, and saci_2122, the last �500 bp of the coding region of each gene was
amplified by PCR using the primers described in the primer list (Table 3). The purified PCR products were
cloned into MCSII of pSVA431 (18), resulting in plasmids pSVA553, pSVA555, pSVA549, pSVA503, and
pSVA551. Upstream and downstream regions (�500 bp) of all genes were amplified by PCR using
primers as depicted in the primer list. With the purified PCR products an overlap extension PCR was
performed and cloned into MCSI of pSVA431 derivatives pSVA553, pSVA555, pSVA549, pSVA503, and
pSVA551, resulting in deletion plasmids pSV554, pSVA556, pSVA550, pSVA504, and pSVA552, respec-
tively.

Linear markerless deletion fragments were obtained by PCR using the gene forward primer and the
downstream reverse primer, in combination with the deletion plasmids pSV554, pSVA556, pSVA550,
pSVA504, and pSVA552 as templates. One hundred nanograms of the purified PCR product was used for
electroporation of 50 �l competent MW001 cells (theoretical OD600 of 10 in 20 mM sucrose) as described
previously (18). Correct deletion was confirmed by sequencing with primers binding outside the cloning
regions (Table 3).

For the construction of the complementation plasmids, PCR products were amplified using the
primers described in Table 3 from genomic DNA of S. acidocaldarius. The products were purified and
cloned into the NcoI/XhoI site of pSVAxylFX-H6, a pRN1-based E.coli-Sulfolobus shuttle vector (M. Wagner,
unpublished data), yielding pSVA5328 (saci_1939) and pSVA5329 (saci_2120). As a negative control,
pSVAxylFX-H6 was digested with NcoI and XhoI, treated with Klenow, and religated, yielding pSVA5351.
All plasmids were first methylated in E. coli ER1821 and then transformed into the respective deletion
mutants as described above.

Growth comparison of S. acidocaldarius MW001, �ABC NBD (saci_2120), �ABC TMD (saci_2121),
�ABC SBP (saci_2122), �KGSADH (saci_1938) and �KDXD/KDAD (saci_1939) strains. S. acidocaldarius
parental strain MW001 and the ΔABC NBD (saci_2120), ΔABC TMD (saci_2121), ΔABC SBP (saci_2122),
ΔKGSADH (saci_1938), and ΔKDXD/KDAD (saci_1939) deletion mutant precultures were grown in Brock
medium containing 10 �g/ml uracil and supplemented with 0.2% (wt/vol) N-Z-Amine. From each
non-sugar-adapted exponential-phase-grown preculture, the sugar-containing Brock media were inoc-
ulated with a starting OD600 of 0.01. The tested culture conditions were 0.1% (wt/vol) N-Z-Amine alone
and 0.1% (wt/vol) N-Z-Amine together with 0.1% (wt/vol) L-arabinose, dextrin, or D-xylose. Growth was
monitored by measuring the optical density at 600 nm until stationary phase. Additionally, cell growth
was monitored in Brock medium containing 0.2% (wt/vol) N-Z-Amine together with 0.4% (wt/vol) sugar
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solution or in minimal Brock medium containing 0.4% D-xylose using CGQ online backscatter sensors
(Aquila Biolabs, Badesweiler, Germany).

Bioinformatic analyses of xylose-regulated promoter sequences. To identify possible binding
sites of the putative L-arabinose and D-xylose responsive regulator, bioinformatic analysis of the three
promoter regions of saci_1938, saci_1939, and saci_2122 was performed. An 80-bp upstream region of
each transcription start site was analyzed for possible motifs using Regulatory Sequence Analyzing Tools
(RSAT) for prokaryotes (29). The resulting motif and variation of that motif were used for a genome-wide
search of possible promoter sequences. Sequences of hits in the region �40 to �50 bp upstream of the
next transcription start site were used to generate a sequence logo by WEBLogo (http://weblogo
.berkeley.edu/) (30). Transcription start sites were obtained from reference 49.

Promoter-reporter gene assays. For the construction of the promoter activity plasmids, the
different upstream regions of saci_1938, saci_1939, and saci_2122 were amplified by PCR with lengths of
106 bp, 106 bp, and 430 bp, respectively (related primers are listed in Table 3). Additionally, the promoter

TABLE 3 Primers used in this study

Primer name Sequence Descriptiona

4502 GATCCATGGGTAGGTGTACCCGTAGATAG Saci_2121 fw NcoI
4503 GATTGGTACCTCACTCATTTTCCTCAACTCTC Saci_2121 rev KpnI
4504 GATGGATCCGAGGGACACTACACTATTGATG Saci_2121 KO up fw BamHI
4505 GTAGGTCACTCATTTATATTCATTGTAGGTTACC Saci_2121 KO up rev OL
4506 CCTACAATGAATATAAATGAGTGACCTACTAGAGATAAG Saci_2121 KO down fw OL
4507 GATCTGCAGTTTGTCCACCTGACAAGTTC Saci_2121 KO down rev PstI
4589 GATCCATGGTTACTCGACTCCCTACAG Saci_2120 gene fw NcoI
4590 GATCTCGAGGTTATCTTTTTTCTCCCAAATTAAC Saci_2120 gene rev XhoI
4591 GATGGATCCGGAGCCTTAGTGGGTATAATTC Saci_2120 up fw BamHI
4592 GTTAAGTTATCTGTCACTCATTTTCCTCAACTC Saci_2120 up rev OL
4593 GAAAATGAGTGACAGATAACTTAACTTGTATATTAGACATTTC Saci_2120 down fw OL
4594 GATGTCGACCAGCTCCTTTCCAATTTCTTC Saci_2120 down rev SalI
4595 GATCCATGGTGAGGGACACTACACTATTG Saci_2122 gene fw NcoI
4596 GATCTCGAGGTTACCCACTTGAAGATGAC Saci_2122 gene rev XhoI
4597 GATGGATCCTAAATCGGTGTTGAGCATTG Saci_2122 up fw BamHI
4598 CATTTAATATATTCATGTTATGATAAGTAAGACGCTTATC Saci_2122 up rev OL
4599 CTTATCATAACATGAATATATTAAATGTAGTTAGAAGATTTG Saci_2122 down fw OL
6800 GATCTGCAGGAATCTGAAATACGGAAATGAC Saci_2122 down rev PstI
6801 GATCCATGGGCTGATCTATGGCGGAAAC Saci_1938 gene fw NcoI
6802 GATCTCGAGTTACCATCCCTCATAAACTGTC Saci_1938 gene rev XhoI
6803 GATGGATCCTACCTCTCCCTAGCCATCTC Saci_1938 up fw BamHI
6804 GTGAAGGTTACAGTTCCTGATACGATTTCATC Saci_1938 up rev OL
6805 GTATCAGGAACTGTAACCTTCACGTGAGTAC Saci_1938 down fw OL
6806 GATGTCGACGGCTGGGAAGTGTAAGTG Saci_1938 down rev SalI
6807 GATCCATGGTATCGGCTAGGGACTTAGAG Saci_1939 gene fw NcoI
6808 GATCTCGAGTTACCACTGTGTACCCTTGAC Saci_1939 gene rev XhoI
6809 GATGGATCCTACTGTCCTTCAGTGTCTTAC Saci_1939 up fw BamHI
6810 CTTTCCTTATACTACTCTAAATATTCTCATTTGTAAC Saci_1939 up rev OL
6811 GAGTAGTATAAGGAAAGGGATGTTAAACCATG Saci_1939 down fw OL
6812 GGACGTCGACTTAACAGACC Saci_1939 down rev SalI
6830 GATCCGCGGCATTTGTAACCCTCTACTCGTGACTGTATTTAC Saci_1938 promoter fw SacII
6831 GATCCATGGTACGTATTATCTTATCATTCTAATTTTTATC Saci_1938 promoter rev NcoI
6832 GATCCGCGGCATCATACGTATTATCTTATCATTC Saci_1939 promoter fw SacII
6833 GATCCATGGGTAACCCTCTACTCGTGACTGTATTTAC Saci_1939 promoter rev NcoI
6834 GATCCGCGGCTCTTTTCATATAAAGATTGGAAGATTTC Saci_2122 promoter fw SacII
6835 GATCCATGGTATGATAAGTAAGACGCTTATCAATTATTAG Saci_2122 promoter rev NcoI
6837 CCGCGGTTGTAACCCTCTACTCGTGACTGTATTTACGTGACTGTATTTAAATGTAA

TAGCACCACGTGGAAC
Saci_1938 promoter -Ara box fw SacII

6838 CCATGGTACGTATTATCTTATCATTCTAATTTTTATCATATAATGTTCCACGTGGTGC Saci_1938 promoter -Ara box rev NcoI
6842 CCAAGTTCCCTGTTATTTCC Saci_2120 KO seq primer fw
4502 GATCCATGGGTAGGTGTACCCGTAGATAG Saci_2120 KO seq primer rev
6843 TACTCCCTGCTGCTATTG Saci_2122 KO seq fw
6844 TATTCCGCTCTCCACATC Saci_2122 KO seq rev
6845 AGGGCGGTGAAATAAGAC Saci_1938 KO seq fw
6846 GTCACTCCTCACCACTATTG Saci_1938 KO seq rev
6847 CAAGGGTTCCTTCAAAGTG Saci_1939 KO seq fw
6848 GAACGGTCCAAATGAGTTC Saci_1939 KO seq rev
1938exp_fw AGAGGCATATGAAATCGTATCAGGAACT saci_1938_NdeI-fw
1938exp_rev CTCACTGGATCCTTACCATCCCTCATAAAC saci_1938_BamHI-rev
1939exp_fw AGAGGCATATGAAATCGTATCAGGAACT saci_1939_NdeI-fw
1939exp_rev ATATTTGGATCCTTACCACTGTGTAC saci_1939_BamHI-rev
aFw, forward; rev, reverse; KO, knockout; OL, overlap; seq, sequencing.
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region of saci_1938 was mutated using the primers 6837 and 6838 (Table 3), resulting in a purine-for-
purine and pyrimidine-for-pyrimidine exchange in the sequence of the ara box region. These four
promoter regions were cloned into pSVA1450 (12) using SacII and NcoI to control transcription of the
�-galactosidase gene lacS (sso3019) from S. solfataricus P2. All promoter activity constructs were
confirmed by sequencing. The promoter activity constructs were methylated by propagation in E. coli
ER1821 (New England BioLabs, Ipswich, MA) bearing the methylation plasmid pM.EsaBC4I (New England
BioLabs, Ipswich, MA), as described previously (18). The methylated plasmids were transformed into
electrocompetent S. acidocaldarius MW001 as described above. Obtained transformants were used in
o-nitrophenyl-�-D-galactopyranoside assays as described in reference 31.

Crude extract measurement of S. acidocaldarius MW001, �ABC-SBP (�saci_2122), �KGSADH

(�saci_1938), and �KDXD/KDAD (�saci_1939) strains. S. acidocaldarius parental strain MW001 and
the ΔABC-SBP (saci_2122), ΔKGSADH (saci_1938), and ΔKDXD/KDAD (saci_1939) deletion mutant strains
were preinoculated in Brock medium containing 10 �g/ml uracil and 0.2% (wt/vol) N-Z-Amine. Cells then
were inoculated with a starting OD600 of 0.01 in 50 ml Brock medium containing either 0.2% (wt/vol)
N-Z-Amine alone or 0.2% (wt/vol) N-Z-Amine and 0.4% (wt/vol) of L-arabinose, dextrin, or D-xylose.
Experiments were performed in triplicate. Cells were harvested in the mid-exponential growth phase
(OD600 of �0.5) and stored at �70°C until use.

Cell pellets were resuspended in 0.1 M HEPES-NaOH (pH 7.3) to an OD600 of 25, and the cells were
disrupted in a Precellys24 homogenizer three times at 6,500 rpm for 15 s with 1 min of cooling on ice
after each run. Cell debris was removed by centrifugation (21,130 	 g, 4°C for 30 min), and the protein
content of the supernatant, referred to as crude extract, was determined in a modified Bradford assay
(32) using the Bio-Rad protein assay kit with bovine serum albumin as a standard.

The sugar dehydrogenase activity in crude extracts was determined photometrically at 340 nm in a
continuous enzyme assay at 70°C as sugar-dependent reduction of NADP
. The assay mixture (total
volume of 500 �l) contained 0.1 M Tris-HCl (pH 6.5 at 70°C), 5 mMMgCl2, 5 mM NADP
, 10 mM D-glucose,
D-xylose, L-arabinose, or D-arabinose, and 10 �g of protein. The assay mixture was preincubated at 70°C
for 2 min, and the reaction was started by addition of the sugar substrate.

The sugar acid dehydratase activity in crude extracts was determined at 70°C as 2-keto-3-deoxy sugar
acid formation from the respective sugars using NADP
 as a cosubstrate. The assay (total volume, 500
�l) was performed in 0.1 M Tris-HCl (pH 7.5 at 70°C), 5 mM MgCl2, 5 mM NADP
, 10 mM sugar (D-glucose,
D-xylose, L-arabinose, or D-arabinose) with 100 �g of protein. The reaction mixture was preincubated at
70°C for 2 min, and the reaction was started by addition of the sugar substrate. Sample (100 �l) was
removed at different time points, and the reaction was stopped by addition of 10 �l 12% (wt/vol)
trichloroacetic acid. Formation of 2-keto-3-deoxy sugar acids was quantified using the thiobarbituric acid
(TBA) assay as described before (33).

The KDXD/KDAD activity in crude extracts was assayed as �KGSA formation from D-KDX by coupling
the reaction to the reduction of NADP
 using an excess amount of the purified recombinant �KGSADH
(Saci_1938; L. Shen and B. Siebers, unpublished data). The continuous assay (total volume of 500 �l) was
performed in 0.1 M Tris-HCl (pH 9.0 at 75°C), 5 mM NADP
, 1 mM D-KDX with 30 �g �KGSADH as auxiliary
enzyme and 25 �g of protein. The assay mixture was preincubated at 75°C for 2 min, and the reaction
was started by addition of D-KDX. Formation of NADPH was determined photometrically as the increase
of absorbance at 340 nm. D-KDX was prepared enzymatically from D-xylonic acid (Carbosynth Ltd., United
Kingdom) with the D-xylonate dehydratase (CCNA_00862) from Caulobacter crescentus (Shen and Siebers,
unpublished).

�KGSADH activity in the crude extract was measured in 0.1 M Tris-HCl (pH 9.0 at 75°C), 5 mM NADP
,
10 �g crude extract protein, and 1 mM �KGSA at 75°C. After preincubation at 75°C for 2 min, the reaction
was started by addition of �KGSA. Formation of NADPH was continuously monitored photometrically as
the increase of absorbance at 340 nm. �KGSA was prepared enzymatically from D-xylonic acid (Carbo-
synth Ltd., United Kingdom) with the D-xylonate dehydratase (CCNA_00862) and 2-keto-3-deoxy-D-
xylonate dehydratase (CCNA_00866) from Caulobacter crescentus (Shen and Siebers, unpublished).

The KDG aldolase activity in crude extracts was determined in a continuous assay by coupling the
formation of pyruvate from D-KDG to the oxidation of NADH via L-lactate dehydrogenase from rabbit
muscle (Sigma-Aldrich). The assay (total volume, 500 �l) was performed at 55°C in 50 mM sodium
phosphate buffer (pH 6.0 at 55°C) containing 0.2 mM NADH, 2.5 mM D-KDG with 3 U L-lactic dehydro-
genase as auxiliary enzyme and 200 �g of protein. The assay mixture was preheated to 55°C, and the
reaction was started by the addition of D-KDG. NADH oxidation was monitored by the decrease of
absorbance at 340 nm.
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Supplementary material for „ Sulfolobus acidocaldarius uptakes 
pentoses via a cut2-type ABC transporter and metabolizes them 
through the aldolase-independent Weimberg pathway”

Fig. S1

 

Fig. S1: Comparison of the phenotypical growth of S. acidocaldarius wt MW001 and 
the - - -

-xylose minimal medium. MW001 and deletion mutants 

were grown on 0.2 % (w/v) N-Z-Amine and 0.4 % (w/v) D-xylose (A;B) or in minimal medium 

containing 0.4 % (w/v) D-xylose (C;D). Growth was monitored by measuring the scattering of 

- -SBP: 

-NBD: ABC type nucleotide binding 

-ketoglutarate semialdehyde dehydrogenase 

-keto-3-deoxyarabinoate/xylonate dehydratase (saci_1939). 
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Fig. S2

 

 

 

Fig. S2 Enzymatic activity of sugar dehydrogenase in crude extracts of S. 
acidocaldarius

-SBP. The sugar dehydrogenase activity was determined in a continuous assay at 70°C 

following the formation of NADPH reduced from NADP+ by sugar substrates including A: D-

glucose, B: D-xylose, C: L-arabinose, D: D-arabinose. Cells were grown on either 0.2 % (w/v) 

N-Z-Amine alone or 0.2 % (w/v) N-Z-Amine and 0.4 % (w/v) D-xylose, L-arabinose or dextrin. 

-ketoglutarate semialdehyde dehydrogenase (Saci_1938); KDXD/KDAD: 2-keto-

3-deoxy-D-xylonate/L-arabinoate dehydratase (Saci_1939); ABC-SBP: ABC type substrate 

binding domain (Saci_2122).
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Fig. S3

 

 

 

 

Fig. S3 Enzymatic activity of sugar acid dehydratase in crude extracts of S. 
acidocaldarius

-SBP. The sugar acid dehydratase activity was determined at 70°C as 2-keto-3-deoxy 

sugar acid formation from the respective sugars including A: D-glucose, B: D-xylose, C: L-

arabinose, D: D-arabinose and NADP+ as cosubstrate. Formation of 2-keto-3-deoxy sugar 

acids was quantified using thiobarbituric acid (TBA) assay as described by Buchanan et al.

(1999). Cells were grown on either 0.2 % (w/v) N-Z-Amine alone or 0.2 % (w/v) N-Z-Amine and 

0.4 % (w/v) D-xylose, L- -ketoglutarate semialdehyde 

dehydrogenase (Saci_1938); KDXD/KDAD: 2-keto-3-deoxy-D-xylonate/L-arabinoate 

dehydratase (Saci_1939); ABC-SBP: ABC type substrate binding domain (Saci_2122).
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Fig. S4

Fig. S4: Complementation of the -NBD and deletion mutants. (A) 
The -NBD was transformed with the control plasmid pSVA5351 and the 
complementation plasmid pSVA5329, (B) while the deletion was transformed 
with the control plasmid pSVA5351 and the complementation plasmid pSVA5328. The deletion 
mutants carrying the control plasmids were grown on minimal medium containing either 0.1% 
NZ-Amine (blue line) or on minimal medium containing 0.1% (w/v) NZ-Amine and 0.1% (w/v) 
L-arabinose (grey line). Both mutants carrying the respective complementation plasmids were 
also grown on minimal medium containing either 0.1% NZ-Amine (brown line) or on minimal 
medium containing 0.1% (w/v) NZ-Amine and 0.1% (w/v) L-arabinose (orange line). -
NBD: ABC type nucleotide binding domain (saci_2120 -keto-3-
deoxydeoxyarabinoate/xylonate dehydratase (saci_1939). The growth curves were performed 
in triplicate and standard deviations are shown.
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Summary

Archaea are characterised by a complex metabolism

with many unique enzymes that differ from their bac-

terial and eukaryotic counterparts. The thermoacido-

philic archaeon Sulfolobus solfataricus is known for

its metabolic versatility and is able to utilize a great

variety of different carbon sources. However, the

underlying degradation pathways and their regula-

tion are often unknown. In this work, the growth on

different carbon sources was analysed, using an inte-

grated systems biology approach. The comparison of

growth on L-fucose and D-glucose allows first

insights into the genome-wide changes in response

to the two carbon sources and revealed a new path-

way for L-fucose degradation in S. solfataricus. Dur-

ing growth on L-fucose major changes in the central

carbon metabolic network, as well as an increased

activity of the glyoxylate bypass and the 3-hydroxy-

propionate/4-hydroxybutyrate cycle were observed.

Within the newly discovered pathway for L-fucose

degradation the following key reactions were identi-

fied: (i) L-fucose oxidation to L-fuconate via a dehy-

drogenase, (ii) dehydration to 2-keto-3-deoxy-L-

fuconate via dehydratase, (iii) 2-keto-3-deoxy-L-

fuconate cleavage to pyruvate and L-lactaldehyde via

aldolase and (iv) L-lactaldehyde conversion to L-

lactate via aldehyde dehydrogenase. This pathway as

well as L-fucose transport shows interesting over-

laps to the D-arabinose pathway, representing

another example for pathway promiscuity in Sulfolo-

bus species.

Introduction

Hostile environments, such as solfatara are character-

ised by low pH and temperatures above 658C and are

dominated by members of the third domain of life, the

archaea. In the past decades, the thermoacidophilic

Crenarchaeon Sulfolobus solfataricus has developed

into one of the best characterised model organisms with

respect to adaptation to various stress factors or differ-

ent nutrient conditions (Zillig et al., 1980; Nicolaus et al.,

1991; Izzo et al., 2005). Furthermore, for S. solfataricus

a genetic system has been established that allows for

the generation of single knock-outs based on the inser-

tion of the lacS marker gene (Worthington et al., 2003;
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Albers and Driessen, 2008). The organism (optimal

growth at 808C, pH 3.5) is known for its broad sugar

degrading capacity, which is reflected in its ability to

utilise pentoses, hexoses as well as oligo- and polysac-

charides (Grogan, 1989; Ulas et al., 2012).

For the degradation of both, D-glucose and D-

galactose, the organism uses a promiscuous branched

Entner–Doudoroff pathway, meaning that the same met-

abolic route is used for degradation of both glucose and

galactose. This pathway includes a semi- and a non-

phosphorylating branch as a central metabolic route (De

Rosa et al., 1984; Lamble et al., 2003; Ahmed et al.,

2005; Br€asen et al., 2014). The glucose and galactose

metabolism in S. solfataricus is well understood and

pathways for pentose degradation have been analysed

in significant detail. The degradation of D-arabinose pro-

ceeds via formation of D-arabinonate by D-arabinose

dehydrogenase and finally leads to 2-oxoglutarate which

is fed into the citric acid cycle (Brouns et al., 2006,

2007). For conversion of D-xylose and L-arabinose, in

S. solfataricus and S. acidocaldarius a branched degra-

dation pathway was proposed, making use of some

enzymes of the Entner–Doudoroff pathway. The first

aldolase-independent route leads to formation of 2-

oxoglutarate and is therefore similar to D-arabinose deg-

radation, whereas the second route, also used for L-

arabinose degradation, requires aldol cleavage of the 2-

keto-3-deoxy-pentanoate intermediate to form glycolal-

dehyde and pyruvate. Glycolaldehyde is then metabol-

ised to glyoxylate, which enters the citric acid cycle

(Nunn et al., 2010).

For pentose formation, the organism possesses a

reverse ribulose-monophosphate pathway instead of the

classical pentose-phosphate pathway usually found in

bacteria and fungi (She et al., 2001; Soderberg, 2005;

Orita et al., 2006). Originally this pathway is known as

fixation cycle for formaldehyde in methylotrophic bacte-

ria and condenses formaldehyde and ribulose-

monophosphate to hexulose-6-phosphate which is then

further converted to fructose-6-phosphate (Strom et al.,

1974). S. solfataricus and most other archaea use this

pathway in a reverse manner to synthesize ribulose-5-

monophosphate from fructose-6-phosphate. An isomer-

ase is then finally responsible for formation of ribose-5-

phosphate (Soderberg, 2005, Ulas et al., 2012).

The hexose L-fucose (6-deoxygalactose), a stereo-

chemical analogue of the pentose D-arabinose, is natu-

rally present in the cell envelope of numerous pro- and

eukaryotes and as constituent of exopolysaccharides

(Vanhooren and Vandamme, 1999). In Escherichia coli

and many other bacterial species, L-fucose is metabol-

ised via a kinase-dependent pathway including the for-

mation of L-fuculose and L-fuculose-1-phosphate, finally

yielding dihydroxyacetone phosphate and lactaldehyde.

Dihydroxyacetone phosphate is then directly used in gly-

colysis for energy production, whereas lactaldehyde

could be either aerobically oxidised to pyruvate (via lac-

tate) or anaerobically converted to 1,2-propanediol

(Baldom�a and Aguilar, 1988). The latter can be either

secreted (Boronat and Aguilar, 1981) or converted to

propanol and propionate (Obradors et al., 1988; Petit

et al., 2013). Typically L-fucose utilisation operons code

for four main fucose processing proteins, a fucose per-

mease, responsible for sugar uptake, an isomerase (EC

5.3.1.25) for conversion to fuculose, a kinase (EC

2.7.1.51) producing the corresponding phosphate and

finally an aldolase (EC 4.1.2.17) for conversion to

dihydroxyacetone phosphate and lactaldehyde (Green

and Cohen, 1956; Ghalambor and Heath, 1962; Heath

and Ghalambor, 1962).

A second non-phosphorylating route for L-fucose deg-

radation was found in Xanthomonas campestris (Yew

et al., 2006). In this organism, a dehydrogenase (EC

1.1.1.122) first converts L-fucose to the corresponding

L-fuconolactone, which is then hydrolysed to L-fuconate.

Via formation of 2-keto-3-deoxy-L-fuconate (KDF) this

sugar acid is further oxidized to 2,4-diketo-3-deoxy-L-

fuconate, which is finally cleaved to pyruvate and lac-

tate. Recent studies revealed the existence of a closely

related route for degradation of L-rhamnose in the ther-

moacidophilic bacterium Sulfobacillus thermosulfidooxi-

dans (Bae et al., 2015).

While L-fucose utilisation is well understood in bacte-

ria, very little is known about possible degradation

routes in archaea. Previous studies claimed that the

thermoacidophilic archaeon Thermoplasma acidophilum

is able to grow on deoxysugars like, L-fucose or L-

rhamnose, however, the underlying pathway of L-fucose

degradation is still unknown (Kim et al., 2012). In the

genome of S. solfataricus, only an a-L-fucosidase pre-

sumably regulated by translational frameshifting was

identified so far (Cobucci-Ponzano et al., 2003, 2006).

In addition no homologs to any of the known enzymes

of the E. coli L-fucose degradation pathway were

identified.

As outlined above the archaeal metabolism is charac-

terised by the presence of new metabolic pathways or

often unusual, modified versions of the classical routes.

This applies especially to the central carbohydrate

metabolism and the modifications often rely on the utili-

zation of so far unknown enzymes that show no similar-

ity to their respective bacterial and eukaryotic

counterparts. Many of these novel enzymes are mem-

bers of large multifunctional enzyme families and multi-

ple candidates, sometimes promiscuous and/or with

broad substrate specificity, were identified in archaeal

genomes (e.g., D-glucose dehydrogenase is a member

of the medium-chain dehydrogenase/reductase [MDR]
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VC 2016 The Authors. Molecular Microbiology Published by John Wiley & Sons Ltd., Molecular Microbiology, 102, 882–908

67

3.3 L-fucose degradation 
 

 

 



superfamily comprising 16 alcohol and sugar dehydroge-

nases on the S. solfataricus genome). Therefore the

decipherment of metabolic pathways and the identifica-

tion of the involved enzymes is challenging in archaea.

Here a systems biology approach helps to gain a

deeper insight into the utilization and regulation of meta-

bolic pathways in response to different carbon sources.

Therefore, to unravel L-fucose degradation and to

explore the genome-wide changes during growth on L-

fucose compared with D-glucose in S. solfataricus, we

applied an integrated systems biology approach combin-

ing transcriptomics, proteomics, metabolomics, and mod-

elling techniques together with genetic and biochemical

studies. During growth on L-fucose only a small set of

genes and proteins was differentially expressed, com-

pared with growth on D-glucose. Some of the up-

regulated genes/proteins have been previously charac-

terised as enzymes of the D-arabinose degradation

pathway (Brouns et al., 2006). In addition to distinct

changes within the central carbon metabolic pathways

(e.g., gluconeogenesis), the systems biology approach

revealed a new promiscuous route for D-arabinose and

the naturally occurring L-fucose transport and degrada-

tion. In this pathway L-fucose is oxidised to L-fuconate

by a promiscuous dehydrogenase and further dehy-

drated by a dehydratase to KDF. KDF is then cleaved

by an aldolase to pyruvate and L-lactaldehyde.

Results

Development of a metabolic model of S. solfataricus P2
and modelling of L-fucose degradation

On the basis of our genome scale metabolic model of

S. solfataricus P2 (Ulas et al., 2012) that predicts growth

for various carbon sources, we performed growth experi-

ments on 36 different substrates. We observed growth

of S. solfataricus on 16 compounds primarily including

carbohydrates of different complexity (Supporting Infor-

mation Dataset S1). As metabolic fingerprinting revealed

some interesting differences in metabolite profiles of

cells grown on L-fucose compared with D-glucose, and

as L-fucose degradation has never been reported for

archaea before, we chose this sugar for an integrated

systems biology analysis to explore its metabolic fate in

S. solfataricus.

To reconstruct possible L-fucose degradation path-

ways by predicting fluxes through hypothetical catabolic

pathways and comparing the results with experimental

data, the existing model was first improved using man-

ual and automated annotation techniques as well as

experimental data from this work. In the end, the model

size increased from formerly 718 reactions and 515

genes to 969 reactions and 604 genes. The updated

model is supplied in the SBML (Hucka et al., 2003) and

metano (Riemer et al., 2013) format. We adopted the

supplied experimental data available from the quantifica-

tion of major biomass fractions (Table 1) and updated

the biomass reaction for growth on glucose. In this con-

text, we also included a biomass reaction for growth on

L-fucose based on the experimental data. Referring to

the biomass fractions, the strongest improvement could

be made for the nucleic acids. Especially for RNA the

difference between the previously estimated value of

24% (adopted from Methanosarcina barkeri; Feist et al.,

2006) and our current measured experimental data with

only 5.4% RNA for S. solfataricus, had a major impact

on the model. However, adjustment of the new biomass

fractions resulted in a gap of approximately 18%. To

ensure the integrity of the model, this gap was filled with

glycogen as it was shown that the glycogen content in

members of the genus Sulfolobus can increase up to

25% of total cell dry weight and that glycogen is only

synthesised under optimal growth conditions (K€onig

et al., 1982; Iglesias and Preiss, 1992), which was the

basic assumption for all conducted experiments.

Table 1. Biomass composition of S. solfataricus P2 after growth on D-glucose and L-fucose.

Carbon source Component Cellular content [% (w/w)] Reference

D-glucose Proteins 64.36 3.4 This study
RNA 5.46 0.5 This study
DNA 1.16 0.1 This study
Lipids 7.5 (De Rosa et al., 1980)
Soluble pool 3.2 (Feist et al., 2006)
Glycogen 18.5 (K€onig et al., 1982; Iglesias and Preiss, 1992)

L-fucose Proteins 67.96 3.1 This study
RNA 5.66 0.2 This study
DNA 1.26 0.0 This study
Lipids 7.5 (De Rosa et al., 1980)
Soluble pool 3.2 (Feist et al., 2006)
Glycogen 14.6 (K€onig et al., 1982; Iglesias and Preiss, 1992)

Protein, RNA and DNA content were investigated in this study. The values represent the average of at least three independent experiments.
Errors represent the standard deviation between the experiments.
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As no L-fucose metabolism in archaea was reported

before, we first used our metabolic model to investigate

metabolic fluxes and the efficiency of different degrada-

tion pathways in S. solfataricus (Supporting Information

Models S1–S4). For this purpose, three pathway var-

iants were tested (Fig. 1). This includes the E. coli-like

degradation via formation of L-fuculose (Fig. 1C), the

metabolic route found in X. campestris including the for-

mation of 2,4-diketo-3-deoxy-L-fuconate from KDF (Fig.

1B) and finally a pathway where KDF is directly cleaved

to lactaldehyde and pyruvate (Fig. 1A). For metabolic

modeling, we temporarily added reactions for each

tested pathway to the model and performed simulations

using the L-fucose specific biomass reaction as the

objective function. In all scenarios, we fitted the non-

growth associated maintenance energy (NGAM) so that

the predicted biomass flux would always match the

experimentally observed carbon balance (integration of

carbon into the biomass). This approach typically yields

the highest agreement between predicted and real

metabolite fluxes. Finally, since there is experimental

evidence that the D-arabinose-1-dehydrogenase

(Sso1300) accepts L-fucose as substrate (Brouns et al.,

2007), this reaction was permanently integrated into the

model beforehand.

Both KDF dependent degradation routes (Fig. 1A and

B) would produce 3 NADH per molecule L-fucose and

are, therefore, energetically comparable. In agreement

with the lower oxidation state at the C6 of fucose,

the modified Entner–Doudoroff pathway found in

S. solfataricus, only yields 2 NAD(P)H and also no net

ATP from one molecule of D-glucose. In E. coli L-fucose

degradation (Fig. 1C) would yield not only 3 NADH but

also 1 molecule ATP per molecule fucose, as the formed

dihydroxyacetone phosphate is utilized via glyceraldehyde-

3-phhosphate in the Embden–Meyherhof–Parnas pathway.

Fig. 1. Overview of three possible routes for L-fucose degradation. The predicted pathway in S. solfataricus (A) is compared with the
common ways for L-fucose degradation found in X. campestris (B) and E. coli (C). Catalysing enzymes are indicated by their corresponding
EC-number. The S. solfataricus P2 specific omics data from this work was mapped to the intermediates and the proposed catalysing
enzymes. The mapping visualizes the corresponding logarithmic fold changes for every node comparing L-fucose conditions to D-glucose.
Yellow nodes indicate higher abundance of protein or metabolite on L-fucose whereas blue nodes represent a decreased state. Note that the
metabolites fucose, fuconolactone and fuconate were only found under L-fucose growth conditions, thus the fold-change is assumed to be at
least greater than 4.0. Catalysing enzymes are divided into two parts (white line) whereas the upper part represents the data from the
transcriptome analysis and the proteome data are mapped at the bottom part. Box-shaped, uncoloured nodes represent not detected
metabolites and proteins. Dashed lines indicate that in S. solfataricus no homologous enzymes are present for this reaction. Note that in E.
coli (C) a third NADH and one net ATP is produced from utilization of GAP via the classical EMP pathway. Abbreviations: ABC-TR, ABC
transporter; EMP, Embdem–Meyerhof–Parnas pathway; GAP, glyceraldehyde-3-phosphate; KDF, 2-keto-3-deoxy-L-fuconate; DKDF, 2,4-diketo-
3-deoxy-L-fuconate; L-fuculose-1-P, L-fuculose-1-phosphate; DHAP, dihydroxyacetone phosphate.
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However, in S. solfataricus this pathway would also yield

only 3 NADH and no net ATP, as the non-phosphorylating

glyceraldehyde-3-phosphate dehydrogenase catalyzes the

direct oxidation of glyceraldehyde-3-phophate to 3-

phosphoglycerate, omitting any formation of 1,3-bisphos-

phoglycerate. Therefore, energetics of the three catabolic

pathways are similar in S. solfataricus and also close to

those of glucose degradation, since the major portion of the

total energy is gained via the TCA cycle and the respiratory

chain. With respect to anabolic reactions, the pathway via

fuculose-1-phosphate appears to be slightly more efficient,

as intermediates of the degradation pathway (dihydroxyace-

tone phosphate and phosphoenolpyruvate) could also

directly be used in gluconeogenesis without additional

energy investment. In contrast, on both KDF dependent

routes phosphoenolpyruvate has to be synthesized from

either pyruvate or oxaloacetate, which requires additional

ATP investment.

However, fitting of the energy maintenance parame-

ters (GAM and NGAM) to the experimentally observed

carbon balance shows that similar values were achieved

in all three tested L-fucose degradation routes, thus the

differences in the overall energy balance of the three

scenarios is very small.

As the experimental results suggests a certain activity

of the 3-hydroxypropionate/4-hydroxybutyrate cycle and

the glyoxylate bypass (see below), we further explored

the solution space of the tested degradation scenarios

using suboptimal flux variance analysis, allowing for a

suboptimal biomass flux of 95%. Compared with growth

on glucose, an increased flux towards the glyoxylate

bypass was only feasible in the KDF dependent fucose

growth scenarios (Table 2). In contrast the possible

activity through the complete 3-hydroxypropionate/4-

hydroxybutyrate cycle was comparable under all simu-

lated growth conditions, although parts of the cycle

(e.g., sequence from propanoyl-CoA to succinyl-CoA)

allow an increased activity in the KDF dependent sce-

narios (Table 2). Finally, flux balance analysis showed

that the overall energy demand as represented by GAM

and NGAM predicted for growth on L-fucose in the KDF

dependent scenario is 42% higher compared with simu-

lated growth on D-glucose (Table 2).

Comparative phenotypic analysis of S. solfataricus P2
grown on L-fucose versus D-glucose

Growth and substrate uptake of S. solfataricus P2 were

examined in Brock minimal medium (Brock et al., 1972)

either in presence of D-glucose (22 mM) or L-fucose

(15 mM). Concentrations of L-fucose above 15 mM had

an inhibiting effect on growth of S. solfataricus.

The organism showed comparable growth properties

and substrate uptake rates on L-fucose and D-glucose

(Fig. 2A and B), with maximal growth rates of 0.045 h21

on D-glucose and 0.040 h21 on L-fucose, respectively.

The molar growth yield per mol of carbon available from

the substrate was 10% lower during growth on L-fucose

compared with growth on D-glucose showing that on L-

fucose less carbon is integrated into the biomass (Table 3).

Table 2. Maximal allowed fluxes [mmol g21 h21] through selected metabolic pathways in S. solfataricus for simulated growth on different

carbon sources.

Suboptimal FVA
maximal fluxes [mmol g21 h21] Glucose

Fucose via
E. coli like pathway

Fucose via
KDF pathways

Ratio
E. coli

Ratio
KDF

Glyoxylate bypass 0.771 0.719 1.181 0.9 1.5
EC 4.1.1.31 0.771 0.719 0.570 0.9 0.7
EC 4.1.1.32 0.570 0.532 0.99 0.9 1.7
HP/HB cycle part 1 0.285 0.266 0.285 0.9 1.0
HP/HB cycle part 2 0.771 0.719 1.181 0.9 1.5
HP/HB cycle part 3 0.175 0.164 0.177 0.9 1.0
HP/HB cycle part 112 0.190 0.177 0.190 0.9 1.0
HP/HB cycle complete 0.114 0.106 0.114 0.9 1.0
Energy parameters
GAM [mmol ATP g21] 27.309 27.865 27.865 1.02 1.02
NGAM [mmol ATP g21 h21] 3.281 6.298 5.541 1.92 1.69
ATP hydrolysis due to energy maintenance
[mmol ATP g21 h21]

5.154 8.049 7.293 1.56 1.42

Abbreviations: FBA, flux balance analysis; FVA, flux variance analysis; KDF, 2-keto-3-deoxy-L-fuconate; GAM, growth associated maintenance
energy; NGAM, non-growth associated maintenance energy; HP/HB cycle, 3-hydroxypropionate/4-hydroxybutyrate cycle.
The glucose scenario was compared with Fucose degradation via the E. coli like pathway and Fucose degradation via the two KDF dependent
routes. Ratios were calculated as compared with the glucose reference scenario. For simulation of possible fluxes through the 3-hydroxypropi-
onate/4-hydroxybutyrate cycle different scenarios were analyzed, enforcing the flux through different parts of the cycle. Part 1: Reaction 1-6:
Acetyl-CoA to Propanoyl-CoA; Part 2: Reactions 7-9: Propanoyl-CoA to Succinyl-CoA; Part 3: Reactions 10-16: Succinyl-CoA to 2 Acetyl-CoA.
EC 4.1.1.31 represents the flux through the anaplerotic reaction of the TCA cycle (phosphoenolpyruvate1CO2 ! oxaloacetate1Pi), whereas
EC 4.1.1.32 represents the flux through the anabolic reaction towards gluconeogenesis (oxaloacetate1GTP ! phosphoenolpyruva-
te1GDP1CO2). For suboptimal flux variance analysis the maximal biomass flux was set to 95%.
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Under both conditions, the carbon source concentra-

tion decreased only slightly during the first 60 h of cul-

tivation (Fig. 2A and B), whereas the maximal uptake

rate during the exponential growth phase was 1.21

mmol g21 h21 under L-fucose conditions compared

with 1.13 mmol g21 h21 on the D-glucose reference

(Table 3).

It has been shown for S. solfataricus that the pres-

ence of D-glucose has a negative impact on the expres-

sion of the D-arabinose transporter genes (Lubelska

et al., 2006), so that we analysed for catabolite repres-

sion of L-fucose in presence of D-glucose. For this pur-

pose, the organism was cultivated in the presence of

equal molar concentrations of L-fucose and D-glucose

Fig. 2. Growth and substrate uptake of S. solfataricus P2.
A. Growth (blue triangles) and substrate uptake (pink squares) on minimal medium containing L-fucose as sole carbon source.
B. Growth (green triangles) and substrate uptake (red squares) on minimal medium containing D-glucose as sole carbon source.
C. Growth behaviour (black squares) and time resolved relative abundance of L-fucose (blue bars) and D-glucose (red bars) in the culture
supernatant of S. solfataricus. Cells were cultivated on minimal medium containing 15 mM of each, L-fucose and D-glucose and supernatants
were analysed by GC-MS. For determination of the relative concentration of the two sugars in the media, integrated peak areas of the zero
hour sample were set as 100% and all other values were scaled accordingly.
All values represent the average of three independent cultivations. Error bars represent the standard deviation between the three experiments.

Table 3. Specific growth rate l [h21], maximal substrate uptake rate qSmax [mmol g21 h21], maximum cell dry weight CDWmax [g l21] and

molar growth yields per substrate carbon YSC [gCDW/mol of substrate carbon] of S. solfataricus P2 grown on L-fucose, D-glucose and on a

mixture of both sugars (each 15 mM).

Substrate l [h21]a
qSmax

[mmol g21 h21]a
YSC [gCDW/mol of
substrate carbon]a CDWmax [g l21]a

L-Fucose 0.0406 0.002 1.216 0.01 90.2167.14 0.526 0.01
D-Glucose 0.0456 0.001 1.136 0.11 100.6612.3 0.706 0.01
L-Fucose/D-glucose 0.0776 0.001 NDb NDb 0.676 0.02

a. Values represent the average of three independent experiments. Errors represent the standard deviation.
b. ND, not determined.
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(15 mM each) and the culture supernatant was analysed

by GC-MS to follow the consumption of external metab-

olites. S. solfataricus P2 consumed both sugars from

the media in parallel (Fig. 2C). Interestingly, once

adapted to the cultivation conditions, S. solfataricus

seems to prefer L-fucose over D-glucose as the relative

amount of L-fucose in the media decreased faster. In

comparison to growth on D-glucose or L-fucose alone,

the specific growth rate increased to 0.0776 0.001 h21

in the presence of both sugars (Fig. 2C), whereas the

maximum cell dry weight was not affected (Table 3).

Comparative metabolome analysis

In order to identify specific metabolic routes used for

degradation of L-fucose, a comparative metabolome

analysis of S. solfataricus P2 grown either on L-fucose

or D-glucose was performed using the established pro-

tocol for metabolite extraction and analysis by GC-MS

(Zaparty et al., 2010) with small modifications. Of 66

detected metabolites (Supporting Information Dataset

S2) in cells grown on L-fucose, 38 could be clearly

assigned to known compounds by comparison with

mass spectra libraries. The remaining 28 compounds

belong to unknown but reproducibly detected

metabolites of S. solfataricus. In contrast, a total number

of 67 metabolites were found in cells grown on D-

glucose (Supporting Information Dataset S3), of which

44 could be identified as compounds belonging to the

organism’s primary metabolism. Furthermore, a detailed

analysis of the CoA content of S. solfataricus using a

LC-MS approach was also performed. A total number of

21 CoA-derivatives could be identified under both nutri-

ent conditions (Supporting Information Dataset S2 and

S3), whereas malonyl-CoA was found exclusively in L-

fucose grown cells.

Metabolome analysis revealed some significant

changes in relative intracellular metabolite concentra-

tions of compounds belonging predominantly either to

the glycolytic Entner–Doudoroff-pathway or the gluco-

neogenic Embden–Meyerhof–Parnas pathway (Figs. 3

and 4). In the case of glucose catabolism, gluconate

and glycerate showed the strongest difference between

the two tested conditions, as these compounds could

only be detected in extracts of glucose grown cells (Fig.

4). Furthermore, the abundance of pyruvate was

reduced in L-fucose extracts by nearly half of the

amount detectable in D-glucose grown cells. With

respect to metabolites belonging to the upper part of the

Embden–Meyerhof–Parnas pathway, we observed the

strongest differences in the relative abundances of glu-

cose and glucose-6-phosphate, being reduced by at

least fourfold in L-fucose cell extracts (Table 4). In this

context, fructose-6-phosphate was further exclusively

detected in D-glucose cell extracts (Fig. 4). In agree-

ment with the change in carbon source, noticeable

peaks belonging to fucose, fuconolactone and fuconate

were found in GC-MS chromatograms of L-fucose

grown cells, these were absent in the D-glucose refer-

ence samples (Fig. 4).

In addition to the small polar metabolites, we also

observed some differences in the relative abundance of

several CoA intermediates (Fig. 3, Table 4). In this con-

text, malonyl-CoA was especially noticeable as this com-

pound was exclusively detected in L-fucose grown cells

(Fig. 4). Furthermore, also acetoacetyl-CoA showed

considerable differences between the two tested condi-

tions, as this compound is normally not stable during

solid phase extraction, used for purification of CoA

derivatives. Therefore, detection of this compound at

significantly higher amounts in L-fucose extracts (Fig. 3)

indicates high intracellular concentrations of this metab-

olite under L-fucose growth conditions. The metabolic

model was used to elucidate the origin and metabolic

fate of these two CoA-derivatives in S. solfataricus.

Acetoacetyl-CoA is linked to lipid biosynthesis (Koga

and Morii, 2007) and leucine degradation. However,

according to our model predictions, the fluxes through

these two pathways do not significantly change between

Fig. 3. Comparison of logarithmised normalized peak areas of
metabolites found in S. solfataricus P2 extracts after cultivation on
L-fucose versus D-glucose. Identified metabolites showing
significant changes are labelled (Benjamini–Yekutieli corrected
Kruskal–Wallis test, P-value< 0.01). Metabolite levels for trehalose
and acetoacetyl-CoA are only an approximation of the actual
intracellular amount, as the trehalose signal is always strongly
overloaded (especially under glucose conditions) and acetoacetyl-
CoA is normally not stable during the extraction process. Values
represent the average of three independent experiments. Error bars
represent the standard error between the three experiments.
Abbreviations: G6P, glucose-6-phosphate; MGP, methyl-a-
glucopyranoside; 3-OH-2-Me-butyryl-CoA, 3-hydroxy-2-methyl-
butyryl-CoA; 4-OH-PheAc, 4-hydroxyphenylacetate.
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the two nutrient conditions (Supporting Information Fig.

S1). Additionally, acetoacetyl-CoA is part of the 3-

hydroxypropionate/4-hydroxybutyrate cycle, a pathway

originally described as carbon-fixation pathway for arch-

aea (Berg et al., 2007, 2010). This pathway also

includes the only presence of malonyl-CoA in the meta-

bolic network of S. solfataricus P2. In this context, the

relative intracellular concentration of other 3-hydroxypro-

pionate/4-hydroxybutyrate-cycle intermediates like

crotonyl-CoA, 3-hydroxybutanoyl-CoA, methylmalonyl-

CoA and propanoyl-CoA was also found to be increased

on L-fucose with fold-changes ranging from 1.27 to

1.76; however, not all of these changes were statistically

significant (P-value< 0.01; Table 4). Overall, the results

suggest an increased activity of the 3-hydroxypropio-

nate/4-hydroxybutyrate cycle under L-fucose conditions.

Global transcriptional and translational response of S.
solfataricus P2 grown on L-fucose versus D-glucose

Since metabolome analysis provided evidence for a new

L-fucose degradation pathway in S. solfataricus P2, we

were interested in the carbon-source dependent, global

transcriptional and translational response of the orga-

nism. From the 3145 genes encoded on the S. solfatari-

cus genome, in total 2692 genes were detected to be

expressed under both conditions (Supporting Informa-

tion Dataset S4) using RNAseq analysis. Among these,

32 genes showed a differential transcription between

both growth conditions with fold changes of fourfold or

more (Table 5). With regard to sugar degradation, we

could assign at least six of these to be directly involved

in L-fucose metabolism. Under L-fucose conditions,

three of the four subunits of the arabinose ABC trans-

porter (Sso3066–Sso3068) (Elferink et al., 2001) were

highly up-regulated (between 8.6 up to 25-fold) as com-

pared with D-glucose conditions. The fourth subunit of

this transporter (Sso3069) was just below the threshold

level (fold change 3.4). Further, the highly up-regulated

transcripts in L-fucose samples include the loci

Sso1300, Sso3117, Sso3118 and Sso3124. Interest-

ingly, recent studies could show that all these genes

play a central catalytic role in the degradation of the

pentose sugar D-arabinose in S. solfataricus (Brouns

et al., 2006). Additionally, 12 genes with different meta-

bolic functions were up-regulated more than fourfold

Fig. 4. Relative metabolite concentrations of compounds solely detected in S. solfataricus P2 extracts after cultivation on either L-fucose (A)
or D-glucose (B). Abbreviations: 2,7-aSH, 2,7-anhydro-sedoheptulose; EA, erythronic acid; F6P, fructose-6-phosphate; fuconolactone, fucono-
1,4-lactone; Gal, galactose; GlcA, gluconate; 1,6-aGlc, 1,6-anhydroglucose; Isomalt, isomaltulose. Values represent the average of three
independent experiments. Error bars represent the standard deviation between the three experiments.

Table 4. Fold changes of selected intracellular metabolite levels

of S. solfataricus P2 grown on L-fucose as compared with cells

grown on D-glucose.

Metabolites

Fold changea

Fuc

ED and gluconeogenesis
Glucoseb 0.0160.00
Glucose-6-phosphateb 0.2060.01
Pyruvateb 0.5560.05
CoA-intermediates
Acetyl-CoAb,c 1.2760.05
Crotonyl-CoAc 1.6160.25
3-Hydroxybutanoyl-CoAc 1.2760.10
Methylmalonyl-CoAc 1.3560.14
Propanoyl-CoAb,c 1.7660.09
Succinyl-CoAc 0.6360.05

a. Values represent the average of three independent experiments.
b. Statistically significant change (P-value< 0.01).
c. Involved in the 3-hydroxypropionate-4-hydroxybutyrate-cycle
(Berg et al., 2007, 2010).
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at transcript level, including the two subunits of a 2-

oxoacid:ferredoxin oxidoreductase (Sso2128–Sso2129),

an acetylornithine deacetylase/succinyl-diaminopimelate

desuccinylase (Sso1007) (Van de Casteele et al.,

1990) and a malonyl CoA reductase (Sso2178) (Alber

et al., 2006; Demmer et al., 2013). The latter is

involved in the 3-hydroxypropionate/4-hydroxybutyrate

cycle and it should be noted, that all genes of the

cycle were found to be expressed under both condi-

tions, with some at relatively high levels (RPKMs

ranging from 7 up to 975 [median RPKM of the

whole dataset: 69]). Additionally, several enzymes

from this pathway showed an increased expression

under L-fucose conditions, although fold-changes

ranging below the threshold level (fold-changes 2.0–

4.0; Supporting Information Dataset S4). Furthermore

Table 5. Differentially expressed genes and differentially produced proteins in S. solfataricus P2 after growth on L-fucose identified from

RNASeq (Transcriptome) and iTRAQ (Proteome) analysis.

Locus tag Function

Fold changea (P-valueb)

Transcriptome Proteome

Sso3124 D-Arabinonate dehydratase 49.9 (4.6 3 10268) 16.8 (1.9 3 10212)
Sso3117 2,5-dioxovalerate dehydrogenase 38.4 (8.2 3 10254) 16.4 (1.1 3 10261)
Sso1300 D-Arabinose-1-dehydrogenase 28.0 (1.3 3 102151) 14.5 (9.4 3 10216)
Sso3066 Arabinose ABC transporter, arabinose-binding protein 25.0 (5.0 3 102103) 11.7 (3.3 3 10208)
Sso3118 2-dehydro-3-deoxy-D-arabinonate dehydratase 17.4 (1.1 3 10207) 10.5 (7.0 3 10238)

Sso2998 D-xylonate dehydratase* 3.7 (2.1 3 10208) 3.8 (2.6 3 10213)
Sso1333 Isocitrate lyase 3.3 (5.1 3 10230) 3.5 (1.2 3 10234)
Sso3107 Dihydroxy-acid dehydratase 3.1 (2.1 3 10225) 3.0 (9.5 3 10236)

Sso3067 Arabinose ABC transporter, permease 14.2 (1.0 3 10218) NDc

Sso1004 FAD/FMN-containing dehydrogenase 14.0 (5.7 3 10217) ND
Sso1005 Unknown function 12.6 (7.8 3 10213) ND
Sso1007 Succinyl-diaminopimelate desuccinylase/Acetylornithine deacetylase * 11.8 (9.3 3 10219) ND
Sso3120 MFS family permease* 10.4 (4.1 3 10261) ND
Sso3068 Arabinose ABC transporter, permease 8.6 (1.1 3 10259) ND
Sso1305 MFS family permease * 8.3 (5.6 3 10221) ND
Sso0786 Amino acid specific permease* 7.5 (4.2 3 10206) ND
Sso1303 L-alanine-DL-glutamate epimerase or related enzyme of enolase superfamily* 7.3 (2.3 3 10233) ND
Sso1009 Amino acid transporter * 5.8 (1.4 3 10209) ND
Sso3123 Unknown function 5.4 (9.8 3 10244) ND
Sso2128 2-oxoacid:ferredoxin oxidoreductase, gamma subunit* 4.5 (2.7 3 10210) ND
Sso2129 2-oxoacid:ferredoxin oxidoreductase, alpha subunit* 4.4 (1.6 3 10210) ND
Sso2178 Malonyl-CoA reductase* 4.0 (3.2 3 10231) ND

Sso3003 Glucose-1-dehydrogenase 0.19 (5.5 3 10265) 0.28 (5.6 3 10212)
Sso3008 Putative sugar dehydrogenase* 0.16 (1.1 3 10239) 0.33 (2.6 3 10208)
Sso3009 Glyceraldehyde oxidoreductase, large subunit* 0.23 (9.4 3 10252) 0.38 (6.2 3 10213)
Sso3006 Alpha-mannosidase 0.21 (2.1 3 10254) 0.38 (7.6 3 10209)

Sso3011 Putative sugar dehydrogenase* 0.20 (5.8 3 10245) 0.44 (2.4 3 10203)
Sso1725 Putative CRISPR system CMR subunit Cmr7 2 0.09 (2.1 3 10221) ND
Sso3050 Sugar phosphate isomerase/epimerase * 0.11 (4.3 3 10238) ND
Sso2967 Unknown function 0.13 (1.4 3 10258) ND
Sso3007 Mannan endo-1,4-beta- mannosidase* 0.15 (8.4 3 10254) ND
Sso1782 Predicted sugar phosphate nucleotydyl transferase* 0.16 (5.7 3 1026) ND
Sso1783 Predicted nucleotydyl-sugar reductase* 0.18 (3.1 3 10210) ND
Sso1536 Transcriptional regulator 0.20 (2.1 3 10206) ND
Sso1656 SWIM zinc finger containing protein 0.20 (2.2 3 10210) ND
Sso3197 Bifunctional 2-keto-3-deoxy-(6-phospho)gluconate/galactonate aldolase 1.1 (9.0 3 10201) 0.86 (3.6 3 10201)
Sso3161 Fe-S oxidoreductase subunit 1.0 (7.1 3 10201) ND
Sso3163 FAD/FMN-containing dehydrogenase 1.0 (6.9 3 10201) ND
Sso3165 FAD/FMN-containing dehydrogenase 1.1 (8.7 3 10201) ND

The fold change represents the relative abundance of every gene or protein averaged from three independent experiments. Functions of pro-
teins were assigned using either the EnzymeDetector (Quester and Schomburg, 2011) or arCOG based annotations.
a. Fold change in relative abundance as compared with the D-glucose reference condition.
b. P-value< 0.01 (transcriptomics) or< 2.36 3 1025 (proteomics) indicates statistically significant differential expression.
c. ND, not determined.
*Function predicted.
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some additional transporters were found to be

induced, including two members of the MFS super-

family (Sso1305; Sso3120), as well as some proteins

with unknown function (Table 5).

Among the down-regulated transcripts under L-fucose

conditions, a strong decrease was observed for the

glucose-1-dehydrogenase (Sso3003, fold-change: 0.19).

This enzyme is involved in glucose degradation, catalys-

ing the conversion of glucose to glucono-1,5-lactone,

the first step within the ED pathway (Giardina et al.,

1986; Lamble et al., 2003).

From the remaining 12 down-regulated genes only the

function of the alpha-mannosidase (Sso3006) has been

verified experimentally (Cobucci-Ponzano et al., 2010).

EnzymeDetector and arCOG based annotations, predict the

remaining proteins as additional putative sugar dehydroge-

nases (Sso3008, Sso3011), a sugar phosphate isomerase

(Sso3050), mannan endo-1,4-beta- mannosidase

(Sso3007), glyceraldehyde oxidoreductase (Sso3009; large

subunit), a predicted sugar phosphate nucleotydyl transfer-

ase (Sso1782) and a nucleotydyl-sugar reductase

(Sso1783) (Table 5). Furthermore two putative transcrip-

tional regulators (Sso1536 and Sso1656) were repressed in

response to L-fucose as carbons source, suggesting them

to be involved in regulation of gene expression under D-

glucose nutrient conditions.

The iTRAQ technique was used to investigate the

global translational response of S. solfataricus P2 grown

on the two nutrient conditions. In total, 11397 peptides

corresponding to 762 proteins were detected and out of

these, 424 proteins could be quantified. 26 of these

quantified proteins were significantly regulated under L-

fucose compared with D-glucose conditions (P-val-

ue< 2.36 3 1025; Supporting Information Dataset S5).

Among these proteins, eight were significantly up-

regulated under L-fucose conditions with fold changes of

twofold or more (P-values ranging from 3.3 3 1028 to

1.1 3 10261; Table 5) and given the propensity for

iTRAQ to underestimate fold change (Ow et al., 2009), there

are likely to be others. The strongest differences in protein

production were observed for the proteins Sso3124,

Sso3117, Sso1300, Sso3066 and Sso3118 showing fold

changes of more than 10-fold as compared with the D-

glucose condition (see Table 5 for details of P-values).

These large fold changes using iTRAQ are often indicative

for “off–on” regulation. Four of these proteins (Sso3066,

Sso1300, Sso3117 and Sso3124) could be directly

assigned to L-fucose metabolism and were also found to be

strongly induced on the transcriptome level. Finally, isoci-

trate lyase (Sso1333; [Uhrigshardt et al., 2002; Nunn et al.,

2010]), a dihydroxy-acid dehydratase (Sso3107) (Kim,

2006) and a putative D-xylonate dehydratase (Sso2998)

were found in more than threefold higher concentrations

with P-values smaller than 2.63 10213 under L-fucose con-

ditions (Table 5).

From the proteins showing a decreased production

level under L-fucose conditions, four were down-

regulated more than twofold with P-values ranging from

2.6 3 1028 to 6.2 3 10213 (Table 5). These included

those proteins already shown to be down-regulated on

the transcript level, namely the gene cluster consisting

of Sso3003, Sso3006, Sso3008 and Sso3009.

Based on their p-values, the remaining 14 proteins were

found to be significantly regulated, although the correspond-

ing fold-changes were smaller, ranging from 0.60 to 0.69

and 1.24 to 1.82 respectively (Supporting Information Data-

set S5), thus suggesting a minor influence on the cell com-

pared with those proteins with larger fold-changes. The

predicted function of these proteins indicated, that they were

involved in different metabolic processes (e.g., gluconeo-

genesis, amino acid metabolism) as well as in general cellu-

lar processes (e.g., ribosomal proteins, t-RNA synthesis,

transcriptional regulation).

Enzymatic activity in cell free extracts and analyses of

recombinant proteins of S. solfataricus P2

As transcriptome and proteome analysis showed a

strong up-regulation of D-arabinose-degrading enzymes

under L-fucose conditions, we were interested in their

particular role in L-fucose degradation. With regard to

our predicted L-fucose degradation pathway (Fig. 5),

cell free extracts of S. solfataricus P2 grown on either L-

fucose or D-glucose were prepared and subjected to dif-

ferent activity assays. Furthermore, candidate genes

were cloned and recombinantly expressed and the puri-

fied proteins were analysed for their role in L-fucose

degradation.

Sugar transport. With respect to our findings from tran-

scriptome and proteome analysis, we analysed the

growth behaviour of a mutant of S. solfataricus

PBL2025 lacking the gene for the ATP binding protein of

the arabinose ABC transporter (Sso3069). The mutant

showed a 20% decrease in growth on L-fucose and a

60% decreased growth rate on D-arabinose in compari-

son to the corresponding wild type. The growth on D-

glucose was not affected (Supporting Information Table

S1). This indicates that the arabinose ABC transporter

is involved in the import of L-fucose but is not the only

transporter responsible. Thus, the two transporters of

the MFS superfamily (Sso1305; Sso3120) may be also

involved in L-fucose uptake, although they were not

induced that strongly as compared with the arabinose

ABC transporter (Table 5).
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L-Fucose dehydrogenase reaction. The first step in the

L-fucose catabolism would require L-fucose dehydro-

genase activity, resulting in the formation of L-

fuconolactone (Fig. 5, reaction 1). Accordingly, extracts

from cells grown on L-fucose showed a 23.3-times

higher activity for the conversion of L-fucose to L-

fuconolactone than extracts from D-glucose grown cells.

Furthermore, an increased conversion of D-arabinose

was observed, with a similar fold-change of 26.2 (Fig.

6A) suggesting that the L-fucose and D-arabinose oxida-

tion is catalysed by the same enzyme. In fact, the sugar

dehydrogenase Sso1300 is strongly expressed in the

presence of L-fucose. The enzyme was recombinantly

produced in E. coli and the purified enzyme was shown

to catalyse the NADP1 dependent oxidation of L-fucose

with higher catalytic efficiency compared with D-

arabinose, confirming the previously reported results

(Table 6; Supporting Information Fig. S2) (Brouns et al.,

2006, 2007).

L-Fuconate dehydratase reaction. In the next step of L-

fucose degradation, L-fuconate is metabolised to 2-keto-

3-deoxy-L-fuconate (KDF), by action of a dehydratase

(Fig. 5, reaction 2). In agreement with this, crude

extracts of L-fucose grown cells of S. solfataricus

showed a 24.5-fold increased dehydratase activity using

L-fuconate as substrate compared with the D-glucose

reference. Additionally, also an increased activity was

observed with D-arabinonate as substrate (fold-change:

33.3; Fig. 6B) again indicating that the same enzyme

might be involved in D-arabinonate and L-fuconate

dehydration. Sso3124 showed significantly increased

expression levels on L-fucose and could be successfully

overexpressed and purified as soluble recombinant his-

tagged protein in S. acidocaldarius MW001. Previously

described as arabinonate dehydratase (Brouns et al.,

2006), Sso3124 showed significant but lower activities

with L-fuconate as substrate compared with D-

arabinonate (Table 6).

Aldolase dependent cleavage of KDF. As described

for D-glucose, D-xylose and L-arabinose, sugar degra-

dation in S. solfataricus proceeds via corresponding

2-keto-3-deoxy sugar acids which are often cleaved in

an aldolase-dependent manner (Ahmed et al., 2005;

Nunn et al., 2010). An aldolase-dependent cleavage of

KDF would result in the formation of L-lactaldehyde and

pyruvate (Fig. 5, reaction 3). As this reaction is generally

reversible, we tested the cell free extracts for the con-

densation of L-lactaldehyde and pyruvate to KDF using

the TBA assay. We found activity in both, cell-free

extracts of L-fucose and D-glucose grown cells, with no

significant differences (fold-change: 0.83; Fig. 6C). This

would be consistent, if the 2-keto-3-deoxy-(6-phospho)-

gluconate (KD(P)G) aldolase (Sso3197), which was

shown to be involved in D-glucose, D-xylose and

L-arabinose degradation (Ahmed et al., 2005; Nunn

et al., 2010), also catalyse the reversible KDF cleavage.

Fig. 5. Aldolase-dependent route predicted for L-fucose degradation
inS. solfataricus P2. Enzymes assayed in this work are shown in bold,
corresponding reactions are numbered. Lactate dehydrogenase activity
could be found in crude extracts although no specific enzyme for this
reaction is identified in S. solfataricus until now.
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In both, the transcriptomics and proteomics data,

Sso3197 was detected and showed no significant differ-

ential regulation with similar fold changes as observed

for cell-free extract measurements. Therefore, Sso3197

was heterologously overexpressed in E. coli and

partially purified via heat precipitation. The recombinant

protein catalysed the condensation reaction of L-

lactaldehyde and pyruvate with a specific activity of 1.9

U mg21 (Table 6; Supporting Information Fig. S3). This

activity is in the same range as previously observed with

Table 6. Kinetic characterization of recombinant L-fucose degrading enzymes of S. solfataricus.

Current annotation Substrate
Vmax

(U/mg)
Km

(mM)
kcat
(s21)

kcat/Km

(m M21 s21)

D-arabinose/L-fucose dehydrogenase (Sso1300) L-Fucose (NADP1) 26.760.89 0.126 0.02 19.4 161.9
D-Arabinose (NADP1) 21.560.81 0.226 0.03 12.8 58.2

D-arabinonate/L-fuconate dehydratase (Sso3124) L-Fuconate 0.01860.002 ND* 0.013 ND
D-Arabinonate 0.0786 0.02 ND 0.055 ND

2-keto-3-deoxy-(6-phospho)-gluconate/fuconate
aldolase (Sso3197)

L-Lactaldehyde (Pyruvate) 1.96 0.13 8.861.15 0.9 0.10
2-Keto-3-deoxy-D-gluconate 33.86 3.6 10.761.8 27.5 2.6

2,5-dioxovalerate/L-lactaldehyde dehydrogenase
(Sso3117)

L-Lactaldehyde (NADP1) 0.176 0.001 ND 0.15 ND

*ND, not determined.

Fig. 6. Specific activities of assayed reactions in cell free extracts of L-fucose and D-glucosegrown cells of S. solfataricus P2. Blue bars: L-
fucose cell free extracts; red bars: D-glucose cell free extracts. All values represent the average of at least three independent measurements.
Error bars represent the standard deviation between the measurements.
A. L-Fucose-dehydrogenase assay, using L-fucose or D-arabinose and NADP1 as substrates and following NADPH formaton by increase in
absorbance at 340 nm.
B. L-fuconate-dehydratase assay, using L-fuconate or D-arabinonate as substrates and following the formation of 2-keto-3-deoxy-fuconate
(KDF) formation by thiobarbituric acid (TBA) assay.
C. KDF aldolase assay. The anabolic direction was analysed by measuring the condensation of pyruvate and L-lactaldehyde to KDF.
D. Lactaldehyde dehydrogenase assay, using different stereoisomers of lactaldehyde (LA) or 2,5-dioxopentanoate (DOP) and NADP1 as
substrates.
E. Lactate dehydrogenase assay, using pyruvate and NADPH as substrates.
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glyceraldehyde and pyruvate as substrates (Ahmed

et al., 2005).

L-Lactaldehyde dehydrogenase reaction. Aerobic degra-

dation of lactaldehyde results in the formation of lactate

and requires dehydrogenase activity (Fig. 5, reaction 4).

Thus, we tested for lactaldehyde dehydrogenase activity

in cell free extracts using either L- or D-lactaldehyde

and found that the activity with L-lactaldehyde (10 mU

mg21) was fivefold increased in L-fucose adapted cells

compared with D-glucose. Only poor conversion of D-

lactaldehyde under both conditions could be observed

(Fig. 6D). The 2,5-dioxopentanoate dehydrogenase

(Sso3117) was not only strongly expressed under L-

fucose conditions (fold-change: 16.4; P-value: 1.1 3

10261; Table 5), but has also been already shown to

possess a broad substrate specificity, converting differ-

ent aldehydes (Brouns et al., 2006). Consistently, the

dehydrogenase activity in cell-free extracts of L-fucose

grown cells towards 2,5-dioxopentanoate (140 mU

mg21) also increased twofold compared with glucose

grown cells. The encoding gene Sso3117 was cloned,

heterologously overexpressed and purified from E. coli

cells. The recombinant protein clearly showed dehydro-

genase activity towards L-lactaldehyde with NADP1 as

preferred co-substrate (Table 6). The activity with L-

lactaldehyde was, however, more than 90% lower com-

pared with 2,5-dioxopentanoate similarly to the activities

observed for both substrates in crude extracts.

In addition to the biochemical characterization of the

Sso3117 we tested the corresponding knock out mutant

for its ability to grow on either L-fucose, D-arabinose or

D-glucose. All growth experiments were done in the

presence of 0.1% tryptone as the S. solfataricus strain

used for mutational analysis required some adaptation

time for growth on sugars as sole carbon sources. The

mutant was still able to grow in the presence of all

tested sugars but compared with the wild type it showed

an approximately 20% and 30% decreased growth rate

on L-fucose and D-arabinose, respectively (Supporting

Information Table S2). The growth inhibition caused by

the mutation of Sso3117 is, therefore, comparable to

those observed for the transporter mutant, indicating

that other aldehyde dehydrogenases of S. solfataricus

are also able to accept lactaldehyde as substrate.

Lactate dehydrogenase reaction. If lactaldehyde is oxi-

dised to lactate during L-fucose degradation, it has to

be converted to pyruvate for further conversion via the

tricarboxylic acid (TCA) cycle (Fig. 5, reaction 5). To

date, there is no experimental evidence for a lactate

dehydrogenase in S. solfataricus. However, we tested if

we could observe this activity in cell-free extracts using

pyruvate and NADPH as substrates, because the

enzyme normally favours the formation of lactate from

pyruvate. We found activity of 4–5 mU mg21 under both

nutrient conditions, but without significant differences

between L-fucose and D-glucose extracts (fold-change:

1.2, Fig. 6E). No lactate oxidizing activity could be

observed neither in the soluble fraction after cell disrup-

tion nor in the membrane fraction under the described

conditions using 2,6-dichloroindophenol (DCPIP) as

electron acceptor neither in the presence nor in the

absence of phenazine methosulfate (PMS) as an inter-

mediate electron carrier. Also no activity could be

observed in the crude extract or membrane fraction

using ferrocenium hexafluorophosphate as electron

acceptor.

Discussion

Sulfolobus solfataricus thrives at high temperatures, low

pH, often in a nutrient-poor environment and has devel-

oped a number of metabolic strategies to adapt best to

this hostile habitat. In the present study, we used a sys-

tems biology approach to investigate the cellular

response to different carbon sources, namely L-fucose

versus D-glucose. Transcriptome and proteome studies

revealed that a small set of proteins is differentially

expressed under L-fucose compared with D-glucose

growth conditions. In combination with metabolic model-

ling, metabolome analysis, activity assays in cell-free

extracts, investigations of the recombinant proteins and

mutational analysis, we were able to tackle cellular

changes in response to both carbon sources and to

identify proteins involved in L-fucose transport and

metabolism. Thus, a new L-fucose degradation pathway

for S. solfataricus P2 was identified (Fig. 1A), which is

to our knowledge the first description of L-fucose metab-

olism in archaea.

To explore different strategies for L-fucose degrada-

tion in the context of the known metabolic network of

S. solfataricus we first used our metabolic model to test

the feasibility of known L-fucose metabolic pathways. To

ensure that our model assumptions resemble conditions

that are as close to the in vivo ones as possible, we first

experimentally determined the major biomass fractions

for growth on D-glucose and L-fucose, respectively. The

RNA content of S. solfataricus was found to be signifi-

cantly decreased compared with those found in metha-

nogenic archaea. However, it should be considered, that

the value primarily adopted from the M. barkeri model

(Feist et al., 2006) was not experimentally determined

but rather calculated based on the RNA content of

E. coli (Neidhardt et al., 1990). It is known, that the

RNA content of microorganisms is strongly dependent

on the growth rate and can decrease to about 10 times
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with decreasing growth rate (Neidhardt et al., 1990).

Dauner and Sauer could show, that the RNA content of

Bacillus subtilis decreases to only 6.5% during slow

growing periods (l � 0.1 h21 [Dauner and Sauer,

2001]). Thus, the determined RNA content for S. solfa-

taricus fits very well with the strongly decreased growth

speed of the organism.

The three investigated catabolic pathway variants for

L-fucose degradation were shown to be energetically

equally efficient, as all routes would lead to formation of

3 NADH. With respect to anabolic reactions the KDF

dependent routes were slightly less efficient than the

E. coli pathway, as additional energy is required for glu-

coneogenesis. However, the overall energetic differen-

ces between the three tested scenarios were found to

be very small, which is reflected by comparable energy

maintenance parameters (Table 2). It could be sug-

gested, that S. solfataricus prefers a KDF dependent

pathway for L-fucose degradation, as this route omits

the formation of heat labile intermediates like dihydrox-

yacetone phosphate and glyceraldehyde-3-phosphate

(Kouril et al., 2013), thus being comparable to the non-

phosphorylative branch of the Entner–Doudoroff

pathway.

Our results suggest the arabinose ABC transporter

(Elferink et al., 2001) to be responsible for L-fucose

uptake. Surprisingly, no catabolite repression at simulta-

neous presence of L-fucose and D-glucose was

observed, although this effect was previously reported

for growth of S. solfataricus on a mixture of arabinose

and glucose (Lubelska et al., 2006). Additionally, a

knock out mutant was still able to utilise both, L-fucose

and also D-arabinose, even though the growth rates

were decreased compared with the wild type. Thus, the

results indicate that at least one other transport system

is able to import L-fucose (and D-arabinose) from the

media. Two additional putative MFS superfamily trans-

porter proteins were found to be strongly induced on the

transcript level (Sso1305 and Sso3120). HHpred

(S€oding et al., 2005) analysis revealed a remote homol-

ogy for both transporters (E-values: 9 3 10227 and 7 3

10229) to the L-fucose MFS proton symporter from

E. coli (Dang et al., 2010), suggesting them to be

involved in L-fucose uptake. Unfortunately the genetic

system in S. solfataricus does not allow for the genera-

tion of multiple knockouts, so that we could not evaluate

the role of these transporters by constructing a corre-

sponding mutant.

The experimental results showed that the initial con-

version of L-fucose proceeds via formation of L-

fuconolactone and L-fuconate catalyzed by enzymes

also involved in D-arabinose degradation in S. solfatari-

cus (Brouns et al., 2006). Therein, lactone formation is

catalyzed via the highly expressed arabinose-1-

dehydrogenase (Sso1300). Compared with D-arabinose

as substrate, with L-fucose we observed higher activities

in cell free extracts as well as with the purified recombi-

nant protein, which is in agreement with previous find-

ings (Brouns et al., 2007).

After spontaneous or enzyme-catalysed hydrolysis of

L-fuconolactone to L-fuconate, the latter is further con-

verted to KDF by a dehydratase. As we observed high

L-fuconate/D-arabinonate dehydratase activity only in

cell extracts from L-fucose grown cells only one of the

differentially expressed dehydratases is supposed to be

responsible for KDF formation. From the four dehydra-

tases which were found to be differentially expressed

under L-fucose growth conditions (Sso3124, Sso3118,

Sso3107 and Sso2998), the arabinonate dehydratase

(Sso3124) showed the highest overall differences in

both transcriptome and proteome analyses. In contrast

the induction level of the other dehydratases in extracts

of L-fucose grown cells is comparatively low, so that we

would expect less significant changes in cell extract

activity if they play a major role in KDF formation.

Accordingly, the recombinant protein Sso3124, heterolo-

gously expressed in S. acidocaldarius, clearly showed

activity with L-fuconate and D-arabinonate as sub-

strates, although the activities observed with the purified

proteins were found to be very low. The purified enzyme

preparation seems to contain a major fraction of inactive

protein, most probably due to incorrect folding. Prepara-

tion of Sso3124 has already been shown to be difficult,

as expression in other host systems like E. coli lead to a

huge amount of protein forming inclusion bodies

(Brouns et al., 2006).

According to the current understanding of sugar deg-

radation in S. solfataricus, the organism often uses

branched pathways including an aldolase dependent

and an aldolase independent route (Nunn et al., 2010;

Br€asen et al., 2014). With this background, we searched

for aldolases that could be involved in the cleavage of

KDF to L-lactaldehyde and pyruvate. The transcriptome

data revealed four expressed genes (Sso0286,

Sso1254, Sso1333 and Sso3197) with predicted or pro-

ven carbon-carbon lyase activity without decarboxylase

activity. However, in particular the involvement of

Sso1333 and Sso1254 in cleavage of KDF seems to be

very unlikely as Sso1333 encodes for the isocitrate

lyase (Nunn et al., 2010), a key enzyme of the glyoxy-

late shunt with a highly different substrate specificity.

Further, Sso1254 shows high structural similarities to

citryl-CoA lyases and would therefore be specific for

CoA-esters as substrates. From the remaining aldo-

lases, Sso0286 encodes for bifunctional fructose-

bisphosphate aldolase/phosphatase catalysing the con-

densation of dihydroxyacetone phosphate and D-

glyceraldehyde-3-phophate as part of the
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gluconeogenesis (Sato et al., 2004; Say and Fuchs,

2010; Kouril et al., 2013). Thus, only the 2-keto-3-

deoxy-(6-phospho)-gluconate aldolase (Sso3197) is

known to accept dehydrated sugar acids as substrates.

Moreover, it is already known for its broad substrate

specificity (Lamble et al., 2003; Ahmed et al., 2005;

Nunn et al., 2010; Br€asen et al., 2014). We could prove

aldolase activity in both, L-fucose and D-glucose cell

extracts, using L-lactaldehyde as substrate. Further,

also for the purified recombinant enzyme, activity with

L-lactaldehyde and pyruvate was demonstrated. With

glucose as carbon source, 2-keto-3-deoxy-(6-phospho)-

gluconate aldolase is part of the degradation of D-

glucose via the Entner–Doudoroff pathway, which

explains the observed expression also in D-glucose

extracts. However, the expression of this protein could

be expected to be decreased under L-fucose conditions,

if not part of L-fucose metabolism (similar to the

glucose-1-dehydrogenase; Table 5, Supporting Informa-

tion Fig. S5). Thus, no differences, neither in expression

level nor in aldolase activity in cell-free extracts, were

observed providing additional evidence for its involve-

ment in L-fucose degradation.

L-Lactaldehyde is further oxidized to lactate by an

aldehyde dehydrogenase which was confirmed by high

lactaldehyde dehydrogenase activities found only in cell

free extracts of L-fucose grown cells. In addition to the

arabinose-1-dehydrogenase, only the 2,5-dioxopenta-

noate dehydrogenase (Sso3117) showed an increased

expression under L-fucose conditions (Table 5). Accord-

ingly, also the activity with 2,5-dioxopentanoate

appeared twofold higher in the cell extracts. Studies with

the recombinantly expressed Sso3117 clearly proved

that the enzyme also accepts L-lactaldehyde as sub-

strate although with more than 90% reduced activity

compared with 2,5-dioxopentanoate. However, satura-

tion kinetics with L-lactaldehyde could not be observed

up to substrate concentrations of 26 mM (Supporting

Information Fig. S4). The activity towards L-lactaldehyde

has not previously been reported, although the enzyme

has been proven to possess activity on various sub-

strates, including the natural substrate 2,5-dioxopenta-

noate as well as glycol- and D/L-glyceraldehyde (Brouns

et al., 2006).

Surprisingly, the knock-out mutant of the aldehyde

dehydrogenase Sso3117 is still capable of growing on

L-fucose and D-arabinose with 20%–30% reduced

growth rates. This indicates the existence of an addi-

tional dehydrogenase capable of conversion of lactalde-

hyde and 2,5-dioxopentanoate. Actually, recent studies

showed, that the two succinic semialdehyde dehydro-

genase isoenzymes (Sso1629 and Sso1842) also

accept 2,5-dioxopentanoate as substrate (Esser et al.,

2013). This also explains the rather high activity

observed with 2,5-dioxopentanoate in the cell extract of

glucose grown cells, as the expression of these two

genes was not affected by the carbon source. However,

lactaldehyde was not tested as substrate for the two

succinic semialdehyde dehydrogenases, but the

observed growth phenotype of the Sso3117 mutant sug-

gests for a certain acceptance of this compound. Addi-

tionally it may also indicate the existence of a branched

pathway for L-fucose degradation, similarly to those

observed for D-arabinose (Brouns et al., 2006; Nunn

et al., 2010).

As we did not detect any lactate in the culture super-

natants under both nutrient conditions this compound

has to be further metabolised to pyruvate, which is then

directed to the TCA cycle. In L-fucose grown cells, pyru-

vate is not only channelled into the TCA cycle but also

serves as precursor in gluconeogenesis (Fig. 7). The

latter is supported by higher expression of the phos-

phoenolpyruvate synthase (Supporting Information Fig.

S5). In contrast, on D-glucose grown cells, the main flux

from pyruvate is primarily directed towards the TCA

cycle. Thus, the need for conversion of lactate into pyru-

vate under L-fucose nutrient conditions becomes

obvious. However, the intracellular lactate levels did not

differ substantially between the two nutrient conditions

(fold change: 1.2). The enzymatic conversion to pyru-

vate would require activity of a lactate dehydrogenase.

To date, there is no experimental evidence for this

enzyme in S. solfataricus. However, HHpred analysis

revealed remote homology of Sso1004, a protein with

so far uncharacterized function, to the D-lactate dehy-

drogenase of E. coli (E-value: 2.5 3 10255; Dym et al.,

2000). The latter was shown to be a peripheral mem-

brane protein, which also accepts L-lactate, although

with lower specificity (Kohn and Kaback, 1973). Further-

more, the operon consisting of Sso3161, Sso3163,

Sso3165 shares similarities (up to 38%) to all three gly-

colate oxidase subunits from E. coli, which was shown

to be active with D- and L-lactate (Lord, 1972). Both

proteins from S. solfataricus (Sso3161, Sso3163,

Sso3165 and Sso1004) are supposed to be FAD

dependent and soluble enzymes as a FAD binding site

and no transmembrane regions are predicted from the

sequence. However, we could not observe significant

FAD-dependent lactate oxidizing activity under the

applied conditions, neither in the soluble nor in the

membrane protein fraction, although FAD-dependent

lactate oxidation has been reported for the closely

related organism S. tokodaii (Satomura et al., 2008).

Nevertheless, with NAD as final electron acceptor we

could observe lactate dehydrogenase activity in the cells

extracts, indicating that S. solfataricus at least pos-

sesses a NAD dependent enzyme.
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The results presented in this work clearly demonstrate

that L-fucose degradation in S. solfataricus occurs via

formation of KDF, followed by aldolase dependent cleav-

age to lactaldehyde (Fig. 1A). However, this pathway

could not explain the strong increase in expression of

the 2-keto-3-deoxy-D-arabinonate dehydratase

(Sso3118) observed under L-fucose conditions. As D-

arabinose degradation in S. solfataricus requires the

activity of Sso3118, its strong expression under L-

fucose growth conditions could be a result of the simul-

taneous expression along with the divergent organized

Sso3117. A detailed analysis of the genome sequence

showed that only 73 base pairs separate these two dif-

ferentially orientated genes. Even though both genes

seem to have their own TATA box located upstream of

the transcription start site, only one so-called ARA box

could be found within the intergenic region between

them. This palindromic motif was found to be present

within the promoter regions of all genes important for

D-arabinose degradation in S. solfataricus and was

therefore suggested to act as recognition element for

coordinated transcription of these genes (Brouns et al.,

2006). Thus, it can be suggested that the induction of

Sso3117 by the presence of L-fucose either causes a

simultaneous induction of Sso3118 or it may give

another hint towards the existence of a branched path-

way for L-fucose degradation. Branched pathways are

often found for sugar degradation in S. solfataricus (e.g.,

L-arabinose, D-xylose (Nunn et al., 2010)), often includ-

ing an aldolase dependent and an aldolase independent

route. Exploring the existence of a potential second

pathway in L-fucose degradation is currently the subject

of further studies.

In addition to the pathway discussed above, our

results also suggest an increased activity of the 3-

hydroxypropionate/4-hydroxybutyrate cycle. This was

quite surprising, as this pathway is supposed to be

active only under autotrophic growth conditions (Berg

et al., 2007). However, our model simulations showed

that an increased flux through parts of the cycle, namely

formation of succinyl-CoA from propanoyl-CoA via fixa-

tion of one molecule of carbon dioxide, is feasible during

growth on L-fucose compared with growth on D-glucose

(Table 2). Furthermore, this part of the pathway

becomes essential in the L-fucose growth scenario if we

forbid the flux trough the glyoxylate bypass in the opti-

mal flux variance analysis (biomass flux: 100%), other-

wise the biomass production would decrease.

Considering that the anaplerotic reaction catalyzed by

the phosphoenolpyruvate carboxylase (EC 4.1.1.31) is

not favourable during growth on L-fucose (as it would

withdraw phosphoenolpyruvate required for gluconeo-

genesis) it could be suggested that the lower part of the

3-hydroxypropionate/4-hydroxybutyrate cycle is used in

S. solfataricus for replenishment of the TCA cycle via

formation of succinyl-CoA. This would be in agreement

with the previous finding, that succinyl-CoA and not

acetyl-CoA is the key precursor for biosynthesis of cen-

tral carbon metabolites during autotrophic growth of

Metallosphaera sedula (Estelmann et al., 2011). How-

ever, in the metabolic network of S. solfataricus the 3-

hydroxypropionate/4-hydroxybutyrate cycle is also the

only known pathway involving the production of malonyl-

CoA. This intermediate of the first carbon fixation reac-

tion, was detected only in cells grown with L-fucose as

carbon source. Moreover, the following enzyme,

Pyruvate kinase
EC 2.7.1.40

KDF aldolase
EC 4.1.2.55

Pyruvate synthase
EC 1.2.7.1

pyruvate
1.7756
2.4350

Acetolactate synthase (C6)
EC 2.2.1.6

PEP synthase
EC 2.7.9.2

KDG aldolase
EC 4.1.2.55

L-Lactate dehydrogenase
EC 1.1.1.27

Acetolactate synthase (C5)
EC 2.2.1.6

42.06%
0.00%

0.00%
49.69%

87.44%
80.15%

5.12%
1.75%

0.00%
11.69%

57.78%
0.52%

0.00%
49.69%

5.42%
4.66%

Fig. 7. Predicted flux distributions at the metabolic branch-point pyruvate for growth of S. solfataricus P2 on D-glucose and L-fucose minimal
media. Metabolites are represented as blue nodes and enzymes catalyzing individual reactions as yellow nodes. Numbers in metabolite nodes are
total fluxes in mmol�g21

CDW�h21. Numbers on the edge labels represent split-ratio (relative producing and consuming) fractions of the flux through the
adjacent metabolite node. (Top: glucose scenario, bottom: L-fucose scenario) (Riemer et al., 2013). Relative fluxes below 5% are not shown.
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malonyl-CoA reductase (Sso2178) showed an increased

expression on the transcript level (RPKM Fuc: 152 vs.

RPKM Glc: 38). Although, further intermediates from the

first part of the 3-hydroxypropionate/4-hydroxybutyrate

cycle (e.g., 3-hydroxypropanyol-CoA, acrolyl-CoA) could

not be detected in the extracts, all enzymes (except the

malonate semialdehyde reductase (Sso0647)) involved

in the reactions to propanoyl-CoA were found to be

expressed at relatively high levels in cells grown on L-

fucose (Supporting Information Dataset S4). Consider-

ing that during growth on L-fucose less carbon is inte-

grated into the biomass (40% vs. 47% on D-glucose)

and no secretion of compounds was observed it could

be suggested that the carbon fixation reactions of the

cycle could be used to restore small amounts of carbon

dioxide. However, the data presented in this work is not

sufficient to unravel the role of the 3-hydroxypropionate/

4-hydroxybutyrate cycle for S. solfataricus in detail.

The systems biology approach applied in this work

revealed only little further changes in the metabolic net-

work of S. solfataricus depending on the nutrient condi-

tions. As expected, the strongest differences were

observed in such metabolic pathways which depend on

the availability of glucose. This is not only reflected by a

strong decrease in intracellular glucose levels in cells

growing on L-fucose, but also in the down regulation of

several sugar converting enzymes, like sugar dehydro-

genases (Sso3008, Sso3011) or the putative glyceralde-

hyde oxidoreductase (Sso3009; large subunit) which is

supposed to be involved in the glycolytic Entner-

Doudoroff pathway in S. tokodaii (Wakagi et al., 2002,

2016). Furthermore, a distinct decrease in the intracellu-

lar trehalose concentration was observed in L-fucose

grown cells (Fig. 3). This sugar serves as main compati-

ble solute in S. solfataricus and can be synthesized

either by cleavage of glycogen via the TreY/TreZ-path-

way (Maruta et al., 1996) or directly from glucose and

NDP-glucose via the trehalose synthase (TreT) (Qu

et al., 2004; Kouril et al., 2008). Under L-fucose condi-

tions trehalose synthesis is much more expensive as

gluconeogenesis is necessary to provide the precursor

molecules. The induction of several gluconeogenetic

enzymes (e.g., PEP synthase, phosphoglycerate kinase)

on the protein level reflects this higher need towards

glucose synthesis (Supporting Information Dataset S4

and S5 and Fig. S5). Additionally the repression of the

sugar-nucleotidyl transferase (Sso1782) may be con-

nected to trehalose synthesis via the TreT pathway as

this protein would provide the precursor NDP-glucose.

The decreased availability of trehalose under L-fucose

growth conditions may be antagonized by increased

putrescine content (Fig. 3), as polyamines are likewise

known to act as stabilizers of macromolecules (Bach-

rach, 2005; Kalisiak et al., 2009).

Finally, we observed an increased expression of the

isocitrate lyase, a key enzyme of the glyoxylate bypass

(Table 5). The second enzyme of this cycle, the malate

synthase (Sso1334) is present under both conditions

with no differences in expression. Similar induction pat-

terns of the glyoxlyate bypass enzymes have been

found in S. solfataricus during growth on D-arabinose

(Brouns et al., 2006). Activity of this pathway is normally

only required if C2-providing compounds serve as the

main carbon source. However, high activities of both

glyoxylate bypass enzymes have been already reported

for S. acidocaldarius grown on glucose as sole carbon

source (Uhrigshardt et al., 2002). Our model simulations

allowed relatively high fluxes through the glyoxylate

bypass in all tested scenarios with the highest flux

allowed in the KDF dependent L-fucose degradation

scenario (Table 2). Activity of the glyoxylate bypass dur-

ing growth on L-fucose provides another possibility for

replenishment of the TCA cycle. Again, this avoids the

anaplerotic reaction catalyzed by phosphoenolpyruvate

carboxylase and would be therefore highly favourable

under L-fucose growth conditions as phosphoenolpyru-

vate is required for gluconeogenesis.

Conclusion

In this work, we describe the response of S. solfataricus

P2 to different carbon sources and present a new path-

way for the uptake and degradation of L-fucose in the

thermoacidophilic archaeon. It is also the first detailed

description of L-fucose metabolism in hyperthermophilic

archaea. Interestingly, L-fucose degradation in S. solfatari-

cus is shown to be achieved by promiscuous enzymes,

which are partially also involved in the catabolism of D-

arabinose, a sugar not commonly found in nature. To our

knowledge, pathway promiscuity for L-fucose and D-

arabinose has not been reported before in any organism.

The results demonstrate that the organism optimized its

metabolism in the course of evolution and is able to use a

small set of proteins for utilisation of different carbon sour-

ces. This represents an effective metabolic strategy, allow-

ing rapid adaptation to changes in nutrient conditions.

Thus, it provides an excellent example of the broad meta-

bolic versatility and the excellent adaptation skills of S.

solfataricus to a hostile environment.

Experimental procedures

Strain and growth conditions

If not indicated otherwise, Sulfolobus solfataricus P2 (Zillig

et al., 1980) was grown in defined minimal medium (Brock

et al., 1972) containing either 4.4 g l21 D-glucose or 2.5 g
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l21 L-fucose as sole carbon source. Pre-heated long neck

flasks (1000 or 500 ml, medium volume 1/5) were inocu-

lated with 200 ml of glycerol stocks (OD600: 10), obtained

from mid-exponential S. solfataricus cultures grown on

either D-glucose or L-fucose and prepared as described by

Zaparty et al. (2010). The cultures (initial OD600: 0.01–0.02)

were incubated at 808C, pH 3.5 and 160 rpm (Thermotron,

Infors AG, Switzerland).
The S. solfataricus arabinose transporter mutant

PBL2025DSSO3069 and the 2,5-dioxopentanoate dehydro-

genase mutant PBL2025DSSO3117 were constructed using

homologous recombination as described by Albers and

Driessen (2008) with the primers listed in the Supporting

Information (Table S5).
The transporter mutant and the corresponding reference

strain PBL2025 (Schelert et al., 2004) were grown in minimal

medium containing carbon equivalent amounts of either, D-

glucose (15 mM), L-fucose (15 mM) or D-arabinose (18 mM).

Glycerol stocks (OD600: 10) obtained frommid-exponential cells

grown on 0.2% tryptone were used for inoculation (initial OD600:

0.01–0.02). A minimum of three independent cultures were car-

ried out for each condition.
For growth analysis of PBL2025DSSO3117 and the wild

type three precultures were used to adapt the cells to the

corresponding growth conditions. First, 0.2% tryptone con-

taining minimal medium were inoculated with tryptone glyc-

erol stocks. This culture was used to inoculate a second

preculture, containing 0.1% tryptone and 15 mM of either D-

glucose, L-fucose or D-arabinose. After adaptation to the

corresponding sugars a third preculture, containing the same

medium were inoculated. The latter was used to inoculate

the main culture (100 ml long-neck flask, 50 ml medium)

also containing 0.1% tryptone and 15 mM of one of the

appropriate sugars as carbon source (initial OD600: 0.01–

0.02). Cultures growing with 0.1% tryptone served as control.

All cultures were grown at 768C and 120 rpm. Three inde-

pendent cultures were carried out for each condition.
For analysis of catabolite repression, 3 g l21 D-glucose

and 2.5 g l21 L-fucose (both 15 mM) were used as carbon

sources and glycerol stocks from tryptone grown cells were

used for inoculation (initial OD600: 0.01–0.02). Three inde-

pendent cultures were carried out for each condition.
To determine the stability of the substrates under cultiva-

tion conditions additional control cultures were made as

described for the catabolite repression experiments but

without addition of microorganisms. For GC-MS analysis,

1 ml of supernatant was taken at regular intervals over a

whole cultivation period of 125 h.

Physiological parameters (biomass, biomass

composition and extracellular substrate concentrations)

Cell growth was monitored following the optical density at

600 nm (OD600). The specific growth rate was determined

by linear regression of time-dependent changes in cell dry

weight from at least six data points during the exponential

growth phase.
To determine external concentrations of D-glucose and L-

fucose, 1 ml samples were taken in regular intervals and centri-

fuged (20,200g, 3 min, RT). The supernatant was analysed for

D-glucose concentrations using a commercially available D-

glucose UV-assay kit (R-Biopharm, Germany). For quantifica-

tion of L-fucose 6 ml of the supernatant were mixed with 20 ml
ribitol (c5 0.2 g l21) as internal standard, dried under vacuum

and derivatised as described by Zaparty et al. (2010). For

absolute quantification, a calibration curve with pure L-fucose

(Roth, Germany) (2, 4, 6, 8, 10 and 15 mM) was used.

For analysis of catabolite repression, 7 ml of culture

supernatant were mixed with 10 ml succinate (c5 1 mM) as

internal standard, dried under vacuum and derivatised as

described above.
Samples were analysed by GC-MS on a Leco Pegasus

4D GCxGC TOF-MS (Leco, Germany). GC-MS analyses

were performed as described below. Chromatograms were

processed using the MetaboliteDetector software for tar-

geted analysis (Hiller et al., 2009).
The substrate uptake rates were calculated using Eq. (1),

where qS represents the specific substrate uptake rate and

Dc and DCDW describe the time-dependent (Dt) changes in

substrate concentration and cell dry weight during the expo-

nential growth phase. All measurements were conducted

from at least three independent cultivations.

qS5
Dc

DCDW
2

� �
Dt

ð1Þ

Quantification of total DNA content was done using the

Genomic DNA from tissue Kit from Macherey&Nagel

(Germany). Cells (1 mg dry weight) were resuspended in

180 ml TE buffer (20 mM Tris-HCl, 2 mM EDTA, 1% Triton

X 100, pH 8) containing 20 mg ml21 lysozyme and incu-

bated in an ultrasonic bath at 378C for 60 minutes. After

lysis 25 ml Proteinase K were added and incubated at 568C

with continuous shaking overnight. For depletion of RNA 20

ml preheated (15 min, 958C) RNase A (1 mg ml21) was

added and incubated for 5 min at room temperature. Further

isolation and purification of DNA was performed according to

the manufacturer’s protocol. Isolated DNA was quantified by

measuring absorbance at 260. Absorbance at 280 nm was

measured to check for purity of the DNA samples.
For total RNA quantification, cells (0.5 mg dry weight)

were resuspended in TE buffer (10 mM Tris-HCl, 1 mM

EDTA, pH 8) containing 2 mg ml21 lysozyme and incubated

in an ultrasonic bath at 378C for 60 min. Isolation and purifi-

cation of total RNA was performed using the RNA isolation

Kit from Macherey&Nagel following the manufacturer’s

instructions. Isolated RNA was quantified by measuring

absorbance at 260 nm. Absorbance at 280 nm was meas-

ured to check for purity of the RNA samples.
For quantification of total protein fractions, cells (0.5 mg

dry weight) were resuspended in lysis puffer (0.5 M NaOH,

2% SDS) and incubated at 808C for 30 min in an ultrasonic

bath. After centrifugation (10,000g, 5 min, 208C) the protein

concentration of the supernatant was determined using the

Bicinchoninic acid Protein Assay Kit (Sigma Aldrich, Ger-

many) following the manufacturer’s instructions.

Cell harvest and sample processing

Samples for transcriptomics (10 ml), proteomics (50 ml),

intracellular metabolome analysis by GC-MS and HPLC-MS
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measurements (15 mg and 10 mg cell dry weight, respec-

tively) and enzyme activity measurements (50 ml) were har-

vested in mid-exponential growth phase at OD6005 0.6–0.8,

which corresponds to approximately 75 h of cultivation. To

gain homogeneity of the samples, cultures of an overall vol-

ume of 2 l were combined prior harvesting. Cell samples

for RNA isolation, protein extraction and activity measure-

ments were immediately cooled down in liquid nitrogen for

90 s and harvested by centrifugation (7 min, 6000g, 48C).

After discarding the supernatant, the cell pellets were

stored at 2808C until further processing (as described

below).
For metabolome analyses the cell samples were cooled

down on ice for 2 min prior centrifugation (7 min, 6000g,

208C). To extract Coenzyme A (CoA) derivatives for HPLC-

MS measurements cells were re-suspended in 1 ml metha-

nol, which contained 0.2 mg l21 biochanin A as internal

standard. The suspensions were transferred into 2 ml Pre-

cellys tubes (Peqlab, Germany) containing 0.6 g6 0.03

glassbeads (70–110 mm diameter; Kuhmichel Abrasiv

GmbH, Germany) and stored at 2808C until further proc-

essing. The extraction of intracellular metabolites was car-

ried out immediately after cell harvest (see below).

Metabolomics

Extraction of intracellular metabolites for GC-MS

analysis

To quench metabolism and extract intracellular metabo-

lites, the following procedure was applied (modified from

Zaparty et al., 2010). After harvesting (see sample proc-

essing), the cells were washed twice with 20 ml 0.9%

NaCl (w/v) at room temperature (centrifugation 5 min at

6000g, 208C). Afterwards cells were quenched in 1.5 ml

methanol containing 30 ml ribitol (c5 0.2 g l21) as an

internal standard and lysed in an ultrasonic bath (708C,

15 min). Samples were cooled on ice (2 min) and 1.5 ml

of deionised water was added and mixed by vortexing

for 2 min. Intracellular metabolites were extracted by

adding 1 ml chloroform to the samples. After vortexing

the samples for 2 min, phase separation was carried out

by centrifugation (18,514g, 5 min, 48C). The upper, polar

phase was dried in a vacuum concentrator (SpeedVac,

Labconco, Houston) with rotation at 158C overnight. The

dried extracts were derivatised following the protocol of

Zaparty et al. (2010) prior to metabolite quantification by

GC-MS.

GC-MS analysis of intra- and extracellular metabolites

Intracellular metabolites, extracellular concentrations of

D-glucose and L-fucose during the catabolite repression

experiment and L-fucose supernatants for the determi-

nation of the L-fucose uptake rate were quantified on a

Leco Pegasus 4D GCxGC TOFMS (Leco, Germany)

using 1D mode as described by Abu Dawud et al.

(2012). Gas chromatography was performed on a 30 m,

0.25 mm Zebron ZB-5ms column (Phenomenex, Ger-

many) using 1.2 ml min21 helium flow. Ionisation of ana-

lytes was done by positive electron ionization (EI 1) at

70 eV. After 0.02 min at 708C the temperature was

increased to 3308C with 128C s21, followed by an addi-

tional constant temperature period at 3308C for 5 min.

Full scan mass spectra were obtained from 45 to

600 m/z with 8 scans s21 and a solvent delay time of

260 s.

GC-MS data processing and identification

GC-MS data were processed using the MetaboliteDetec-

tor software (version 2.2.N-2013-01-15; Hiller et al.,

2009) for automated peak detection and deconvolution

(Zech et al., 2013). Retention indices of compounds

were calculated by comparison to an alkane time stand-

ard (van Den Dool and Dec. Kratz, 1963). Identification

of compounds was carried out in non-targeted mode by

comparison of their specific mass spectra and retention

indices to a compound library. This library was created

by merging our in-house library with the Golm metabo-

lome database (Kopka et al., 2005). Non-biological and

artificial peaks were eliminated by the aid of blanks. All

peak areas were normalised to the internal standard

ribitol and peak areas of derivatives were summarised

to the corresponding metabolites. Finally, the data was

normalised by a central normalisation to the reference

condition (D-glucose). Significant changes in metabolite

levels were calculated by non-parametric Kruskal–Wallis

test (Kruskal and Wallis, 1952; P-value< 0.01) using

Benjamini–Yekutieli correction (Benjamini and Yekutieli,

2001) to control the false discovery rate.

Extraction of intracellular coenzyme a-derivatives

Coenzyme A-esters were isolated from frozen cell pel-

lets (see sample processing). Cells were lysed using a

Precellys 24 homogeniser (Peqlab, Germany) at 2108C.

The procedure included three cycles of homogenisation

(6800 rpm, 30 s with equivalent breaks). The lysate was

transferred to 10 ml of ice cold ammonium acetate

(25 mM, pH 6) and centrifuged (5 min at 10,000g, 48C).

CoA-derivatives were extracted on a Strata XL-AW solid

phase extraction column (Phenomenex, Germany). The

column was equilibrated with 1 ml methanol followed by

1 ml methanol:H2O:formic acid (50:45:5) and 1 ml H2O.

Cell lysate was loaded onto the column (800–900 mbar

vacuum, 5 min), washed with 1 ml ammonium acetate

(25 mM, pH 7.2) and 1 ml methanol, followed by short

drying. CoA-esters were eluted with 1 ml methanol
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containing 5% (v/v) ammonia. The eluate was dried in a

vacuum concentrator (SpeedVac, Labconco, The United

States) with rotation (158C overnight).

HPLC-MS measurement of coenzyme a-derivatives

Buffers, eluents, column, and flow rates for HPLC-MS

analysis of CoA-derivatives were used as described by

Peyraud et al. (2009). Dried extracts were resolved in

200 ml sample buffer (25 mM ammonium acetate pH

3.5, 2% methanol) and 50 ml were injected on a Dionex

ultimate 3000 system (Thermo Scientific Inc., Germany)

coupled to a Bruker MicroTOF QII mass spectrometer

(Bruker Daltonik GmbH, Germany) equipped with an

electrospray ionisation interface. Separation of CoA-

intermediates was carried out on a C18 analytical col-

umn (Gemini 150 3 2.0 mm, particle size 3 mm; Phe-

nomenex, Germany) at a constant temperature of 358C

using the following gradient: 1 min 5% B (methanol):

95% A (50 mM ammonium formiate, pH 8.1), 18 min

gradient to 30% B: 70% A, 7 min gradient to 95% B: 5%

A and a final step at 95% B: 5% A for 4 min. MS analy-

sis was done using positive ESI mode with 3 Hz data

acquisition and automated MS2 acquisition with full scan

mass spectra from 90 to 1178 m/z. A detailed list of

applied MS and MS2 settings can be found in the Sup-

porting Information (Table S3).

HPLC data processing and peak identification

Data export to mzXML format and internal mass calibra-

tion using the sodium formiate cluster was carried out

with DataAnalysis software (version 4.0 SP 5 [Build

283]). Raw data was processed using the XCMS pack-

age (Smith et al., 2006; Tautenhahn et al., 2008; Benton

et al., 2008) for R. After peak detection the XCMS meth-

ods ‘group’ and ‘rector’ in two iterations were used for

peak alignment and retention time correction and miss-

ing values were estimated using the ‘fill peaks’ method.

Detailed parameters of data processing are given in the

Supporting Information (Table S4).

Retention times of available CoA standards and the

accurate masses of M1 2H ions were used for peak

identification. If no synthetic standard was available for

a certain compound, both calculation of molecular mass

from M12H and M1H ions, sum formula prediction

from the accurate mass and isotopic pattern were

applied for identification, using the DataAnalysis soft-

ware. Whenever possible, MS2 fragmentation was used

to confirm the presence of the CoA moiety. Data were

normalised by a central normalisation to the reference

condition (D-glucose) and significant changes in metab-

olite levels were calculated by non-parametric Kruskal–

Wallis test (Kruskal and Wallis, 1952; P-value<0.01)

using Benjamini–Yekutieli correction (Benjamini and

Yekutieli, 2001) to control the false discovery rate.

Transcriptomics

RNA isolation, sequencing and data analysis

RNA was isolated from frozen cell pellets (three biologi-

cal replicates for each condition). Samples were resus-

pended in 800 ml RLT buffer from RNeasy Mini Kit

(Qiagen, Germany). Cells were disrupted by means of a

Ribolyser instrument (Hybaid, Germany) in 30 s at

speed-level 6.5. RNA isolation was performed according

to the manufacturer’s protocol. RNA samples were

treated with RNase-free DNase (Qiagen) once in the

microtube and a second time on the column followed by

purification according to the clean-up protocol.

Ribosomal RNA was depleted using a RiboZero mag-

netic kit for bacteria (Epicentre, USA) with a modified

protocol. Only 90 ml instead of 225 ml magnetic beads

were used and for the rRNA removal reaction only 1 mg
RNA was mixed with 4 ml removal solution in a total vol-

ume of 20 ml. Sequencing libraries for all six samples

were prepared with the TruSeqVR Stranded mRNA LT kit

(Illumina, The United States) starting with the RNA frag-

mentation step after elution of precipitated RNA in 19 ml
of the Fragment-Prime-Mix.

Sequencing libraries were quantified with a High-

Sensitivity Chip on a Bioanalyzer (Agilent, Germany)

and a measurement with a Quant-iTTM PicoGreenV
R

dsDNA Assay Kit (Invitrogen, The United States) on a

Microplate Reader Tecan Infinite 200 (Tecan, Switzer-

land). Sequencing was performed with a MiSeqV
R

Rea-

gent Kit v3 (150 cycle) (Illumina) on a MiSeqV
R

instrument (Illumina).

Sequencing reads were mapped with Bowtie2 (Lang-

mead and Salzberg, 2012) against the reference

genome (Sulfolobus solfataricus P2, genome size:

2,992,245 nt, RefSeq ID: NC_002754.1). Data visualisa-

tion and calculation of mapped reads per gene were

performed using ReadXplorer (Hilker et al., 2014). Sub-

sequently the reads per kilobase of gene per million

reads (RPKM) (Mortazavi et al., 2008) were computed

for each gene. For comparison, the average values of

the RPKMs were calculated for samples grown in

medium with D-glucose and for samples grown in

medium with L-fucose. A mean log intensity (A-value;

Dudoit et al., 2002) cut off of 2.0 was used to distinguish

between background activity and active expression. For

determination of regulated genes statistical analysis was

performed using DeSeq (Anders and Huber, 2010).
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Proteomics

Protein extraction and iTRAQ labelling

Proteins were extracted from frozen cell pellets (see

sample processing). Cells were washed with cold water

before being re-suspended in 1 M tetraethylammonium

bromide (TEAB) pH 8.0 containing 0.05% SDS. Proteins

were extracted using glass beads (size 425-600 lm,

Sigma Aldrich, United Kingdom) in a disruptor (Disruptor

Genie, The United States) for 8 cycles (alternatively

45 s vortexing and 45 s incubation on ice). Samples

were centrifuged at 16,400g for 15 min (48C) and the

supernatants were transferred into new Eppendorf

tubes. Total protein concentrations were quantified using

the Bradford assay (Bradford, 1976).

About 100 mg protein of each sample was reduced,

alkylated, digested and labelled with iTRAQ 8-plex

reagents as described in detail elsewhere (Zaparty

et al., 2010). Biological triplicates of each growth condi-

tion were used and these samples were labelled with

iTRAQ 8-plex reagents as follows (6 reagents used):

113, 114 and 115 were used for cells grown on L-

fucose whilst 116, 117 and 118 were used for cells

grown on D-glucose (and used as control). Samples

were combined before drying in a vacuum concentrator

(Concentrator 5301, Eppendorf, Germany).

Peptides separation, mass spectrometry and data

analysis

Dried labelled iTRAQ peptides were fractionated using a

HILIC technique on an uHPLC 3000 system (Dionex,

United Kingdom) operated at a flow rate of 0.4 ml min21

and a wavelength of 280 nm (Ow et al., 2010). Samples

were re-suspended in buffer A (10 mM ammonium for-

mate in 80% acetonitrile pH 3) before being injected into

a 4.6 3 200 mm Poly HYDROXYETHYL-A column

(Hichrom Limited, United Kingdom). Peptides were sep-

arated using a gradient as follows: 5 min of 3% buffer B

(10 mM ammonium formate in 5% acetonitrile pH 5) fol-

lowed by a ramp to 25% buffer B for 10 min, then up to

95% buffer B for 35 min and finally maintained at 95%

for 10 min before ramping back to 3% buffer B for 10

min. Fractionated peptides were collected every minute

and then dried in a vacuum concentrator (Concentrator

5301, Eppendorf, Germany).

Selected fractions were cleaned using micro spin C18

column (Nest Group, The United States). Samples were

resuspended in buffer A containing 0.1% formic acid

and 3% acetonitrile prior to submission to a QStar XL

Hybrid ESI Quadrupole time-of-flight tandem mass

spectrometer, ESI-qQ-TOF–MS/MS (Applied Biosys-

tems/MDS Sciex [now ABSciex], Canada), coupled with

a nano-LC system (LC Packings Ultimate 3000, Dionex).

Mass spectrometry parameters were applied as

described by Zaparty et al. (2010). Briefly, peptides

were separated on a PepMap C18 revered phase capil-

lary column (LC Packings) at a flow rate of 3 ml min21

with a gradient generated by increment of buffer B con-

taining 0.1% formic acid and 97% acetonitrile. The elec-

trospray ionisation voltage was set at 270 V whilst the

mass detector range was set to 350–1600 m/z and

operated in the positive ion mode. Peptides with 12, 13

and 14 charge states were selected for fragmentation.

Raw mass spectrometry data were directly submitted

to Mascot Daemon V2.2.0 with the iTRAQ 8-plex option.

The search parameters were set up as follows with MS

and MS/MS tolerances: 0.8 and 0.4 Da respectively, ion

charges 12, 13 and 14, trypsin used with up to two

missed cleavages. Variable modification of methionine

and fixed modification of MMTS, iTRAQ 8-plex N-termi-

nal and K were used. Data were searched against the

S. solfataricus P2 database (2972 entries) downloaded

from NCBI (Aug 2014). Furthermore, the false positive

rates were also performed by searching the data with a

reversed database of S. solfataricus P2. Results from

the Mascot Daemon were exported into an excel file

before submission to our in-house proteomic pipeline

(Pham et al., 2010; Bewley et al., 2011) for quantitation

and assessment of regulated proteins. The protein iden-

tification was obtained from Mascot results while peak

areas obtained from Mascot results were used for quan-

titation. Subsequently a rigorous statistical method was

used to determine regulated proteins (Pham et al.,

2010).

Activity measurements in cell free extracts

Preparation of S. solfataricus crude extracts. Cells

(15 mg dry weight; see sample processing) were resus-

pended in 3 ml 0.1 M TRIS/HCl buffer (pH 7, RT, con-

taining 5 mM DTT and 500 ml complete Protease

Inhibitor (73, Roche). and disrupted by sonication (4 3

2 min pulse/1 min cooling). After centrifugation (45 min,

21,114 x g, 48C) the supernatant was dialysed (Spectra/

Por Dialysis Tubing, MWCO 3.500, Spectrum Laborato-

ries, Inc., Netherlands) overnight at 48C against 0.1 M

TRIS/HCl buffer (pH 7, RT) with 5 mM DTT. The protein

concentration was determined using the Bradford assay

(Bradford, 1976).

All enzymatic activity assays were performed with 300

mg protein at 708C in 0.1 M TRIS/HCL buffer (pH 6.5)

containing 5 mM MgCl2 if not stated otherwise. A spe-

cord 210 photometer (Analytik Jena, Germany) was

used for photometric analysis. Three independent meas-

urements were performed for each assay with control
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reactions without substrate or crude extract,

respectively.

Dehydrogenase activity assays. Absorbance measure-

ments were made on Specord 210 (Analytic Jena)

photometers.

Dehydrogenase activity was determined in a total vol-

ume of 0.5 ml. Initial enzymatic activity rates were

obtained by following the formation/depletion of NADH

or NADPH, respectively. Three independent measure-

ments were performed for each assay with control reac-

tions without substrate or crude extract, respectively.

L-fucose dehydrogenase assays were performed in

presence of 2 mM NADP1 and started by the addition

of 5 mM L-fucose or D-arabinose.

The formation of lactate from pyruvate via lactate

dehydrogenase was determined in presence of 0.2 mM

NADPH and 5 mM pyruvate was used to start the

reaction.

Aldehyde dehydrogenase reactions were performed in

50 mM sodium phosphate buffer (pH 6.0 at 708C) con-

taining 5 mM MgCl2 and 2 mM NADP1. Activity was initi-

ated by the addition of 5 mM L-lactaldehyde, D-

lactaldehyde or 2,5-dioxopentanoate, respectively.

NAD-independent lactate dehydrogenase was

assayed at 608C and 600 nm as DCPIP-dependent oxi-

dation of lactate to pyruvate. The assay was performed

in 200 mM Tris-HCl buffer (pH 8.5) containing 10 mM L-

lactate, 0.1 mM DCPIP and 300 mg protein (membrane

fraction or crude extract) according to the protocol

reported by Satomura et al. (2008). For the assays

using PMS (1.5 mM) as intermediate electron carrier,

the membrane fraction or crude extract were pre-

incubated for 5 min at 708C in 100 mM TRIS-HCL buffer

(pH 7.0) in the presence of 1.5 mM PMS and 30 mM L-

lactate and the reaction was started by addition of

0.2 mM DCPIP as described previously (Kolaj-Robin

et al., 2011). Experiments with ferrocenium hexofluor-

ophsophate (Fc 1 PF2
6 ) were conducted at 258C in

100 mM potassium phosphate buffer (pH 7.2) containing

300 mg crude extract or membrane fraction, 0.2 mM Fc
1 PF2

6 (dissolved in 10 mM HCl) and 10 mM L-lactate

according to Lehman et al. (1990). The reaction was

started by addition of the protein extract and the dehy-

drogenase activity was followed by the decrease in

absorbance at 300 nm derived from the reduction of fer-

ricenium ion.

Dehydratase activity assay. Enzyme reactions were per-

formed in presence of either 5 mM L-fuconate or D-

arabinonate in 100 mM MES/KOH buffer (pH 6.5 at

708C). After 0, 5, 10, 15, 20, 25 and 30 min, 100 ml of
the sample were transferred on ice. For the determina-

tion of 2-keto-3-deoxy-L-fuconate the reaction was

stopped by the addition of 10 ml of 12% (w/v) trichloro-

acetic acid. Precipitated protein was removed by centrif-

ugation (16,000g, 15 min, 48C). Enzymatic activity was

determined by using the modified TBA-assay (Buchanan

et al., 1999).

Aldolase activity assay. Aldolase activity was performed

in 50 mM sodium phosphate buffer (pH 6.0) containing

5 mM MgCl2, 5 mM pyruvate and 5 mM L-lactaldehyde

or D-lactaldehyde at a total volume of 1 ml. After 0, 5,

10, 15, 20, 25 and 30 min, 100 ml of the sample were

withdrawn and stored on ice. The reaction was stopped

by the addition of 10 ml of 12% (w/v) trichloroacetic acid.

Precipitated protein was removed by centrifugation

(16,000g, 15 min, 48C) and the amount of formed 2-

keto-3-deoxy-L-fuconate was analysed by using the

modified TBA-assay (Buchanan et al., 1999).

Preparation of recombinant proteins

Construction of expression plasmids. The coding

regions Sso1300, Sso3124 and Sso3117 were amplified

from genomic DNA of S. solfataricus P2 by PCR muta-

genesis using Phusion polymerase (Thermo scientific),

using the primer sets given in the Supporting Informa-

tion (Table S6). The amplified DNA fragments were

cloned into the respective vectors using the restriction

endonucleases also depicted in Supporting Information

Table S4. Successful cloning was confirmed by

sequencing. Cloning of Sso3197 has already been

described in (Ahmed et al., 2005).

Heterologous expression and protein
purification. Expression of Sso1300 was carried out in

E. coli BL21 (DE3) RIL transformed with pET15b:

Sso1300, and of Sso3117 in E. coli Rosetta (DE3)

transformed with pSVA3327. Cells were grown at 378C

and 180 rpm in LB medium (pH 7; LB broth, Sigma-

Aldrich) supplemented with 100 mg/ml ampicillin and 34

mg/ml chloramphenicol. At an optical density of 0.6-0.8

expression was induced by 1 mM isopropyl b-D-1-

thiogalactopyranoside (IPTG). After continued growth

overnight at 228C and 180 rpm cells were harvested by

centrifugation (15 min, 6000g, 48C) and stored at

2808C.

For expression of Sso3124 S. acidocaldarius MW001

was transformed with pSVA1576 as described in Wag-

ner et al. (2012). Cells were grown at 768C and 180 rpm

in Brock minimal medium (pH 3) containing 0.1% NZA

and 0.3% dextrin. At an optical density of 0.8–1.0 cells

were harvested by centrifugation (15 min, 6000g, RT)

and stored at 2808C.

For purification of Sso1300, Sso3124 and Sso3117,

cells were resuspended in buffer A (50 mM NaH2PO4,
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300 mM NaCl, and 7.5 mM DTT, pH 8.0) at a ratio of

3 ml/g cells and disrupted by sonication (33, 10 min

pulse). After centrifugation (45 min, 21,114g, 48C) the

supernatant was applied to immobilized metal ion affinity

chromatography via Ni-TED column (Protino Ni-TED

2000; Macherey-Nagel) pre-equilibrated with the same

buffer; proteins were eluted with buffer A containing

250 mM imidazole. Elution fractions containing the

respective proteins were pooled and used for activity

assays. The protein content was determined using the

Bradford assay using bovine serum albumin as a stand-

ard. The KD(P)G aldolase Sso3197 was expressed as

described previously (Ahmed et al., 2005) and purified

by heat precipitation.

The recombinant proteins were characterized with

respect to their role in L-fucose degradation using the

assay systems described above.

Metabolic modelling of S. solfataricus P2

Curation of the genome scale metabolic model of S.

solfataricus. We used primary literature as well as the

databases BRENDA (Chang et al., 2015), MetaCyc

(Caspi et al., 2014), KEGG (Kanehisa et al., 2014),

BKM-react (Lang et al., 2011) and TransportDB (Ren

et al., 2007) as source of information for the manual

curation of our metabolic model (Ulas et al., 2012).

Semi-automated model curation was carried out using

in-house software making use of the integrated genome

annotation from the EnzymeDetector database (Quester

and Schomburg, 2011). We added new biomass compo-

nents like calditol (Gambacorta et al., 2002; Yamauchi

et al., 2006) and the Sulfolobus-specific caldarchaeol lip-

ids (De Rosa et al., 1980) to the model which will give a

better approximation of the carbon and energy demand

required for the organism’s thermostable cell envelope.

Ultimately, the growth associated maintenance energy

(GAM) for growth on D-glucose had to be recalculated

as previously described (Ulas et al., 2012), resulting in a

10% increase with a value of 27.31 mmol ATP�g21
CDW.

Likewise, the GAM was also calculated for growth on L-

fucose using the L-fucose-specific biomass reaction Bio-

mass-fucose, resulting in a value of 27.87 mmol

ATP�g21
CDW. The non-growth associated maintenance

energy (NGAM) for growth on glucose was refitted as

well, since we were able to calculate the integration of

carbon atoms from the substrate into the biomass using

the experimental growth data and the carbon content of

the new biomass reaction in the metabolic model. The

resulting carbon integration into the biomass of 46.5%

and the new glucose uptake rate of 1.13 mmol�g21�h21

were used to fit the NGAM.

Constraint-based modelling. We used the metano tool-

box (http://metano.tu-bs.de/) (Riemer et al., 2013) for

the curation and computational analysis of the metabolic

model. Flux balance analysis (FBA) (Varma and Pals-

son, 1994; Kauffman et al., 2003; Price et al., 2004)

was used to predict flux distributions. Underlying FBA is

the assumption of both steady-state conditions and the

evolutionary adaptation of the organism or network

towards a biological goal (e.g., growth). The computa-

tionally efficient implementation of FBA in metano also

precludes fluxes in stoichiometrically balanced loops

(fluxes that do not contribute to the objective function).

Flux variability analysis (FVA). Most metabolic models

include more reactions than metabolites, leaving the

model under-determined for optimisation methods such

as FBA. In order to evaluate the presence of alternate

flux distributions, FVA (Mahadevan and Schilling, 2003)

can be applied. This method calculates minimal and

maximum fluxes for each reaction using the given con-

straints under the additional prerequisite of optimal or

suboptimal (Reed, 2004) optimisation of the objective

function.

Split-ratio analysis. Recently a set of methods was pub-

lished that facilitates the interpretation of flux distribu-

tions in stoichiometric metabolic models in order to

identify important metabolic branch points (Riemer

et al., 2013). The split-ratio analysis is implemented in

metano and differentiates between consuming and pro-

ducing fluxes for a designated metabolite. Another tool

called AMEBA (Advanced MEtabolic Branchpoint Analy-

sis; http://metano.tu-bs.de/ameba) can be used for the

visual representation of these results in form of bipartite

graphs.

Simulation parameters. For the simulation of growth on

D-glucose or L-fucose as sole carbon source the uptake

of carbonaceous compounds apart from CO2, D-glucose

or L-fucose was restricted to zero. The uptake rates of

D-glucose and L-fucose were restricted to 1.13

mmol�g21
CDW�h21 and 1.21 mmol�g21

CDW�h21, respectively.

The biomass reaction Biomass or Biomass_fucose was

used as objective function, respectively. For each tested

L-fucose scenario, the NGAM was fitted to a carbon bal-

ance of 39.9%, resulting in different NGAM values but

identical predictions for growth rates.

Data storage and availability. The investigation and the

complete experimental data sets will be available upon

publication on the SEEK homepage at https://seek.

sysmo-db.org.
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Table S1: Specific growth rate μ [h-1] of S. solfataricus PBL2025 and the D-arabinose transporter 

mutant  grown on either D-glucose, L-fucose or D-arabinose. 

strain 
μ [h-1] 

D-glucosea L-fucoseb D-arabinose 

PBL2025 0.072 ± 0.001 0.071 ± 0.003 0.056 ± 0.003b 

 0.074 ± 0.001 0.057 ± 0.001 0.022 ± 0.001a 

avalues represent the average of three independent experiments. Errors represent the standard deviation. 
bvalues represent the average of six independent experiments. Errors represent the standard deviation. 
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Table S2: Specific growth rate μ [h-1] of S. solfataricus PBL2025 and the 2,5-dioxovalerate 

dehydrogenase mutant 3117 grown on either D-glucose, L-fucose and D-arabinose 

supplemented with 0.1 % tryptone. Cultures grown on 0.1 % tryptone were used as control. 

strain 

μ [h-1]a

Tryptone 
D-glucose 

+ tryptone 

L-fucose  

+ tryptone 

D-arabinose  

+ tryptone 

PBL2025 0.071 ± 0.001 0.096 ± 0.002 0.096 ± 0.006 0.107 ± 0.004 

3117 0.074 ± 0.002 0.089 ± 0.003 0.075 ± 0.002 0.071 ± 0.001 

avalues represent the average of three independent experiments. Errors represent the standard deviation. 
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Table S3: Mass spectrometry settings for HPLC analysis of coenzyme A derivatives. 

Abbreviations: Vpp - Volts peak to peak 

MS settings 

Transfer Funnel 1 RF (Vpp) 200  

Transfer Funnel 2 RF (Vpp) 200  

Transfer ISCID Energy (eV) 0  

Transfer Hexapole RF (Vpp) 150  

Quadrupol Ion energy (eV) 5  

Quadrupol Low mass (m/z) 100  

Collision Cell Collision Energy (eV) 7  

Collision Cell Collision RF (Vpp) 150  

Collision Cell Transfer Time (μs) 80 

Collision Cell Pre Pulse Storage (μs) 5  

MS2 settings 

Threshold (cts) 2000 

Smart Exclusion 2 

Active Exclusion on 

Exclude after (spectra) 2 

Release after (min) 0.2 

MS2 fragmentation 

Isolation mass Isolation width Collision energy Charge state 

500 8 

35 1 

25 2 

20 3 

1000 10 

50 1 

40 2 

35 3 

70 1 

2000 15 50 2 

45 3 
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Table S4: Parameters for automated LC-MS data processing, using the XCMS package in R.  

Parameter Value 

ppm 8 

peakwidth c(5,24) 

snthresh 1 

prefilter c(1,200) 

mzCenterFun  

integrate 1 

mzdiff 0.4 

fitgauss TRUE 

scanrange c(700, 5000) 

noise 0 

Peak alignment and retention time correction were performed with XCMS methods group and retcor 
in two iterations with the following parameters: 

method  

mzVsRTbalance 15 

mzCheck 0.2 

rtCheck 20 

kNN 
15 (for the first iteration); 
10 (for the second grouping) 

missing 3 

extra 2 

smooth  

span 0.2 

family  

plottype  

extra 1 (for the second iteration of retcor) 

A final grouping step was conducted with the same group parameters as the second iteration. Missing 
values were calculated by the fillPeaks methods. Peak data were exported as csv-table. 
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Extremophilic organisms represent a potentially valuable resource for the development

of novel bioprocesses. They can act as a source for stable enzymes and unique

biomaterials. Extremophiles are capable of carrying out microbial processes and

biotransformations under extremely hostile conditions. Extreme thermoacidophilic

members of the well-characterized genus Sulfolobus are outstanding in their ability

to thrive at both high temperatures and low pH. This review gives an overview of

the biological system Sulfolobus including its central carbon metabolism and the

development of tools for its genetic manipulation. We highlight findings of commercial

relevance and focus on potential industrial applications. Finally, the current state of

bioreactor cultivations is summarized and we discuss the use of Sulfolobus species

in biorefinery applications.

Keywords: Sulfolobus, biotechnology, thermophile, acidophile, bioprocessing, biorefinery

INTRODUCTION

Thermophiles gain increasing attention in biotechnological applications due to their potential
to expand the thermal range of industrial biotechnology and their unique metabolic capabilities
(Littlechild, 2015; Zeldes et al., 2015; Beeler and Singh, 2016; Donati et al., 2016; Basen and
Müller, 2017; Straub et al., 2017). In this review, we focus on the well-characterized members
of the phylum Crenarchaeota, the extreme thermoacidophilic Archaea belonging to the genus
Sulfolobus. Natural habitats of these organisms are solfataric fields all around the world, including
the United States, Costa Rica, Mexico, Russia, Japan, China, New Zealand, Germany, Italy, and
Iceland. The outstanding characteristic of these organisms, which have been investigated since
the 1970s (Supplementary Table S1), is their ability to thrive at extremely low pH and high
temperature, unprecedented in Eukaryotes and Bacteria.

Since Sulfolobus spp. can be grown and manipulated under laboratory conditions, they are
popular model organisms to study Archaea. Research has been focused on their biology and
physiology. Currently, genomics (Bell et al., 2002; Dai et al., 2016), proteomics (Chong andWright,
2005; Ellen et al., 2010; Pham et al., 2010; Kort et al., 2013), metabolomics (Ulas et al., 2012; Bräsen
et al., 2014), composition and function of the archaeal membrane (Albers and Meyer, 2011) and
the archaellum (Albers and Jarrell, 2015), as well as interaction with archaeal viruses (Prangishvili
et al., 2006) are important fields of research. Nevertheless, there is also growing interest in the
utilization of this genus in biotechnological applications and the development of engineered strains
to exploit the organisms’ unique characteristics. Sulfolobus spp. are a source of unique enzymes
(Littlechild, 2015), biomaterials (Benvegnu et al., 2009; Besse et al., 2015), and metabolic pathways
(Bräsen et al., 2014). As most prominent examples, the branched Entner–Doudoroff (ED) pathway
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(Kouril et al., 2013b) as well as Weimberg and Dahms pathways
for the degradation of hexoses and pentoses (Nunn et al., 2010)
should be named. These diverse catabolic pathways present a
promising field for the exploitation of novel products (Ahmed
et al., 2005; Siebers and Schönheit, 2005).

Among the eight Sulfolobus species established in the
literature, S. islandicus, S. solfataricus, and S. acidocaldarius are by
far the best described members of the genus. While S. islandicus
is used as a model organism for comparative genomics and
genetics (Reno et al., 2009) and for host–virus interactions
(Held and Whitaker, 2009), no type strain has been designated
and strains are not commercially available yet. S. solfataricus
is the metabolically most diverse species and many catabolic
enzymes have been investigated in detail (Bräsen et al., 2014).
Unfortunately, this diversity comes along with a significant
genetic instability caused by the presence of several hundred
mobile elements identified in its genome (Brügger et al., 2002).
By contrast, the genome of S. acidocaldarius is much more stable
(Chen et al., 2005). This makes S. acidocaldarius interesting
for industrial applications, where strain stability is of utmost
importance. A phylogenetic tree of the genus Sulfolobus is shown
in Figure 1.

In this review, we give an overview of the current state
of knowledge on carbon metabolism, genetic tools, and
fermentation techniques of Sulfolobus spp., describe relevant
products, and discuss potential future applications of this genus.

CENTRAL CARBON METABOLISM

Sulfolobus spp. thrive at pH 2–3 and temperatures around
75–80◦C. They are characterized by a chemoorganoheterotrophic
lifestyle; however, chemolithoautotrophic growth using sulfur
oxidation has been reported for some species (Huber et al.,
1992; Schönheit and Schäfer, 1995). All Sulfolobus species
exhibit an aerobic lifestyle and for S. solfataricus P2, a preferred
growth at lower oxygen concentrations was reported (Grogan,
1989; Simon et al., 2009). The different Sulfolobus strains
differ significantly in their metabolic potential. S. solfataricus
possesses a broad substrate specificity and uses various sugars
such as polysaccharides (e.g., cellulose, starch, dextrin),
disaccharides (e.g., maltose and sucrose), hexoses (e.g., D-glucose,
D-galactose, D-mannose, and L-fucose), pentoses (e.g.,
D-arabinose, L-arabinose, D-xylose), aldehydes, alcohols
(e.g., ethanol, phenol), sugar acids as well as tryptone, peptides,
and amino acids as carbon source (Grogan, 1989; Izzo et al., 2005;
Brouns et al., 2006; Joshua et al., 2011; Comte et al., 2013; Wolf
et al., 2016; Stark et al., 2017). For S. solfataricus, a genome scale
model comprising 718 metabolic and 58 transport/exchange
reactions and 705 metabolites was used to simulate growth on
35 different carbon sources (Ulas et al., 2012). While no such
modeled data are published for S. acidocaldarius, traditional
growth experiments suggest that this species is well adapted to
proteolytic growth and can utilize only few other carbon sources
such as dextrin, sucrose, D-glucose, D-xylose, and L-arabinose
(Grogan, 1989; Joshua et al., 2011). The differences in the
metabolic potential are also reflected by the respective genome

size of 2.99 Mbp including 200 IS elements for S. solfataricus (She
et al., 2001) and of 2.23 Mbp for S. acidocaldarius (Chen et al.,
2005). In the following paragraphs, we sum up the knowledge on
the central carbohydrate metabolism and give an illustration of
these pathways in Figure 2 (hexose and pentose degradation as
well as glycogen, trehalose, and pentose formation).

Like most aerobic bacteria Sulfolobus spp. rely on the
ED pathway for carbon degradation; however, in contrast to
the classical pathway found, for example, in Pseudomonas
species (Entner and Doudoroff, 1952), the archaeal pathway
is branched and omits the initial phosphorylation of D-
glucose. Instead, the sugar is directly oxidized to D-gluconate
and dehydrated to 2-keto-3-deoxygluconate (KDG) as the
characteristic intermediate of the pathway. In S. solfataricus
KDG is either directly cleaved by the bifunctional aldolase
to pyruvate and glyceraldehyde in the non-phosphorylative
(np) branch of the ED pathway or first phosphorylated to
2-keto-3-deoxy-6-phosphogluconate (KDPG) and cleaved to
pyruvate and glyceraldehyde 3-phosphate (GAP) in the semi-
phosphorylated (sp) branch of the ED pathway. In the npED
branch, glyceraldehyde is further oxidized and phosphorylated
by glyceraldehyde:ferredoxin oxidoreductase and glycerate
kinase to 2-phophoglycerate, which enters the lower shunt of
the Embden–Meyerhof–Parnas (EMP) pathway (Ahmed et al.,
2005). In the spED, GAP is oxidized to 3-phosphoglycerate
by a non-phosphorylating GAP dehydrogenase (GAPN),
activated by glucose 1-phophate, replacing the classical GAP
dehydrogenase (GAPDH) and phosphoglycerate kinase (PGK)
couple (GAPDH/PGK). The pathway in S. solfataricus is
promiscuous for D-glucose and D-galactose (Lamble et al., 2005).
Metabolome analysis of the KDG kinase deletion strain revealed
a major function of the spED pathway in providing GAP for
gluconeogenesis (Kouril et al., 2013b).

Pyruvate is further oxidatively decarboxylated to acetyl-CoA
via the pyruvate:ferredoxin oxidoreductase; the classical pyruvate
dehydrogenase complex is absent in Archaea. Acetyl CoA enters
the oxidative citric acid cycle and is finally completely oxidized to
two molecules of CO2. The substitution of the catabolic GAPDH
and PGK couple by GAPN results in no net gain of ATP in the
branched ED pathway. Only in the citric acid cycle, the succinyl-
CoA synthetase is supposed to provide nucleoside triphosphate
(NTP) by substrate level phosphorylation. Therefore, the major
energy gain comes from aerobic respiration. The respiratory
chain in several members of the Sulfolobales has been studied,
and in S. solfataricus as well as in S. acidocaldarius, a branched
electron transport chain with three terminal oxidases was
reported (Schafer et al., 1999; Auernik and Kelly, 2008). For
S. solfataricus the regulation at transcriptome level in response to
different oxygen concentrations was demonstrated (Simon et al.,
2009).

In Sulfolobus spp., the EMP pathway is only used for
gluconeogenesis, although for glycolysis only a functional
phosphofructokinase is missing (Kouril et al., 2013a). As key
enzymes, especially the classical GAPDH and PGK are only
active in the gluconeogenic direction. Further on, a bifunctional,
gluconeogenic fructose bisphosphate aldolase/phosphatase
(FBPA/ase) catalyzes the one-step formation of fructose
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FIGURE 1 | Phylogenetic tree of the genus Sulfolobus based on all publicly available 16S rDNA sequences of acknowledged species. The tree was constructed with

MEGA 7.0 using the maximum-likelihood method after automated alignment with clustalX2 and manual correction with GeneDoc. The percentages of replicate trees

in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to scale, with branch

lengths measured in the number of substitutions per site. Metallosphaera hakonensis H01-1 was used as out-group.

6-phosphate from GAP and dihydroxyacetone phosphate (Say
and Fuchs, 2010; Kouril et al., 2013a; Bräsen et al., 2014).
Glycogen is formed as carbon storage compound (König
et al., 1982) and as source for trehalose formation via the
TreY/TreZ pathway [i.e., maltooligosyltrehalose synthase and
maltooligosyltrehalose trehalohydrolase (Maruta et al., 1996)].
Trehalose is the only compatible solute reported so far in
Sulfolobus spp.

Thus, like in all Archaea, the central carbohydrate metabolism
in Sulfolobus spp. is characterized by unusual pathways and
enzymes that – moreover – also confer unique regulatory
properties. In contrast to the classical bacterial and eukaryotic
EMP pathway, the regulation is established at the level of
triose phosphates, which seems to be a general feature in
(hyper)thermophilic Archaea with optimal growth close to
80◦C. Triose phosphates are labile at high temperatures and
it was shown that the thermal degradation of these pathway
intermediates is a crucial bottleneck for efficient substrate
conversion (Kouril et al., 2013a).

In addition, the upper part of the EMP pathway seems to
play an important function for pentose generation. In Sulfolobus
species, as in most Archaea, the classical pentose phosphate
pathway is absent and pentoses are formed from fructose
6-phosphate via the reversed ribulose monophosphate pathway
(RuMP) (Soderberg, 2005). The RuMP pathway was previously
reported as formaldehyde fixation pathway in methylotrophic
bacteria.

Pentose degradation has been studied in S. solfataricus and
S. acidocaldarius. For S. solfataricus the D-arabinose degradation
was resolved and an oxidative pathway with formation of
α-ketoglutarate, which directly enters the citric acid cycle, was
demonstrated (Brouns et al., 2006). Later studies revealed that
the transporter and degradation pathway is partially promiscuous
for L-fucose utilization (Wolf et al., 2016). The D-arabinose and
D-xylose pathway merge at the identical intermediates 2-keto-3-
deoxy-D-arabionoate (D-KDA) and 2-keto-3-deoxy-D-xylonate
(D-KDX). For D-xylose degradation, a branched pathway with
an aldolase-dependent branch forming pyruvate and finally
glyoxylate (Dahms pathway), which enters the glyoxylate bypass,
and an aldolase-independent branch forming the citric acid
cycle intermediate α-ketoglutarate (Weimberg pathway) were
proposed for S. solfataricus (Nunn et al., 2010). Important for
cellulosic biomass conversion the absence of diauxic growth
on D-glucose and D-xylose was reported for S. acidocaldarius
(Joshua et al., 2011).

In general, the availability of genome scale models, functional
genomics, and systems biology approaches for Sulfolobales under
different stress and growth conditions in combination with
biochemical and genetic studies enabled an in depth insight into
metabolism and cellular processes [e.g., growth on L-fucose and
casamino acids compared to D-glucose in S. solfataricus (Wolf
et al., 2016; Stark et al., 2017)]. The established knowledge forms
an important prerequisite for the establishment of Sulfolobus
spp. as thermoacidophilic, archaeal platform organisms using
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FIGURE 2 | Central carbohydrate metabolism in Sulfolobus spp. The pathways for hexose and pentose degradation as well as glycogen, trehalose, and pentose

formation are shown. D-arabinose (dashed lines) can only be utilized as carbon source by S. solfataricus and not by S. acidocaldarius. The current understanding of

regulation by effectors is indicated by green stars and red boxes for activator and inhibitors, respectively. Enzymes catalyzing different reactions are depicted as

numbers: (1) glucose dehydrogenase (broad substrate specificity); (2) gluconate dehydratase; (3) 2-keto-3-deoxygluconate kinase; (4) 2-keto-3-deoxy-(6-phospho)

gluconate aldolase (broad substrate specificity); (5) non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase; (6) glyceraldehyde-3-phosphate

dehydrogenase; (7) phosphoglycerate kinase; (8) phosphoglycerate mutase; (9) glyceraldehyde:ferredoxin oxidoreductase; (10) glycerate kinase; (11) enolase; (12)

pyruvate kinase; (13) phosphoenolpyruvate synthetase; (14) pyruvate:ferredoxin oxidoreductase; (15) triosephosphate isomerase; (16) fructose-1,-6-bisphosphate

aldolase/phosphatase; (17) phosphoglucose/phosphomannose isomerase; (18) phosphoglucomutase/phosphomannomutase; (19) NTP-glucose-1-phosphate

uridylyltransferase; (20) glycogen synthase; (21) glycogen phosphorylase; (22) glucan-1,4-α-glucosidase; (23) hexokinase; (24) maltooligosyltrehalose

synthase/maltooligosyltrehalose trehalohydrolase; (25) D-arabinose dehydrogenase; (26) D-arabinoate dehydratase; (27) L-arabinoate/D-xylonate dehydratase; (28)

glycolaldehyde dehydrogenase/glycolaldehyde:ferredoxin oxidoreductase; (29) glycolate dehydrogenase; (30) 2-keto-3-deoxy-arabinoate/xylonate dehydratase; (31)

α-ketoglutarate semi-aldehyde dehydrogenase; (32) citrate synthase; (33) aconitase; (34) isocitrate dehydrogenase; (35) α-ketoglutarate:ferredoxin oxidoreductase;

(36) succinyl-CoA synthetase; (37) succinate dehydrogenase; (38) fumarase; (39) malate dehydrogenase; (40) isocitrate lyase; (41) malate synthetase. EMP,

Embden–Meyerhof–Parnas; ED, Entner–Doudoroff; spED, semi-phosphorylative ED; npED, non-phosphorylative ED; RuMP, reversed ribulose monophosphate; TCA,

tricarboxylic acid; G1P, glucose 1-phosphate; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde

3-phosphate; BPG, 1,3-bisphosphoglycerate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; D-KDG,

2-keto-3-deoxy-D-gluconate; D-KDGal, 2-keto-3-deoxy-D-galactonate; D-KDPG, 2-keto-3-deoxy-6-phosphate-D-gluconate; D-KDPGal,

2-keto-3-deoxy-6-phosphate-D-galactonate; L-KDA, 2-keto-3-deoxy-L-arabinoate; D-KDA, 2-keto-3-deoxy-D-arabinoate; D-KDX, 2-keto-3-deoxy-D-xylonate;

α-KGSA, α-ketoglutarate semi-aldehyde.

metabolic engineering, and synthetic biology approaches for
future biotechnological applications.

GENETIC TOOLS

The lack of genetic tools has been a major drawback for
the establishment of archaeal model organisms for basic
research and biotech industries. The major problem was
that most of the traditionally used antibiotics and resistance
cassette genes cannot be used in archaeal phyla and therefore

auxotrophies have to be used as selectable markers. However,
nowadays very well-developed genetic toolboxes exist for the
euryarchaea Thermococcus kodakarensis, Pyrococcus furiosus,
Haloferax volcanii, and a number of methanogenic Archaea
(Leigh et al., 2011). For Pyrococcus, it has been demonstrated
that large gene clusters can be introduced for the production of
several compounds (Lipscomb et al., 2014). Also for the genus
Sulfolobus, a number of genetic systems have been established
(Leigh et al., 2011). Early in the 1990s, the first transformation
protocols by electroporation were established for S. solfataricus
strains and self-transmissible vectors based on a conjugative
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plasmid, pNOB8, and the virus SSV1 were developed (Schleper
et al., 1992; Elferink et al., 1996). The virus vector-based pMJ0503
was successfully used for the overexpression of tagged proteins in
S. solfataricus (Albers et al., 2006). For the expression of proteins
in S. islandicus, the plasmid pSeSD1 proved to be very useful
(Peng et al., 2012). The first targeted deletion mutants were
obtained in a S. solfataricus 98/2 PBL2025, which had a large
deletion of 50 kB in the genome including many genes coding for
proteins involved in sugar metabolism. As this strain was unable
to grow on lactose as single carbon source, the β-galactosidase
LacS could be used as marker cassette (Worthington et al.,
2003). However, in this case no counterselection could be used
to remove the marker cassette and therefore double deletion
mutants could not be obtained. In the meantime, three model
systems have developed, namely two in S. islandicus strains and
one in S. acidocaldarius, which use mainly uracil auxotrophy for
the selection and counterselection of mutants (She et al., 2009;
Wagner et al., 2012; Zhang and Whitaker, 2012). Whereas the
two S. islandicus strains contain a large number of transposable
elements, which can lead to large genome rearrangements, the
S. acidocaldarius genome is remarkably stable (Chen et al., 2005),
which was shown by sequencing several strains isolated from
North America, Russia, and Japan (Mao and Grogan, 2012). For
S. acidocaldarius currently two uracil auxotrophic mutants are
being used, MW001 (Wagner et al., 2012) and MR31 (Reilly
and Grogan, 2001). For MW001 a whole set of genetic tools
has been established. This includes several plasmids for the
construction of markerless deletion mutants or for the insertion
of tags into the genome (Wagner et al., 2012). Using these,
the glucose ABC transporter of S. solfataricus was ectopically
integrated into the MW001 genome and successfully expressed
(Wagner et al., 2012). Based on the cryptic plasmid pRN1 from
S. islandicus (Zillig et al., 1993), Escherichia coli–Sulfolobus shuttle
vectors and expression vectors were established, which enabled
the homologous or heterologous expression of tagged proteins
of interest (Berkner et al., 2007, 2010). The S. acidocaldarius

MW001 genetic system has been successfully used in a number of
laboratories and helped to establish S. acidocaldarius as a model
crenarchaeon. In a recent achievement, it was possible to harness
the endogenous CRISPR/Cas system of S. islandicus for targeted
genome editing (Li et al., 2016). This is a great next step in the
direction of facilitated and accelerated manipulation of the genus
Sulfolobus. Table 1 gives an overview of robust and highly cited
expression systems and tools for gene disruption/deletion and
genomic integration for the genus Sulfolobus.

The availability of potent genetic tools (Wagner et al.,
2012; Peng et al., 2017) makes the transfer of heterologous
genes to Sulfolobus species possible, allowing to benefit from
both the metabolic diversity of S. solfataricus and the stability
of S. acidocaldarius. In fact, the simpler, less promiscuous
catabolism of S. acidocaldarius is an advantage over S. solfataricus
in biotechnological applications, making it much easier to partly
knockout metabolic pathways with the aim to redirect substrate
fluxes toward a desired product.

UNTAPPING THE RESOURCE

Sulfolobus

To date, extremophiles are exploited as source of thermostable
enzymes, so-called extremozymes, for food and feed industry,
textile and cleaning industry, pulp and paper industry, but
also in scientific research and diagnostics. Starch-hydrolyzing
(Elleuche and Antranikian, 2013), (hemi)cellulolytic (Beg et al.,
2001; Kuhad et al., 2011), pectinolytic (Sharma et al., 2013),
chitinolytic (Chavan and Deshpande, 2013), proteolytic (Li et al.,
2013), and lipolytic (Hasan et al., 2006) enzymes are in high
demand in industry (Elleuche et al., 2015). Enzymes of Sulfolobus
spp. are especially interesting for such applications not only
because of their great catalytic diversity, but also mainly due to
their superior pH and temperature stability, which comes hand-
in-hand with increased resilience toward organic solvents and

TABLE 1 | A selection of expression systems and tools for gene disruption/deletion and genomic integration for the genus Sulfolobus.

Organism Expression vectors Gene disruption/deletion and genomic integration

Sulfolobus acidocaldarius Expression plasmid pCmalLacS with a maltose inducible

promoter, lacS marker gene, pyrEF selection, and ampr

cassette (Berkner et al., 2010)

Construction of markerless insertion and deletion mutants

via double crossover based on pyrEF/5-FOA

counterselection (Wagner et al., 2012)

Sulfolobus solfataricus pSVA expression plasmid series with an arabinose inducible

araS promoter, pyrEF selection, and ampr cassette (Albers

et al., 2006)

Gene disruption by homologous recombination via

permanent insertion of the lacS marker gene (Albers and

Driessen, 2007)

Sulfolobus islandicus Expression plasmid pSeSD with a modified arabinose

inducible araS promoter, two 6xHis tags and two protease

sites for tag removal, pyrEF selection and an ampr cassette

(Peng et al., 2012)

Improved method for markerless gene deletion by

combining the established pyrEF/5-FOA and lacS markers

with the stringent argD selection (Zhang et al., 2013)

Markerless gene deletion using apt/6-MP counterselection

(Zhang et al., 2016) CRISPR-based gene knockout and

integration via homologous recombination (Li et al., 2016)

These examples represent only a fraction of the developed genetic tools, but based on their frequent usage can be considered highly reliable and successful systems.

A more detailed insight into the development of genetic tools for the genus is given, for example, in a very recent review by Peng et al. (2017). lacS, gene coding

for a β-galactosidase from S. solfataricus for lactose selection and blue/white screening; pyrEF, genes for the complementation of uracil auxotrophy; pyrEF/5-FOA

counterselection, based on the resistance to pyrimidine analog 5-fluoroorotic acid (5-FOA) due to inactivation of the orotate phosphoribosyltransferase (pyrE) and orotidine

5′-phosphate decarboxylase (pyrF); argD, gene for the complementation of agmatine auxotrophy; apt/6-MP counterselection, based on the resistance to purine analog

6-methylpurine (6-MP) due to inactivation of a putative adenine phosphoribosyltransferase (apt); ampr, ampicillin resistance cassette for selection in Escherichia coli.
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resistance toward proteolysis (Daniel et al., 1982; Unsworth et al.,
2007; Stepankova et al., 2013). However, also tetraether lipids,
membrane vesicles with antimicrobial properties, the storage
component trehalose, and novel β-galactooligosaccharides are
gaining importance nowadays. The most important products are
shortly described below and summarized in Table 2.

Proteases
Stable proteases are of great interest for the industry and a vast
number of different proteases from both S. solfataricus (Hanner
et al., 1990; Burlini et al., 1992; Colombo et al., 1995; Guagliardi
et al., 2002; Gogliettino et al., 2014) and S. acidocaldarius
(Fusek et al., 1990; Lin and Tang, 1990) has been described
in detail. Condò et al. (1998) described an active, chaperonin-
associated aminopeptidase from S. solfataricusMT4. Sommaruga
et al. (2014) were able to significantly improve stability and
reaction yield of a well-characterized carboxypeptidase also from
S. solfataricus MT4 by immobilizing the enzyme on magnetic
nanoparticles.

Esterases/Lipases
A serine arylesterase from S. solfataricus P1 was expressed.
Besides its broad arylesterase activity, it was found to exhibit
paraoxonase activity toward organophosphates (Park et al.,
2008). With a temperature optimum of 94◦C, a half-life of
approximately 50 h at 90◦C and high stability against detergents,
urea and organic solvents, the enzyme has a high potential for
industrial applications. An esterase from S. tokodaii strain 7 was
expressed in E. coli and in addition to its optimal activity at 70◦C
remained active in a mixture of water and organic solvents such
as acetonitrile and dimethyl sulfoxide (Suzuki et al., 2004).

Chaperonins
A small heat shock protein (S.so-HSP20) from S. solfataricus
P2 was successfully used to increase the tolerance in response
to temperature shocks (50, 4◦C) of E. coli cells (Li et al.,
2012). The chaperonin Ssocpn, which requires ATP, K+, and
Mg2+ but no additional proteins for its function, produced in

S. solfataricus G� has been shown to yield folded and active
protein from denatured materials. For this application, the
chaperonin (920 kDa) was retained on an ultrafiltration cell, while
the renatured substrates passed through the membrane (Cerchia
et al., 2000).

Liposomes/Membrane
The membrane of extreme thermophilic Archaea is unique in
its composition due to its tetraether lipid content. Archaeal
lipids are a promising source for liposomes with outstanding
temperature and pH stability and tightness against solute
leakage. These so-called archaeosomes are potential vehicles
for drug, vaccine, and gene delivery (Patel and Sprott, 1999;
Krishnan et al., 2000; Benvegnu et al., 2009; Mahmoud et al.,
2015). Also the use as components for bioelectronics has been
proposed (De Rosa et al., 1994; Hanford and Peeples, 2002).
Unfortunately, no such applications using archaeal lipids have
been published yet.

Sulfolobicins
Sulfolobus spp. produce an interesting class of antibiotic proteins
and peptides which are known under the term archaeocins,
or more specifically sulfolobicins (Prangishvili et al., 2000;
O’Connor and Shand, 2002; Besse et al., 2015). Sulfolobicins are
potent and highly specific growth inhibitors targeting species
closely related to the producing organism. Sulfolobicins have
been identified as proteins of a size of 20 kDa in S. islandicus
(Prangishvili et al., 2000) or heterodimers of 22 kDa per subunit
in S. acidocaldarius (Ellen et al., 2011). They are associated
with the cell membrane as well as with membrane vesicles
of 50–200 nm in diameter. Known producers of sulfolobicins
are S. islandicus strain HEN2/2 (Prangishvili et al., 2000),
S. acidocaldarius DSM639, S. tokodaii strain 7, and S. solfataricus
P2 and P1 (all strains: Ellen et al., 2011). Sulfolobicins are among
the most resilient antimicrobial biomolecules withstanding
temperatures of 78◦C, SDS treatment, a broad pH range from
3 to 10.7, trypsin treatment, and longtime storage (Besse et al.,
2015).

TABLE 2 | Products and applications of Sulfolobus spp. reported in the literature.

Enzymes or products Application Citations

Extremozymes

Proteases Food, textile, and cleaning industry Fusek et al., 1990; Hanner et al., 1990; Burlini et al., 1992; Colombo

et al., 1995; Condò et al., 1998; Guagliardi et al., 2002; Gogliettino

et al., 2014

Esterases/lipases Textile and cleaning industry; synthesis of chiral

fine chemicals

Suzuki et al., 2004; Park et al., 2008

Chaperonins Biopharmaceutical protein production Cerchia et al., 2000; Li et al., 2012

Polysaccharide degrading enzymes Biorefinery applications for the conversion of

lignocellulose into value-added products

Grogan, 1989; Moracci et al., 1995, 2000; Haseltine et al., 1996;

Cannio et al., 2004; Kim et al., 2004; Kufner, 2011

Novel biomolecules and interesting metabolites

Archaeal membrane components Liposomes for drug delivery De Rosa et al., 1994; Patel and Sprott, 1999; Krishnan et al., 2000;

Benvegnu et al., 2009; Mahmoud et al., 2015

Sulfolobicins Antibiotic agents Prangishvili et al., 2000; O’Connor and Shand, 2002; Besse et al., 2015

Trehalose Preservation of enzymes and drugs Nicolaus et al., 1988; Kobayashi et al., 1996; Lernia et al., 2002

β-galactooligosaccharides Food industry/dietary additives Reuter et al., 1999; Petzelbauer et al., 2000
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Trehalose
Trehalose is crucial for anhydrobiosis in many organisms and
is widely used for the preservation of enzymes and antibodies
(Ohtake and Wang, 2011). On top of that it serves as a
valuable chemical in the food and cosmetics industry (Richards
et al., 2002). It is a known metabolite of Sulfolobus spp. and
the biosynthetic pathways are identified (Nicolaus et al., 1988;
Kobayashi et al., 1996). Since its biosynthesis is regarded to
be a stress response, the selective production of trehalose is
a promising target for process engineering. The enzymatic
capability of S. solfataricus to efficiently produce trehalose was
already proven by Lernia et al. (2002): In a cell-free environment,
trehalose was produced from dextrins with enzymes from
S. solfataricus MT4 in an immobilized bed reactor with a
conversion rate of 90%.

Unique Enzymes for the Synthesis of

High-Value Chemicals
A number of applications for enzymes from Sulfolobus spp.
in the synthesis of high-value chemicals have been suggested
and many innovative processes have been reported: Petzelbauer
et al. (2000) developed a high-temperature process for enzymatic
hydrolysis of lactose for the generation of novel di- and
trisaccharides (Reuter et al., 1999) using β-glycosidases from
S. solfataricus MT4 and Pyrococcus furiosus. Sayer et al. (2012)
characterized a thermostable transaminase from S. solfataricus
P2. This enzyme is part of the non-phosphorylated pathway
for serine synthesis which is not described in bacteria, but
found in animals and plants (Walsh and Sallach, 1966; Liepman
and Olsen, 2001). In S. tokodaii, an L-haloacid dehalogenase
was found and characterized by Rye et al. (2009). This
enzyme could potentially be used for the chiral production
of halo-carboxylic acids which are important precursors in
the fine chemical and pharmaceutical industries, as well as
for bioremediation. An NAD+/NADH-dependent medium-
chain alcohol dehydrogenase with remarkably broad substrate
specificity toward primary, secondary, branched as well as cyclic
alcohols and their corresponding aldehydes and ketones has
been described by Raia et al. (2001). Lactonases have been
described both from S. solfataricus MT4 (Merone et al., 2005)
and from S. islandicus (Hiblot et al., 2012). These enzymes are
attractive for biotechnological and pharmaceutical applications.
An aldolase from S. solfataricus P1 catalyzing the reversible
C-C bond formation between non-phosphorylated substrates
pyruvate and glyceraldehyde to KDG was described by Buchanan
et al. (1999). A sterioselective amidase from S. solfataricus MT4
has been described by Scotto d’Abusco et al. (2001).

BIOPROCESSING WITH Sulfolobus

It is evident that Sulfolobus spp. accommodate a huge variety
of high value-added products useful in different fields of
research and industry. However, this resource has basically
remained untapped until now, due to a lack of proper
bioprocessing tools. Of course, many of these products can
also be produced recombinantly in mesophilic hosts. Benefits

of the heterologous production in mesophilic hosts are much
faster growth rates, highly efficient expression, extremely well-
developed process technology, and facilitated downstream
processing of thermostable proteins, since a considerable amount
of host cell proteins can be readily removed via heat precipitation.
Nevertheless, the production of proteins difficult to express and
products remaining inactive due to differences in the expression
and folding machinery, call for protein production in the
archaeal host (Eichler and Adams, 2005; Kim and Lee, 2006).
Furthermore, certain products are native cell constituents of
Sulfolobus spp. (e.g., archaeal membrane containing tetraether
lipids), which underlines the need to generate biomass and thus
of bioprocess technology.

We are convinced that thermophilic bioprocesses have the
potential to compete with conventional bioprocesses, since the
drawbacks of typically lower growth rates and protein expression
rates can be outweighed by a number of advantages resulting
from the elevated process temperature:

(1) Probably the most significant advantage is the reduced
risk of contamination. Loss of complete batches or
reduced productivity due to chronical basal contamination
levels poses serious threats for an economically feasible
bioprocess based on mesophiles (Skinner and Leathers,
2004). In case of bioprocesses with Sulfolobus spp. not
only the high cultivation temperature, but also the low pH
reduce the contamination risk.

(2) While often limited at moderate temperatures, the
solubility of substrates is significantly increased at elevated
process temperatures (Gray et al., 2007). This is especially
crucial in applications where oligomers and polymers are
used as substrates, like in waste-to-value processes based
on the conversion of lignocellulosic biomass.

(3) Considering energy requirements, a further advantage over
mesophilic fermentations is the reduced need for expensive,
active cooling of the fermenter in large scales for the
removal of excess metabolic heat. Here, high-temperature
fermentations benefit from the greater difference
between ambient air temperature and fermentation broth
(Abdel-Banat et al., 2010).

(4) Expression systems based on so-called cold shock
promoters are well known and commercialized for
mesophilic hosts (e.g., the pCold expression system from
Takara Bio Europe, Saint-Germain-en-Laye, France).
Nevertheless, the utilization in large-scale processes is not
feasible due to high costs for cooling. In high-temperature
processes, cooling is much more cost-efficient due to fast
heat transfer. This way, temperature-regulated expression
with shifts from growth phase to production phase becomes
an option.

(5) The production of volatile compounds like short-chained
alcohols benefits from high process temperatures. These
compounds can be continuously recovered via the off-
gas stream, while no additional separation is required.
Furthermore, product inhibition, a common issue when
producing toxic substances like alcohols, is prevented
(Zeldes et al., 2015).
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Although there is a steadily growing interest in the
development of extremophilic bioprocesses, no industrial process
utilizing Sulfolobus spp. has been developed yet. Doubling
times of at least 5–8 h (Brock et al., 1972; Grogan, 1989)
and low biomass titers in batch cultures [max. 2 g/L dry
cell weight (Schiraldi et al., 1999)] are the main obstacles for
establishing efficient bioprocesses. The low biomass titer not
only is a severe hindrance for biotechnological applications,
but also poses a limitation for basic research because biomass
and enzyme production of Sulfolobus spp. in shake flasks is
painfully inefficient. As a result, archaeal enzymes are still mainly
produced recombinantly in mesophilic hosts like E. coli, despite
the aforementioned limitations.

In order to realize a competitive bioprocess, high cell
densities in a reasonable time and economically feasible space-
time yields must be achieved. This can be done by genetic
engineering, optimized nutrient supply, and adjustment of
process parameters. On the other hand, for bioconversion
reactions, the issue of a low growth rate is not necessarily a
neck-breaking drawback, if it is possible to integrate a cell-
retention system combined with continuous cultivating. In that

case, rather the maximum cell density, which is proportional to
the volumetric catalytic activity, is a critical process parameter.
However, studies on bioreactor cultivations with Sulfolobus spp.
are still scarce.

As shown in Table 3, a high cell density cultivation is only
reported for S. shibatae B12. However, it is evident that a
sophisticated bioreactor setup including a cell-retention system
is needed to realize a competitive bioprocess with Sulfolobus spp.
Such a bioreactor setup is exemplarily depicted in Figure 3.

Remarkably, in none of the fermentations reported to
date, defined media were used. Nevertheless, this is of high
importance for the generation of platform knowledge and
science-based process development. Use of defined media
does allow not only the characterization and comparison
of the variety of strains, but also the generation of
comprehensive process understanding enabling process
control and prediction. Furthermore, the use of defined
media facilitates the transfer of process knowledge and speeds
up process development and optimization. Another aspect
worth considering is that bioprocesses that follow good
manufacturing practice guidelines call for defined media to

TABLE 3 | Bioreactor cultivations with Sulfolobus spp. described to date.

Strain Final

biomass titer

(gDCW/L)

Fermentation

time (h)

Average

volumetric

productivity

(gDCW/L/h)

YieldX/S

(gDCW/gsubstrate) and

carbon sources

Cultivation mode and

working volume (L)

Source

Sulfolobus shibatae B12 (DSM 5389) 114 358 0.32 0.156 g/g at an Yeast

extract/D-glucose ratio

of 1:15

Dialysis reactor, 1 L Krahe et al., 1996

Sulfolobus solfataricus P2 (DSM 1617) 22.6 170 0.13 0.17 g/g at an Yeast

extract/D-glucose ratio

of 1:4

Constant volume fed

batch, 13.8 L

Park and Lee, 1997

Sulfolobus solfataricus P2 (DSM 1617) 21.7 213 0.10 Yeast extract/D-glucose

ratio of 1:4

Fed batch, 2.3 L Park and Lee, 1999

Sulfolobus solfataricus G� 35 310 0.11 Yeast extract/D-glucose

ratio of 1:15

Fed batch with

microfiltration,10 L

Schiraldi et al., 1999

Sulfolobus shibatae B12 (DSM 5389) 10 200 0.05 Yeast extract/D-glucose

ratio of 1:15

Fed batch, 1.3 L Krahe et al., 1996

DCW, dry cell weight.

FIGURE 3 | Scheme and setup of bioreactor system capable of reaching high cell densities via simultaneously applying a feed and cell-retention strategy. Nutrients

can be continuously fed and at the same time spent medium containing metabolites and possibly inhibiting substances is removed via a membrane, while cells are

retained.
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avoid batch-to-batch variability. These aspects underline the
importance of the substitution of complex carbon sources, like
yeast extract or protein hydrolysates, for the application of
Sulfolobus spp. in industrial biotechnology for the production
of high value-added products. Summarizing, to move Sulfolobus
spp. into industrial biotechnology, (1) sophisticated bioreactor
solutions and (2) defined media must be available.

Sulfolobus AS POTENTIAL PLAYER IN

THE BIOREFINERY OF THE FUTURE?

Besides being a native source of high value-added products
like extremozymes, extreme thermoacidophiles are predestined
for the task of sustainably converting lignocellulosic biomass
into value-added products due to their resilience toward harsh
process conditions and their hemicellulolytic and cellulolytic
properties (Turner et al., 2007). S. solfataricus in particular
can grow on a very broad range of carbon sources (Grogan,
1989) and harbors a variety of polymer-degrading enzymes
such as cellulases (Kufner, 2011), glucoamylases (Kim et al.,
2004), alpha-amylases (Haseltine et al., 1996), beta-glucosidases
(Moracci et al., 1995), xylanases (Cannio et al., 2004), and
xylosidases (Moracci et al., 2000). Optimal growth in a hot, acidic
environment means perfect synergy with the state-of-the-art
method of substrate pretreatment utilizing high temperature and
low pH. Although a variety of concepts for substrate pretreatment
exists, the most favored process is the one of dilute sulfuric
acid hydrolysis where concentrations of 0.5–1.5% sulfuric acid
and temperatures between 120 and 180◦C are commonly used
(Carvalheiro et al., 2008; Maurya et al., 2015). Thus, pretreated
substrate can be utilized in biorefinery applications based on
Sulfolobus spp. with little to no need of neutralization and cooling
of the medium. During the pretreatment process, a mixture of
sugar monomers (mainly D-xylose, D-glucose, D-mannose, and
L-arabinose) is released. In contrast to mesophilic hosts like
Saccharomyces cerevisiae or E. coli, S. acidocaldarius lacks carbon
catabolite repression (Ulas et al., 2012), thus allowing the efficient
simultaneous utilization of a variety of sugars.

The combination of broad substrate specificity, lack of carbon
catabolite repression, expression of polymer degrading enzymes,
and extreme growth conditions make Sulfolobus spp. promising
candidates for biorefinery applications. Following this approach,
waste streams of the chemical and pulp and paper industry
can be converted into value-added products. These processes
would greatly benefit from the increased substrate solubility
due to high temperatures and low pH. The availability of
genetic tools and a broad variety of different strains are the
basis for an application of Sulfolobus spp. in the biorefinery –
however, the challenge of realizing a competitive bioprocess
remains.

CONCLUSION

There are several reasons to be optimistic with respect to
the use of Sulfolobus spp. in biotechnology. Greatly reduced

contamination risk, high substrate solubility, adaption to
harsh substrate pretreatment conditions, facilitated removal
of volatile products, and elimination of cooling costs are
benefits of high-temperature processes with Sulfolobus spp.
The genus is a source of a broad variety of temperature
and acid stable enzymes as well as a producer of unique
biomaterials and metabolites. A well-developed genetic toolset
makes exploitation of these features possible and emergence of
metabolically engineered production strains is reasonable in the
near future.

However, there is still a great need for careful bioprocess
development. No continuous processes are reported in
the literature and sophisticated tools for monitoring and
control, like on-line measurement techniques for assessing
cell viability, are lacking completely. Furthermore, media
development and optimization have largely been neglected.
For the establishment of a competitive, long-lasting, or
continuous bioprocess, it is mandatory to generate basic
process knowledge to be able to understand and control the
bioprocess. Thus, we will tackle this challenge to be able to add
Sulfolobus spp. as key player in industrial biotechnology in the
future.
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 Milestones in Sulfolobus research Source 
 

  
First mention of the term “Sulfolobus”   
Foundation of the genus Sulfolobus and description of the species S. 
acidocaldarius (strain DSM 639T) 

 
Brock et al. 1972 

  
 
 
Isolation of Sulfolobus strains MT-3 and MT-4 (DSM 5833). Later 
assigned to the species S. solfataricus by (Zillig et al., 1980) 

 
 
 
De Rosa et al. 1975 

  
 
 
 
 
 
 
Description of the species S. Solfataricus and isolation of the strains S. 
solfataricus P1 (DSM 1616T) and P2 (DSM 1617) 

 
 
 
 
 
 
 
Zillig et al. 1980 

  
 
Isolation of Sulfolobus strain B12. The isolate was later assigned to the 
species S. shibatae as type strain (DSM 5389T) by (Grogan et al., 1990). 
 

 
 
Yeats et al. 1982

  
 
Isolation of Sulfolobus strain 7. The isolate was later assigned to the 
species S. tokodaii as type strain (DSM 16993T) by (Suzuki et al., 
2002). 
 
 

 

 
 
Wakagi & Oshima 
1985 

 Fundamental work on substrate utilization and growth inhibitors for 
S. acidocaldarius and S. solfataricus strains 

Grogan 1989 

 Establishment of Archaea as the Third Domain of Life – The genus 
Sulfolobus was classified as member of the phylum Crenarchaeota 

Woese et al. 1990 

 Description of the species S. metallicus (DSM 6482T) Huber & Stetter 
1991 

 First use of electroporation for the transfection of S. solfataricus with 
foreign DNA 

Schleper et al. 1992 

 S. solfataricus strain 98/2 was first described in the literature Hochstein & Stan-
Lotter 1992 

 Isolation of Sulfolobus species belonging to the islandicus type. 
Although considered a separate species no type strain has been assigned 
and strains are not commercially available. 

Zillig et al. 1993 

1972 

1975 

1980 

1985 

1982 

1989 
1990 
1991 
1992 
1993 
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 Milestones in Sulfolobus research (continued) Source 
  

Highest published cell density of a Sulfolobus cultivation: Growth of 
S. shibatae B12 in a dialysis reactor yielded 114 g/L dry cell weight 

 
Krahe et al. 1996 

  
Earliest developments of Escherichia coli-Sulfolobus  shuttle vectors 

 
Aravalli & Garrett 
1997 

 The species S. yangmingensis was described and strain YM1 was 
described as type strain (gcm BCRC 17091) 

Jan et al. 1999 

  
First Sulfolobus genome was fully sequenced (S. solfataricus strain P2) 

 
She et al. 2001 

 The genome of S. tokodaii was sequenced Kawarabayasi et al. 
2001 

 The species S.  tengchongensis was described and a type strain 
designated (cgmcc 1.3345). 

Xiang et al. 2003 

 First targeted gene disruption in S. solfataricus 98/2 Worthington et al. 
2003 

 Description of a branched Entner-Doudoroff (ED) pathway Ahmed et al. 2005 
 The genome of S. acidocaldarius was sequenced Chen et al. 2005 
 Revelation of promiscuity in the semi-phosphorylative ED pathway Lamble et al. 2005 
 Expression of heterologous genes with an inducible promoter system Albers et al. 2006 
 Link of oxidative D-arabinose degradation pathway with TCA-cycle Brouns et al. 2006 
 Detailed description of the central carbon metabolism of S. 

solfataricus P2 
Snijders et al. 2006 

 First stable plasmid based E. coli – Sulfolobus spp. shuttle vector Berkner et al. 2007 
 The genomes of seven S. islandicus strains were sequenced Reno et al. 2009 
 Detailed investigation of the metabolism of pentose sugars Nunn et al. 2010 
 Revelation of the absence of diauxie during utilization of glucose and 

xylose by S. acidocaldarius 
Joshua et al. 2011 

 Report of a comprehensive genome-scale metabolic model of S. 
solfataricus 

Ulas et al. 2012 

 A versatile molecular toolbox for the manipulation of S. 
acidocaldarius was published 

Wagner et al. 2012 

  
 
The genome of Sulfolobus solfataricus strain 98/2 was sequenced 

 
 
McCarthy et al. 
2015 

 The endogenous CRISPR system was utilized for targeted genomic 
manipulation 

Li et al. 2016 

 Newly discovery of a L-fucose degradation pathway in S. solfataricus Wolf et al. 2016 
 Description of branched-chain and aromatic amino acid catabolism 

in S. solfataricus via Stickland reactions – a novelty in obligate aerobes 
Stark et al. 2017 

1999 

1997 

2001 

2005 

2003 

2010 

2012 

2015 
2016 

2006 
2007 

2009 

1996 

2011 

2017 
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Abstract  

The oxidative Weimberg pathway for the five-step pentose degradation to α-ketoglutarate is a 

key route for sustainable bioconversion of lignocellulosic biomass to added-value products and 

biofuels. The oxidative pathway from Caulobacter crescentus is currently employed in enzyme 

cascade based in vitro, and in whole-cell based in vivo metabolic engineering approaches. 

However, the performance of such engineering approaches is often hampered by systems 

complexity, involving non-linear kinetics, feedback loops, and allosteric regulation mechanisms. 

Therefore, rational pathway design is limited by missing or incomplete experimental enzymatic 

data and quantitative models, and mostly ad-hoc empirical approaches are used for pathway 

optimisation. Here, we developed a novel iterative approach involving initial rate kinetics, 

progress curves, and enzyme cascades, with high resolution NMR analysis of intermediate 

dynamics, as well as multiple cycles of kinetic modelling analyses to construct and validate a 

quantitative model for the Weimberg pathway. Thereby, several bottlenecks in pathway 

performance could be identified, with NADH inhibition of the dehydrogenases, and metal-ion 

dependence of the dehydratase being most severe. The resulting model was applied for 

computational design of enzyme cascades to optimize for highest conversion efficiency, and 

analysis of pathway performance in C. cresensus crude extracts. The broad biotechnological 

applicability of the Weimberg cascade is demonstrated by the gram-scale production of 2-keto-

3-deoxy sugar acids as well as the production of 4-hydroxyisoleucine. The experimental data 

and mathematical model of the Weimberg pathway will be made available after acceptance of 

the manuscript via the FAIRDOMHub, and the JWS online model repository (model currently 

available for reviewers only). The available Weimberg model can now be easily applied for 

novel in vitro enzyme cascade, in vivo metabolic engineering or synthetic biology approaches. 
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Introduction 

(Ligno)cellulosic biomass is considered a promising renewable resource for “second 

generation” biofuel and added-value chemical production without affecting food supply1. 

However, the complex and recalcitrant structure poses one of the major challenges in 

lignocellulosic biomass conversion2,3. After the required pretreatment by physicochemical and 

enzymatic methods, the main fermentable constituents of the hydrolysate are D-glucose and 

D-xylose. Many common platform organisms for the biotechnological production of biofuels 

and base chemicals such as Escherichia coli and yeast are able to convert D-glucose efficiently 

into valuable products. However, their metabolic capabilities for efficient bioconversion of 

pentoses, and for co-fermentation of hexose/pentose mixtures are rather limited. Therefore, 

many metabolic engineering and synthetic biology approaches are aiming at achieving efficient 

D-xylose conversion for bioproduct formation by whole-cell biocatalysis4,5 (for reviews see6,7). 

In that respect, the oxidative Weimberg pathway has gained major attention8 (Fig. 1A). The 

pathway has been identified in several bacteria and archaea9-12 and is best understood for the 

oligotrophic freshwater bacterium Caulobacter crescentus, in which the involved enzymes are 

encoded in the D-xylose-inducible xylXABCD operon (CC0823-CC0819)13 (Fig. 1A, B). In this 

pathway, D-xylose is first oxidized by D-xylose dehydrogenase (XDH) to D-xylonolactone, 

which is then hydrolyzed to D-xylonate either non-enzymatically or by the xylonolactonase 

(XLA). In two steps of dehydration, the D-xylonate is converted via 2-keto-3-deoxy-D-xylonate 

(KDX) to α-ketoglutarate semialdehyde (KGSA) catalyzed by D-xylonate dehydratase (XAD) 

and KDX dehydratase (KDXD), respectively. In the last step KGSA is oxidized in an NAD(P)+ 

dependent manner by KGSA dehydrogenase (KGSADH) to finally yield α-ketoglutarate (KG), 

a key intermediate in the citric acid cycle8.  

For the biotechnological conversion of lignocellulose derived pentoses, the Weimberg pathway 

offers several advantages compared to the other pentose degradation routes, since: (i) no ATP 

is required for sugar activation, (ii) the oxidative pathway is thermodynamically favourable, i.e. 

all reactions have highly negative standard Gibbs free energy changes (ΔG0’ values) (Fig. 1 

C)14, (iii) no carbon loss occurs at the level of pyruvate conversion to acetyl-CoA, (iv) the 

pathway is rather short compared to other pathways and (v) the intermediates do not branch 

off into other central metabolic routes but the product is channeled directly into the citric acid 

cycle, where it serves as important building block for biosynthesis.  

Therefore, the Weimberg pathway (or parts thereof) from C. crescentus have already been 

employed in several metabolic engineering and synthetic biology approaches e.g. for 

production of 3,4-dihydroxybutyric acid, 1,2,4-butanetriol, 1,4-butanediol, ethylene glycol and 

glycolic acid (for a recent review see7). For whole-cell biocatalytic conversion of D-xylonate the 

D-xylose dehydrogenase and xylonolactonase were introduced into Corynebacterium 
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glutamicum, E. coli and Saccharomyces cerevisiae15-17. The complete pathway for oxidative 

D-xylose degradation was introduced successfully into E. coli18, Pseudomonas putida19, Co. 

glutamicum20, and S. cerevisiae21. However, the results obtained so far from these whole-cell 

bioengineering approaches using the C. crescentus Weimberg pathway have been suboptimal 

and indicate that intermediate accumulation and protein expression might be inhibitory to host 

metabolism and product formation.  

To circumvent such problems caused by cellular complexity22, an alternative to whole cell 

biocatalysis, i.e. cell factories, is the utilization of cell-free in vitro enzyme cascades. Enzyme 

cascades enable production under moderate, environmentally friendly conditions, and most 

importantly, compared to chemical approaches, provide stereo-selectivity for product 

formation23,24. However, in general, also a full understanding of enzyme cascades is also not 

trivial because they often behave differently from the isolated enzymes due to regulatory 

properties (e.g. inhibition by pathway intermediates, (co-)substrates, and products). To identify 

the rate-limiting step(s) and to optimize enzyme cascades, currently mainly combinatorial 

approaches are used with non-biased combination of cascade elements and/or reaction 

conditions (e.g. ions, pH and temperature)25-27 (for reviews see24). Rational approaches 

involving computation and modelling have so far rarely been included28-31 and the results for 

computational pathway design are often hampered by missing data for enzyme properties and 

incomplete information of systems behaviour. Thus, in most cases, the system cascade 

properties are not fully understood and bottleneck identification remains difficult, which 

hampers pathway optimization and design. 

For the Weimberg pathway in C. crescentus, detailed enzyme kinetic data are only available 

for the first and the third enzyme, the XDH and the XAD, and for the latter, the crystal structure 

was solved32-35.  

Therefore, in this study we developed a novel iterative multi step approach, from initial rate 

kinetics on isolated enzymes via in vitro enzyme cascades to cell free extract conversion 

assays, with model construction and validation interactions at each step, yielding a quantitative 

kinetic model that precisely simulates the Weimberg enzyme cascade. Using computational 

design, the in vitro enzyme cascade was optimized for highest conversion efficiency and the 

in vivo pathway performance in C. crescentus cell free extracts was analysed, demonstrating 

the broad applicability of the Weimberg model. Finally, we demonstrate the biotechnological 

utilization of the enzyme cascade in order to pave the way for its further applications. 

  

127

3.5 The Weimberg pathway 
 

 

 



 

Results 

Establishment of the Weimberg enzyme cascade and model construction 

Initial rate kinetics. The first and most basic step in the development of the cascade model was 

to precisely characterize the single enzymes under physiological conditions. Therefore, the 

five genes of the D-xylose operon of C. crescentus were cloned, expressed in E. coli and the 

recombinant enzymes were purified (Fig. 1D). The Weimberg enzymes were characterized in 

detail in terms of kinetic properties, substrate specificity, effect of buffer composition as well as 

pH and temperature optima (Supplementary Materials chapter 1, Supplementary Table 1-2 

and Supplementary Fig. 1-3). The XAD was shown to be metal ion dependent. Among different 

divalent metal ions Mn2+ was most effective in restoring enzyme activity (Supplementary Fig. 

2). Therefore, Mn2+ was added at low concentrations (17 µmol MnCl2/mg protein) to the XAD 

protein solution and in further assays it was ensured that the presence of metal ions did not 

interfere with the other enzyme activities and later NMR analysis. The final determination of 

kinetic parameters was performed in HEPES buffer at pH 7.5 at 37°C. For all five enzymes, a 

generic rate equation, based on a random order binding mechanism with irreversible kinetics 

was fitted to the experimental data to yield maximal rates (VM) and binding constants for the 

substrates and cofactors (Table 1, Supplementary Materials chapter 2, Supplementary Table 

3-7 and Supplementary Fig. 4-8).  

Table 1. Initial rate kinetics of the D-xylose degrading enzymes from C. crescentus. 

Enzyme 
Substrate/ 

Cofactor 

Km 

(mM) 

Vmax 

(U/mg protein) 

Kcat 

(s-1) 

D-xylose dehydrogenase 

(XDH) 

D-xylose (XYL)  0.20 
130 58 

NAD+ 0.16 

Xylonolactonase  

(XLA) 

D-xylono-1,4-lactone 

(XLAC) 
0.45 940 495 

D-xylonate dehydratase 

(XAD) 
D-xylonate (XA) 0.79 42 45 

2-keto-3-deoxy-D-xylonate 

dehydratase (KDXD) 

2-keto-3-deoxy-D-xylonate 

(KDX) 
0.21 110 76 

α-ketoglutarate 

semialdehyde 

dehydrogenase (KGSADH) 

α-ketoglutarate 

semialdehyde (KGSA) 
0.02 

49 41 

NAD+ 0.60 
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Figure 1. The Weimberg pathway for D-xylose conversion in Caulobacter crescentus. The 

Weimberg pathway with the conversion catalyzed by each enzyme (A), the D-xylose operon with the 

respective genes (xylBCDXA, Caulobacter crescentus NA1000) and encoded proteins (B), the change 

in standard Gibbs’ free energy for the oxidative Weimberg pathway14 (C) as well as the recombinant 

proteins after purification (SDS-PAGE and Coomassie staining) (D) are shown. For D-xylonolactone the 

spontaneous, non-enzymatic conversion to D-xylonate is indicated (dotted line) (A). Abbreviations for 

enzymes and intermediates are given in the figure; M, molecular weight marker. 

Progress curve analysis in sequential enzyme cascade. Next, based on the initial rate kinetics, 

a model was developed for the sequential conversion of D-xylose to KG, for which each 

reaction was run to completion before the next enzyme was added. The set-up was chosen 

such (using the model and product inhibition estimates) that sufficient enzyme was added for 

each reaction to convert 5 mM substrate to product in 90 minutes, which is suitable for NMR 

analysis. The NMR analysis (1H-NMR and 13C-NMR, enabled by the use of D-xylose-1-13C) 

enabled a time resolved observation (1 data point in 1H and 13C per 5 minutes) of the respective 

pathway intermediate concentrations (Supplementary Materials chapter 3, Supplementary Fig. 

14-28). All of the enzymatically produced intermediates were in agreement with the proposed 

Weimberg pathway13. However, for several intermediates such as D-xylose, KDX, KGSA, and 

KG isomers and/or hydrates were observed (Fig. 2A, B). In accordance with the 
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thermodynamics (eQuilibrator database14, http://equilibrator.weizmann.ac.il/, Fig. 1C) all five 

enzymes catalyze highly exergonic reactions and all reactions ran to completion and resulted 

in a pure product. The only exception is the D-xylose dehydrogenase reaction, which resulted 

in a mixture of D-xylonolactone and D-xylonate. The formation of D-xylonate is due to the 

spontaneous non-catalyzed hydrolysis of the xylonolactone (about 33%), which requires no 

lactonase activity.  

 

Figure 2. Combined progress curves with single enzyme additions. Conversion of D-xylose to KG 

during the sequential addition of the D-xylose pathway enzymes, (XDH added at t=0 min; XLA added at 

t=90 min; XAD added at t=180 min; KDXD added at t=270 min, and KGSADH added at t=360 min). The 

different intermediates, i.e. isomers and/or hydrates, determined by NMR (A), selected NMR spectra 

before addition of the next enzyme (* indicates buffer signal) (B) as well as the metabolites followed 

over time with NMR and the model simulations (C) are shown. The closed and open symbols indicate 

data for two independent experiments (for detailed NMR information see Supplementary chapter 3). A 

mathematical model based on equations (1) to (6) (Supplementary chapter 2) was used to describe the 

experiment, and model simulations are shown in solid lines with corresponding colours to the 

experimental symbols. 
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All reactions completed the substrate conversion in roughly 90 minutes, which is in agreement 

with model simulation that include product inhibition (Fig. 2C). However, a much slower 

conversion was observed than predicted based on the initial rate kinetics, which did not include 

product inhibition (Supplementary Materials 2.2.1 and Supplementary Fig. 9–11). These 

results indicated strong product inhibition and therefore, we reanalyzed the enzymes and 

where possible product inhibition constants were determined experimentally or fitted and 

integrated into the model (Supplementary Table 3-7). Product inhibition constants could be 

determined experimentally for both dehydrogenases (i.e. XDH and KGSADH) and the first 

dehydratase (XAD). For XLA and KDXD, the inhibition constants for D-xylonate and KGSA, 

respectively, had to be fitted based on the conversion data as these enzymes are analysed in 

coupled enzyme assays. The progress curves after single enzyme additions and the required 

model adjustments are shown and discussed in Supplementary Materials 2.2.2 and 

Supplementary Fig. 12. In Fig. 2C the carbon metabolites, the co-factor NAD+ as well as the 

model simulation with product inhibition included are displayed showing a fairly precise 

description of the data. 

The one-pot cascade model. The results of the sequential pathway reconstruction, including 

the model validation and inclusion of product inhibition constants in the model were used to 

define the “reference state” for the conversion of D-xylose to KG. Subsequently, we added the 

five enzymes together, in a so-called one-pot cascade, using amounts close to those used in 

the sequential experiment (2.5 μg/ml XDH, 0.8 μg/ml XLA, 8.67 μg/ml XAD, 0.5 μg/ml KDXD, 

10 μg/ml KGSADH). The model prediction was then again experimentally validated by 

following the conversion of 5 mM D-xylose into KG via the pathway intermediates using NMR 

measurements (Fig. 3A). The model based on the isolated reaction kinetics predicted fairly 

accurately the first part of the pathway, i.e. D-xylose oxidation, lactone cleavage and D-

xylonate dehydration. However, conversion in the complete pathway did not run to completion, 

and specifically the conversion via KDXD was slow (high concentrations of KDX remaining). 

Also, the high KGSA to KG ratio suggested stronger inhibition of KGSADH than observed 

previously, even stronger than observed in the sequential experiment. Because in this 

approach all pathway intermediates are present in the reaction mixture at the same time, we 

tested the sensitivity of the KDXD to all pathway intermediates in initial rate kinetic experiments 

(Supplementary Figure 7 and Supplementary Table 6). These analyses revealed that 

especially XA, KGSA and KG had an inhibitory effect on the KDXD. However, the observed 

inhibition was not strong enough to explain the observed reduced activity and we had to lower 

the enzyme activity to 25% of the isolated enzyme (Supplementary Fig. 12, dashed line). In 

addition, we had to increase the inhibition strength of KGSADH by NADH by reducing the 

NADH binding constant to 1/30 of the fitted value in order to prevent the model from 

overestimating the KG production (Supplementary Fig. 12, solid line). It is unclear why the 

131

3.5 The Weimberg pathway 
 

 

 



 

NADH inhibition is much stronger in the complete pathway analysis, compared to the individual 

conversion assay and the initial rate kinetics.  

Model analyses suggested that the incomplete conversion of D-xylose to KG in the complete 

pathway was due to NADH inhibition, which was tested by including an NAD+ recycling reaction 

to the system (same protein amounts as in the reference state, plus 10 U lactate 

dehydrogenase and 15 mM pyruvate). Under these conditions, the NADH produced by XDH 

and KGSADH was effectively re-oxidised as demonstrated by lactate formation, and the NAD+ 

concentrations remained high during the experiment. In the presence of NAD+ recycling D-

xylose was indeed completely converted into KG (Fig. 3B). After including the NAD+ recycling 

system in the kinetic model, it was able to precisely predict the pathway dynamics, and the 

model prediction that NAD+ recycling is strongly enhancing the pathway flux was confirmed. 

Model application for computational pathway design.  

The enzyme concentrations and ratios used in all previous conversion assays were optimized 

for convenient intermediate detection with NMR using a total protein amount of 22.5 µg/ml. 

The experimental data from the different experiments were used for model construction, 

parameter calibration and model validation. With the final model, computational design for 

pathway optimization can now be performed to identify optimal enzyme ratios for specific 

applications or to test specific pathway characteristics.  

Computational pathway design for highest conversion efficiency. With the kinetic model we 

analyzed the optimal protein ratios for the fastest conversion rates of D-xylose to KG with a 

given total protein amount of 22.5 µg/ml. The computational analyses were performed in the 

absence and presence of NAD+ recycling (Supplementary Table 8). As shown in Fig. 3B for 

the reference state analysis it took roughly 600 min for the complete conversion of 5 mM D-

xylose with NAD+ recycling. When we distribute the protein amount over the different enzymes 

in the pathway for fastest conversion (with NAD+ recycling), the model simulation predicted a 

full conversion within 100 min (Supplementary Table 8). The biggest change in enzyme 

concentrations between the reference state and the optimized state are the relative 

concentrations of KDXD and KGSADH, where a shift to KDXD makes the conversion of KDX, 

which accumulates in the reference state, to KGSA faster. In contrast, when we analysed the 

optimal enzyme distributions for the pathway in absence of NAD+ recycling (Supplementary 

Table 8), KGSADH is by far the most abundant enzyme. Under these conditions only 64% 

conversion is obtained in 600 min. 

Significance of the XLA. The second enzyme in the pathway, XLA, is not essential for the 

pathway since D-xylonolactone is converted to D-xylonate in a non-enzyme catalyzed reaction. 

For engineering projects, it would be easier to omit the XLA if it is not essential for the pathway. 
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To test whether XLA has an effect on the pathway flux we omitted the enzyme in the reference 

incubation while keeping the other four enzymes at the reference state concentrations. As 

shown in Fig. 3C the model from the reference state simulation could predict the system in 

absence of XLA. Strikingly, although a much higher D-xylonolactone concentration was 

observed compared to the reference state, the overall production rate of KG was not much 

different from the one in presence of XLA. This demonstrates that under the chosen assay 

conditions, the non-catalyzed conversion of D-xylonolactone to D-xylonate does not become 

rate limiting and was sufficient for the low KG production rates. We also performed 

computational design in the absence of XLA to test whether the non-enzymatic conversion of 

D-xylonolactone becomes limiting at the higher pathway fluxes under optimal protein 

distribution (Supplementary Table 8). Notably in the optimized state, the XLA becomes limiting 

for maximal pathway flux and now much more protein was shifted to the first enzyme (XDH) 

for the optimal protein distribution over the pathway enzymes. This results in an increase in 

the xylonolactone concentration, such that the non-enzymatic conversion runs faster, and 

indeed D-xylose is consumed almost two-times faster in the model simulation than in the 

incubation for the optimal distribution in the presence of XLA, while the KG production rate is 

much slower. KGSADH is now the least abundant enzyme in the pathway (Supplementary 

Table 8). 

Thus far, we have illustrated a generic model construction and validation approach, by starting 

with initial rate kinetics to build parameterised rate equation for substrate dependencies, in a 

first validation we showed in conversion assays that product inhibition was significant for most 

of the reactions and needed to be included in the model. In the second round of validation in 

one-pot cascades we observed allosteric regulation of some of the enzymes, which was added 

to the model after confirmation in initial rate kinetic experiments and calibrated on the one-pot 

data. The final resulting model could accurately predict optimal conversion and was used to 

test hypotheses on significance of the XLA for pathway conversion fluxes.  

Model significance, usability and application 

In vitro enzyme cascades for highest conversion efficiency. To confirm the predictions from the 

computational design but also to demonstrate that our model is of broad applicability we 

performed the fastest conversion rate experiment with the purified Weimberg enzymes stored 

for around one year either frozen or at 4°C (Supplementary Table 9). All enzymes were still 

active but a considerable decrease in specific activity was observed (residual specific activity: 

XDH 60%, XLA 110%, XAD 96%, KDXD 59%, KGSADH 79%). The maximal velocity of the 

stored enzymes was determined and included in the model. For model validation, we repeated 

the reference state experiment for the pathway analysis (data not shown) and performed the 

fastest conversion rate experiment from D-xylose to KG with the optimal protein ratios (total 
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protein amount 22.5 µg/ml) (Fig. 3D). The results show that the model predictions 

corresponded quite well to the experimental data obtained with the altered activities of the 

stored enzymes. This demonstrates that the model can be easily adopted to stored enzymes 

with changed enzymatic activities, novel enzyme preparations or assay conditions. 

 

Figure 3. Complete pathway analysis (one-pot cascade). The complete pathway analysis with all 

enzymes present at t=0 min, with the enzyme concentrations at reference state (see Methods for details). 

Metabolite concentrations were determined using NMR and the experiments were simulated with a 

detailed mathematical model (see Supplementary Materials chapter 2 for the model description). Panel 

(A) shows the results for the reference incubation (without NAD+ recycling), and the effect of NAD+ 

recycling using LDH and pyruvate is shown for the reference state in panel (B). In panel (C) the XLA 

was not added to the incubation, to test whether the non-enzymatic conversion of XLAC to XA limits the 

overall pathway flux, and in panel (D) the relative enzyme concentrations were changed (with the same 

total enzyme concentrations) based on model simulations for the optimal conversion, i.e. highest 

conversion efficiency, to KG. In the experiment of (D), stored enzymes with reduced activity were used. 

For abbreviations, see Fig. 1; LAC, lactate. 
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In vivo cell-free extract. Next we studied if our model and experimental methodology (enzyme 

assays, NMR) is only applicable for cascade reactions with purified enzymes or also for cell-

free extract incubations. Therefore, we determined the activity of all Weimberg enzymes in 

crude extracts of Caulobacter cells grown on either D-glucose or D-xylose (Supplementary Fig. 

13 and Supplementary Table 10). In accordance with previous transcriptome studies36 all 

enzyme activities were only observed in D-xylose grown cells, whereas in glucose grown cells 

only high XLA activity was observed (Fig. 4A). The determined activities were in the range of 

0.45 - 0.81 U/mg total protein with the only exception of XLA, which showed a significantly 

increased activity (3.38 U/mg total protein) (Supplementary Table 11). The protein 

concentration of each Weimberg enzyme was calculated from the specific activity determined 

in the cell-free extract (U/mg total protein) (Supplementary Table 11). The metabolite detection 

by NMR for the cell-free extract was more complicated than for the enzyme cascade, and 

KGSA as well as KG peeks could not be assigned unequivocally (data not shown). Therefore, 

we used enzyme assays (in off-line analyses after protein precipitation) to quantify the 

metabolite concentrations in cell-free extract conversions (Supplementary Table 11). Thus, we 

were able to determine XYL, XLAC+XA (due to non-enzymatic conversion of XLAC to XA these 

two metabolites could not be separated in the off-line analysis), KDX, KG and we followed the 

extent of NAD+ recycling via NADH and pyruvate determinations. The absence of KGSA in the 

cell-free extract conversions was rather unexpected, and specifically in incubations without 

NAD+ recycling we would have expected to see KGSA due to limiting KGSADH activity. We 

confirmed experimentally that KGSA is stable and only converted in presence of NAD+ (not 

NADH; excluding a reductive conversion) in cell-free extracts (data not shown). Despite the 

complex enzyme mixture, the model nicely predicted the pathway dynamics, except for the 

XAD activity which was slightly overpredicted in the model. However, without making any 

changes to the model, it could simulate the cell free extract conversion quite accurately (Fig. 

4B), which is remarkable given that we simulate an experimental set-up with thousands of 

enzymes with a model based on five kinetic rate equations.  

To confirm our hypothesis that XAD and KGSADH are limiting reactions in the cell free extracts 

we tested the sensitivity of the XYL to KG conversion for Mn2+ (essential for XAD activity, and 

normally 0.15 mM is added to the incubations) and NAD+ recycling (effecting the 

dehydrogenases). As shown in Fig. 4 only in the presence of NAD+ recycling and Mn2+ almost 

full conversion of 5 mM D-xylose to KG is observed (Fig. 4B). The presence of Mn2+ without 

NAD+ recycling leads to a dramatic reduction in the conversion rate and only 1.3 mM KG is 

formed (Fig. 4C). Finally, if the Mn2+ is omitted in presence of NAD+ recycling no KG is formed 

at all (Fig. 4D). The reaction seems to stall at the level of XA, although the model predicted 

some KG formation based on the residual XAD activity determined in cell-free extracts without 

Mn2+ (Fig. 4D). Thus, also under in vivo conditions in C. crescentus cell-free extracts, high XLA 
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activity as well as the presence of Mn2+ for XAD activity and NAD+ recycling are crucial for full 

conversion of D-xylose to KG. 

Our studies demonstrate that the model represents an important tool for in vivo metabolic 

engineering and synthetic biology approaches, since it allows identifying bottlenecks and the 

pathway efficiency/dynamics in the respective production host/system simply by measuring 

the respective Weimberg enzyme activities in cell-free extracts and analyzing the kinetic model. 

The iterations between experiment and model allowed for a quick identification of the limiting 

reactions, and our analyses point clearly at XAD as the most sensitive reaction, and potentially 

KGSADH, if the NAD regeneration capacity is low.  

 

Figure 4. Enzyme activities in Caulobacter crescentus NA1000 cell-free extract and conversion 

rates. C. crescentus NA1000 was grown on 0.2% (w/v) D-xylose (X) or D-glucose (G) to late exponential 

phase (Supplementary Fig. 13) and Weimberg enzyme activities were determined in cell-free extracts 

(A). The specific activity of XDH and KGSADH was assayed using NAD+ or NADP+ as cofactor. All 

activity measurements in (A) were performed in triplicate, mean values are shown and the error bars 

indicate the standard deviation. The conversion rates in cell-free extracts were determined in the 

presence of NAD+ recycling with Mn2+ (B), in the absence of NAD+ recycling with Mn2+ (C) and in the 

presence of NAD+ recycling without Mn2+ (D). Metabolites were determined enzymatically after protein 

precipitation. For abbreviations, see Fig. 1; Pyr, pyruvate. 
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Biotechnology. Finally, we addressed how the engineered in vitro enzyme cascade can be 

used for added-value product formation. As experienced also in this study many enzymatic 

analyses are hampered by the commercial availability and costs of the respective substrates. 

Thus KDX and KGSA had to be produced by ourselves using the here established enzyme 

cascade. As suggested by the Gibbs free energies (Fig. 1C) and shown in the reference 

analysis with sequential enzyme addition (Fig. 2A) all enzyme reactions in the Weimberg 

pathway run to completion and thus can be used for efficient product formation. This 

irreversibility highlights the great potential of the Weimberg pathway and its enzymes for 

product formation but also for the application in whole-cell biocatalysis. 

In order to demonstrate the great application potential, we tested the production of 2-keto-3-

deoxy sugar acids by the XAD (XylD) of C. crescensus at an industrially relevant scale. As 

shown previously for the Thermoproteus tenax gluconate dehydratase (GAD)37 in contrast to 

C-C bond formation using aldolases the dehydratase reaction runs to completion and allows 

for the formation of stereospecific pure 2-keto-3-deoxy-D-gluconate (KDG). The detailed 

characterization of the XAD revealed a broad substrate specificity catalyzing the dehydration 

of D-xylonate, D-galactonate and D-gluconate (Supplementary Table 2). Here we used the C. 

crescensus XAD for the large-scale production of KDX, KDG and 2-keto-3-deoxy-D-

galactonate (KDGal). From 2.5 g D-gluconic acid 2.3 g of KDG lithium salt (16 U XAD, 3 d, 

40°C, deion. H2O, pH 7.5), from 2.1 g D-xylono-1,4-lactone 2.09 g of KDX (two times 33 U 

XAD, 25 h and 24 h, respectively, 40°C, deion. H2O, pH 7.5) and from 500 mg D-galactonic 

acid lactone 400 mg of KDGal lithium salt (14 U XAD, 2 d, 40°C, deion. H2O, pH 7.5) were 

produced (for details see Supplementary Materials 4.1). 

Another example for the application is the production of 4-hydroxyisoleucine, which is a very 

promising dietary supplement in the treatment and prevention of type II diabetes 38. The L-

isoleucine dioxygenase from Bacillus thuringiensis (BtDO) was previously reported to catalyze 

the conversion of different amino acids including L-isoleucine to the corresponding hydroxyl 

amino acids38,39, using KG as reductant. By combination of the C. crescentus Weimberg 

enzyme cascade with the dioxygenase from B. thuringiensis40, 2 mM L-isoleucine was 

completely converted to (2S, 3R, 4S)-4-hydroxyisoleucine by using 3 mM D-xylose after 3 h 

(Supplementary Fig. 29). 
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Discussion 

Many biotechnology applications including in vitro and in vivo metabolic engineering and 

synthetic biology approaches are hampered by incomplete biochemical knowledge or poor 

integration of this knowledge in the approaches often ignoring important enzyme kinetic 

properties, such as product inhibition and allosteric regulation within the respective 

pathways22,23,41. Thus, rational pathway design involving computational steps is in most cases 

impossible and instead time-consuming combinatorial approaches are used. Also, for the 

Weimberg pathway from C. crescentus, which recently gained central importance for 

lignocellulosic biomass derived pentose conversion, only the XDH and the XAD have been 

characterized in detail with respect to their biochemical properties. Although XLAs were 

characterized e.g. from Azospirillum brasilense, Haloferax volcanii and partially from C. 

crescentus9,10,27,42 kinetic constants for C. crescentus were not available. As a prerequisite for 

rational pathway design and detailed kinetic modelling we herein established purification 

procedures, kinetic enzyme assays and developed protocols for effective synthesis and 

determination of pathway intermediates. All five Weimberg pathway enzymes were then 

characterised in detail under similar conditions. We thereby confirmed the results for the XDH, 

XLA and XAD previously determined27,32-35 with some differences, which might be due to 

divergent assay conditions, and provided novel data for the XLA as well as the remaining 

enzymes in the pathway i.e. KDXD, and KGSADH.  

Starting with the initial rate kinetics, in a number of iterations between model and experiment, 

including experiments with sequential enzyme additions (multi-step enzyme cascade) and 

complete pathway analysis (one-pot cascades), a quantitative mathematical model for the 

Weimberg pathway was constructed and validated (Fig. 5). Although each of these 

experimental steps have been used in modeling analysis, they have (to our knowledge) never 

been applied together in an iterative model construction/validation approach. The initial rate 

kinetics were adapted to include product inhibition and allosteric regulation in the different 

experimental set-ups and the model was able to give good descriptions of the pathway 

dynamics from the isolated enzymes, via in vitro cascades up to the cell-free extract level. Our 

results demonstrate that the efficient recycling of NAD+ as well as the addition of divalent metal 

ions (here Mn2+) is crucial for pathway performance in enzyme cascade as well as in cell-free 

extract assays, pointing at XAD and KGSADH as rate limiting steps in the pathway. Flux 

limitation via XAD has also very recently been suggested in a combinatorial approach with a 

mixed in vitro enzyme cascade and this limitation has been attributed to insufficient FeS cluster 

building27,43. 
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Figure 5. Novel strategy for computational pathway design using an iterative experimental and 

modelling approach. The methodology was established for the Caulobacter crescentus Weimberg 

pathway, a five-step pathway for conversion of D-xylose to α-ketoglutarate. 

This systems level understanding of the whole pathway and the newly developed final kinetic 

model, which precisely describes the pathway dynamics, allows to address basic scientific 

questions like the significance of the xylonolactonase in the Weimberg pathway. Using the 

Weimberg model, we could show, that at low pathway flux the non-enzymatic hydrolysis might 

be sufficient but at higher pathway fluxes it becomes limiting. Thus, the lactonase speeds up 

the D-xylonate formation substantially and with its catalytic efficiency prevents the reaction 

becoming rate limiting under high flux conditions, and requires only low expression levels for 

a high specific activity in cell free extracts. The significance of the lactonase has also been 

suggested recently using a combinatorial approach27, however, the kinetic characterization 

and modelling used in this study enables for the fist time a quantitative determination of the 

contribution of lactonase to the pathway flux. 

In addition, the final cascade model now makes further rational design of the cascade possible. 

It can precisely predict the combination and amounts of the proteins for fastest 

conversion/production rates of intermediates and product, as well as the time scale for such 

applications (i.e. optimization for highest conversion efficiency experiment). First in vitro gram 

scale production of KDX with 100% maximal yield using pathway enzymes as well as of 

hydroxyamino acids using the whole pathway to produce KG as precursor (Supplementary 

Materials chapter 4) demonstrate the broad applicability of the Weimberg cascade and the 

developed model. It additionally enables efficient design of the in vitro cascades as exemplified 

by the enzyme cascade also with respect to economic feasibility, which is important for further 

application.  
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The obtained results will also aid future in vivo metabolic engineering and synthetic biology 

approaches. The model was shown to be easily adaptable as indicated by the “old” enzyme 

preparation as well as the crude extract experiments. Thus, using simple enzyme 

measurements in crude extracts, the model can identify pathway bottlenecks within the host 

cell in vivo. This appears particularly useful since all attempts to introduce the pathway into 

standard biotech organisms so far resulted in intermediate accumulation presumably due to 

suboptimal protein expression18-21. The model can thus provide help for strain design including 

cloning strategies and strain optimization finally yielding host strains, which are capable of 

efficient pentose conversion. In this respect, also the finding of NADH being a major inhibitor 

is noteworthy, pointing to an important role of the redox state in the pathway performance 

within the host cell. This might also give valuable hints for process development. 

The C. crescentus Weimberg pathway models with all experimental data are uploaded to the 

FAIRDOMHub (https://fairdomand hub.org/investigations/284)44 and JWS online model 

respository45, and will be made publicly available upon acceptance of the manuscript. An 

overview of the structure of the project is shown in Supplementary Fig. 30. The data and model 

provide a strong new tool for the further propagation of the Weimberg route in the in vitro and 

in vivo utilization and production of added-value products from renewable and eco-efficient 

substrates. 

  

140

3.5 The Weimberg pathway 
 

 

 



 

Methods 

Gene cloning and protein overexpression  

The five genes of the D-xylose operon, i.e. CCNA_00862-00866, were amplified by PCR using 

gene specific primers (Supplementary Table 1) and the genomic DNA of C. crescentus 

NA1000 as template. The PCR products were cloned into pET (Novagen) expression vectors 

(Supplementary Table 1) and successful cloning was confirmed by sequencing (LGC 

genomics, Berlin). For expression, the respective plasmids were transformed into the E. coli 

BL21-pRIL (DE3) or Rosetta (DE3, Stratagene). Overexpression was performed in LB medium 

containing the appropriate antibiotic. The cells were grown at 37°C to an OD600 of 0.6-0.7 and 

induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). After induction, the cultures 

were further incubated at 37°C for 4 h or at 30°C or at 21°C for 18-22 h (Supplementary Table 

1), respectively. Cells were harvested by centrifugation (15 min, 8630 x g, 4 °C) and the pellets 

were stored at -70°C. 

Due to the choice of the vectors, all of the C. crescentus enzymes were N-terminally Histidine-

tagged. The recombinant isoleucine dioxygenase from B. thuringiensis (Btdo) contained a C-

terminal 6 x Histidine-tag as described previously40. 

Protein purification 

For XAD, XLA, KGSADH and BtDO, all buffers were supplemented with 1 mM of DTT. The cell 

pellet was resuspended in LEW buffer (Macherey-Nagel) and disrupted by sonication on ice 

for 3 x 5 min (1 min interval in between). Cell debris was removed by centrifugation (45 min, 

21130 x g, 4°C) and the Histidine-tagged proteins were purified from the supernatant by 

immobilized metal ion affinity chromatography (IMAC) using Ni-TED (nickel 

(tris(carboxymethyl)ethylene diamine) columns (Macherey-Nagel) according to the 

manufacturers' instructions. The elution fractions containing the respective recombinant 

proteins were collected and concentrated (Vivaspin®, Satorius Stedium Biotech). For the C. 

crescentus proteins, the concentrated samples were separated via a size exclusion 

chromatography column (HiLoad 26/60 Superdex 200 prep grade, Amersham Bio- sciences) 

pre-equilibrated with 50 mM HEPES/NaOH (pH 7.3, RT) containing 300 mM NaCl. XAD was 

immediately supplemented with MnCl2 after purification (17 µmol MnCl2/mg protein) and is then 

stored at -70°C. The purified XLA and KDXD were stored at 4°C, while XDH and KGSADH 

were stored at -70°C with 25% (v/v) glycerin. BtDO was washed 3 times after Ni-TED 

purification with 10 ml 50 mM HEPES/NaOH (pH 7.3, RT) using a 10 kDa cut-off centrifugal 

concentrator (Vivaspin® 20, Satorius Stedium Biotech) and was finally concentrated to 5-10 

mg/ml and stored at 4°C until use. 
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The protein concentration was determined using the Bradford assay with BSA (Merck) as 

standard. 

Growth of C. crescentus NA1000 

C. crescentus NA1000 was grown in M2 minimal salts medium supplemented with 0.2% (w/v) 

D-xylose or D-glucose36, and the optical density at 600 nm (OD600) was monitored. For activity 

tests, cells were harvested in the mid exponential phase (OD600 around 1) by centrifugation (15 

min, 8150 x g, 4 °C) and the cells were frozen at -70°C until use. 

The residual D-xylose concentration in the culture supernatants after centrifugation (10 min, 

21130 x g) was determined as described in Supplementary Table 12. 

Preparation of enzyme substrates 

D-xylonate and D-galactonate were prepared from D-xylonic acid-1,4-lactone (Carbosynth, UK) 

and D-galactonic acid-1,4-lactone (Sigma-Aldrich), respectively. 1 M of the respective sugar 

acid lactones in H2O were incubated with the same volume of 1.2 M NaOH at 37°C for 1 h. 

The mixture was afterwards diluted with four volumes of 50 mM HEPES/NaOH (pH 7, RT). 

The obtained 0.1 M D-xylonate/ D-galactonate solutions were either used directly or stored at 

-20°C. 

KDX, KDG and KDGal were produced enzymatically using the purified C. crescentus XAD from 

D-xylonate, D-gluconate, and D-galactonate as row materials, respectively. 3 U/ml of XAD 

(stored in the presence of 17 µmol MnCl2/mg protein), 30 mM D-xylonate, D-gluconate, or 3 

mM D-galactonate were incubated in 50 mM HEPES/NaOH (pH 7.5, 37°C) at 37°C for 2 h. 

Proteins were afterwards removed by a 10 kDa cut-off centrifugal concentrator (Vivaspin® 6, 

Satorius Stedium Biotech). 30 mM KGSA was prepared from D-xylonate by the same method 

using 3 U/ml of each C. crescentus XAD and KDXD. All of the prepared compounds were 

verified by 1H-NMR and 13C-NMR at a 600 MHz Bruker spectrometer using H2O/D2O (9:1, v/v) 

as solvent at 37°C. 

Enzyme assays 

All standard enzyme assays were performed in 100 mM HEPES/NaOH (pH 7.5, 37°C) at 37°C. 

Reaction mixtures (without substrate) were pre-incubated at 37°C for 2 min and the reaction 

was started by the addition of substrate. Every assay was carried out in triplicate. 

XDH. XDH activity was determined in a continuous assay (total volume 500 µl) by following 

the formation of NADH as increase in absorbance at 340 nm, using D-xylose (0.3-5 mM) or L-

arabinose (5-300 mM) as substrate, NAD+ (0.01-3 mM) as cofactor, and 136 ng purified 
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enzyme. For substrate specificity testing, 30 mM D-glucose, D-galactose, L-xylose, D-

arabinose or D-ribose with 5 mM NAD+ or 1 mM NADP+ were used.  

XLA. XLA activity was measured at 340 nm by coupling the formation of D-xylonate from D-

xylonic acid-1,4-lactone to the reduction of NAD+ via the C. crescentus enzymes XAD, KDXD 

and KGSADH. The standard assay (total volume 500 µl) contained 6.9 ng XLA, 0.88 U XAD, 

0.52 U KDXD, 0.34 U KGSADH, 5 mM NAD+ and 0.15-2 mM D-xylonic acid-1,4-lactone.  

XAD. XAD activity was determined in a discontinuous assay using D-xylonate (0.15-10 mM), 

D-gluconate (0.25-12.5 mM), or D-galactonate (0.25-12.5 mM) as substrates and 3.28 µg of 

XAD (stored in the presence of 17 µmol MnCl2/mg protein) in a total volume of 1 ml. 100 µl 

samples were taken at different time points and the reaction was stopped by the addition of 10 

µl 12% trichloroacetic acid and transferred on ice for 10 min. Precipitated proteins were 

removed by centrifugation at 21130 x g, 4°C for 15 min. The formation of KDX, KDG, or /KDGal 

was quantified using the thiobarbituric acid assay46. The assay system was calibrated using 

KDX, KDG, or KDGal (verified by NMR) in concentration between 0 and 1.5 mM. The extinction 

coefficients of KDX, KDG and KDGal were determined to be 80.95 mM-1cm-1, 110.95 mM-1cm-

1 and 62.57 mM-1cm-1, respectively.  

KDXD. KDXD activity was assayed in a continuous coupled assay with KGSADH as auxiliary 

enzyme using KDX as substrate. The standard assay (total volume 500 µl) contained 0.14 µg 

KDXD, 1.21 U KGSADH, 5 mM NAD+ and 0.05-5 mM KDX. The activity was monitored as 

NADH formation at 340 nm. 

KGSADH. KGSADH activity was determined in a continuous assay (total volume 500 µl) as 

NAD(P)+ reduction at 340 nm, using KGSA (0.05-1 mM), succinic semialdehyde (0.05-7.5 mM) 

or glutaraldehyde (0.1-15 mM) as substrates and NAD+ (0.01-12 mM) or NADP+ (0.005-3 mM) 

as cofactor. The substrate specificity was tested with 5 mM D,L-glyceraldehyde, 

glycolaldehyde dimer, benzaldehyde, valeraldehyde, hexanal, or isobutyraldehyde and 5 mM 

NAD+/NADP+. 

The pH optima of all enzymes were determined in a mixed buffer system with MES, HEPES, 

and Tris (50 mM of each) in the range of pH 5.5-9.5 adjusted at 37°C. The temperature optima 

were determined in 100 mM HEPES/NaOH (pH 7.5) at 25-75°C. Thermostability was checked 

by incubating the enzyme in 100 mM HEPES/NaOH (pH 7.5) at 37°C or 55°C and samples 

were taken every 30 min till 3 h to test the residual activity under standard conditions. 

Enzyme activities in cell-free extracts (CFE). The cell pellets of C. crescentus NA1000 grown 

on D-xylose and D-glucose, respectively, were resuspended in HEPES/NaOH buffer (pH 7.3, 

RT) supplemented with 300 mM NaCl and disrupted by sonication on ice for 3 x 5 min (1 min 

interval in between). Cell debris was removed by centrifugation (45 min, 21130 x g, 4°C). The 
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specific enzyme activities of the Weimberg enzymes in the CFEs were determined 

photometrically as described in Supplementary Table 10.  

Model construction & Data management 

For the model construction, a bottom-up approach was used, starting with the kinetic 

characterization of the isolated enzymes, using initial rate kinetics. Since each of the reactions 

ran to completion, we used irreversible kinetic rate equations of a Michaelis-Menten type but 

including product inhibition. The rate equations were fitted on the experimental data using the 

NonlinearModelFit function in Mathematica (www.wolfram.com). The mathematica notebooks 

and experimental data are made available on the FAIRDOMHub44 

(https://fairdomhub.org/investigations/284), and the parameterization can be reproduced by 

downloading the data file and mathematica notebook in the same directory and evaluate the 

notebook.  

The next step in the model construction was to test the initial rate kinetics in its prediction of 

substrate conversion assays. Since some of the enzymes were characterized in linked assays, 

it was not possible to determine product inhibition in the initial rate experiments, and we fitted 

product binding constant using the conversion data sets (sequential and one pot enzyme 

cascades), using the NMinimize function in Mathematica, with a Chi-square based objective 

function.  

Subsequent model validations were made by predicting perturbation experiments such as co-

factor regeneration, omission of the XLA enzyme (this reaction runs also without enzyme), and 

simulating a predicted optimal protein distribution for product formation.  

All model files are made available as SBML files, all data files are made available as 

RightField47 annotated excel files, and model description files are made available as SED-ML48 

scripts on the FAIRDOMHub and JWS Online45. 

Determination of intermediate concentration 

NMR. The conversion of D-xylose to KG by purified proteins was monitored by 1H -NMR and 

13C-NMR with a 600 MHz Bruker spectrometer using H2O/D2O (9:1, v/v) as solvent at 37°C 

(Supplementary Materials chapter 3, Supplementary Fig. 14-28 and Supplementary Table 13-

17). The NMR spectra were recorded with data points every five minutes in order to follow the 

concentrations of the intermediates and products. Absolute concentrations were determined 

by integration in the 1H NMR vs. the buffer signals. The reaction mixture (1 ml) contained 100 

mM HEPES/NaOH (pH 7.5, 37°C), 12 mM NAD+ and 5 mM D-xylose-1-13C. It was pre-

incubated at 37°C for 2 min (without enzyme), and the reaction was started by the addition of 

enzyme(s). For the sequential enzyme cascade reaction, each reaction was run to completion 

144

3.5 The Weimberg pathway 
 

 

 



 

before the next enzyme was added. For the one-pot reactions, proteins were mixed and the 

reaction was started by the addition of the enzyme mixture. The amount of each enzyme in the 

reactions is given in Supplementary Material chapter 2. The one-pot cascade reactions were 

performed in the absence and presence of XLA, and the effect of an NAD+ recycling system 

was followed in the presence of 15 mM pyruvate and 30 U L-lactate dehydrogenase (LDH, 

Merck).  

Enzymatic quantification. The conversion of D-xylose to KG by the CFEs was monitored by 

enzymatic quantification of the intermediate concentrations at different time points. The 

reaction mixture (5 ml) contained 2 mg CFE proteins, 100 mM HEPES/NaOH (pH 7.5, 37°C), 

12 mM NAD+, 5 mM D-xylose and either (1) 0.15 mM MnCl2 and the NAD+ recycling system 

as mentioned above; (2) 0.15 mM MnCl2 without the NAD+ recycling system or (3) only the 

NAD+ recycling system without MnCl2. The reaction mixtures were incubated at 37°C in a water 

bath with constant stirring and samples were taken at 0, 8, 16, 24, 30, 60, 100, 150, 165, 230 

min for intermediate quantification. To determine the NADH concentration, 10 µl of these 

samples were transferred into 290 µl ice-cold water. 200 µl of these dilutions were transferred 

into microtest plates (ROTH) and the absorbance was determined at 340 nm using a 

microplate reader (Infinity 200 M, TECAN, Switzerland). To detect the concentration of the 

other intermediates, 150 µl of the samples were transferred to 15 µl 12% (v/v) trichloroacetic 

acid to stop all enzymatic reactions. The obtained samples were kept on ice for 10 min and the 

precipitated proteins were removed by centrifugation at 21,130 x g, 4°C for 15 min. The 

resulting supernatants at different time points (i.e. KG at 0, 60, 100, 150, 230 min; pyruvate 

and D-xylose at 0, 8, 16, 24, 30, 60, 100, 150, 230 min; D-xylonate, KDX and KGSA at 0, 30, 

60, 100, 150, 230 min) were used for the enzymatic quantification of intermediates. The 

concentration of KG was determined using the KG kit from Merck. The concentrations of the 

residual five Weimberg intermediates were linked to the consumption or production of NADH 

using auxiliary enzymes (for details see Supplementary Table 12). After 30 min incubation at 

37°C, 200 µl of each reaction assay was transferred into microtest plates to determine the 

absorbance at 340 nm using the microplate reader.  

(2S, 3R, 4S)-4-hydroxyisoleucine production 

(2S, 3R, 4S)-4-hydroxyisoleucine was produced at 30°C with all of the Weimberg pathway 

enzymes in combination with the BtDO from B. thuringiensis, using L-isoleucine and D-xylose 

as substrates and NAD+ as cofactor. The reaction mixture (total volume 1 ml) contained 150 

mM MES buffer (pH 7, 30°C), 0.6 U of each Weimberg pathway enzyme, 0.8 mg of BtDO, 8 

mM NAD+, 0.5 mM FeSO4, 5 mM ascorbic acid, 2 mM L-isoleucine and 3 mM D-xylose. The 

mixture (without D-xylose) was pre-incubated at 30°C for 2 min and the reaction was started 

by the addition of D-xylose. 120 µl samples were taken at different time points (0, 30, 60, 90, 
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120, 180 min) and the reaction was immediately stopped by the addition of 12 µl 12% 

trichloroacetic acid and proteins were removed as described in the XAD enzyme assays. 100 

µl of the supernatant was taken and neutralized by adding 4 µl of 2 M NaOH. The concentration 

of L-isoleucine and (2S, 3R, 4S)-4-hydroxyisoleucine in the neutralized samples were checked 

by HPLC using L-glutamate as standard40. 
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1 Enzyme characterization 

For the determination of the initial rate kinetics of the Caulobacter crescentus Weimberg 

pathway enzymes, a detailed enzymatic characterization was performed (Supplementary 

Table 2). In addition to the general characterization including molecular size, pH and 

temperature optima as well as thermostability, the substrate specificity was also determined 

for selected substrates. For D-xylose dehydrogenase (XDH), enzyme activity was determined 

with different sugars using NAD+ as cofactor (Supplementary Fig. 1), NADP+ was tested to 

be not an utilizable cofactor for XDH. For the D-xylonate dehydratase (XAD), different 

divalent metal ions were checked for their influence on enzyme activity (Supplementary Fig. 

2). For the α-ketoglutarate semialdehyde dehydrogenase (KGSADH), both NAD+ and NADP+ 

can be accepted as cofactor. Enzyme activity was determined with different sugars in 

presence of the two cofactors, respectively (Supplementary Fig. 3). 

Supplementary Table 1. Cloning and expression of the D-xylose degradation enzymes from 

C. crescentus 

Gene Primer Vector 
Overexpression 

strain 

After 

induction 

CCNA_00862 

(XAD) 

Fd* (NdeI) 5’-CTAGATCATATGTCAACCGCACGCC 

Rv* (HindIII) 5’-GTACGAAGCTTTCAGTGGTTGTGGC 
pET28b Rosetta (DE3) 

30°C 

overnight 

CCNA_00863 

(XLA) 

Fd (NdeI) 5’- CCATAGCATATGACCGCTCAAGTCAC 

Rv (BamHI) 5’-ATCTTGGATCCTTAGACAAGGCGGAC 
pET15b BL21 (DE3)-pRIL 

21°C 

overnight 

CCNA_00864 

(XDH) 

Fd (NdeI) 5’- GTCCTGCATATGTCCTCAGCCATCTATC 

Rv (BamHI) 5’-CAATTGGATCCTCAACGCCAGCCG 
pET15b BL21 (DE3)-pRIL 37°C 4 h 

CCNA_00865 

(KGSADH) 

Fd (NdeI) 5’- CAATCACATATGACCGACACCCTGC 

Rv (BamHI) 5’- GTCTTGGATCCTTACGACCACGAGTAG 
pET15b Rosetta (DE3) 

21°C 

overnight 

CCNA_00866 

(KDXD) 

Fd (NdeI) 5’- GCATTGCATATGGGCGTGAGTGAATTC 

Rv (BamHI) 5’- GAACTGGATCCTTAGAGGAGGCCGC 
pET15b BL21 (DE3)-pRIL 37°C 4 h 

*Fd: forward, Rv: reverse. Sequences underlined are restriction sites.

1

152

3.5 The Weimberg pathway 
 

 

 



Supplementary Table 2. Properties of the D-xylose degrading enzymes from C. crescentus 

Enzyme 
D-xylose 

dehydrogenase 
Xylonolactonase 

D-xylonate 

dehydratase 

2-keto-3-

deoxy-D-

xylonate 

dehydratase 

α-ketoglutarate 

semialdehyde 

dehydrogenase 

UniProt ID B8H1Z0 A0A0H3C6P8 A0A0H3C6H6 A0A0H3C4T2 A0A0H3C801 

Locus tag CCNA_00864 CCNA_00863 CCNA_00862 CCNA_00866 CCNA_00865 

NCBI Gene ID 7329904 7329903 7329902 7329906 7329905 

Subunit size 

(kDa) 
26.6 31.6 64.2 41.3 50.6 

Oligomerization Dimer Monomer Tetramer Dimer Tetramer 

Vmax U/mg 

D-xylose (121.1) 

L-arabinose 

(131.8) 

D-ribose (6.2) 

D-xylono-1,4-

lactone (944.4) 

D-xylonate 

(42.4) 

D-gluconate 

(73.2) 

D-galactonate 

(58.5)a 

KDX (107.1) 

NAD+ as cofactor: 

KGSA (45.2) 

SSA (0.3) 

Glutaraldehyde 

(54.4)a 

NADP+ as cofactor: 

KGSA (37.1) 

SSA (0.4) 

Glutaraldehyde 

(37.9)a 

Km (mM) 

D-xylose (0.20) 

NAD+ (0.17) 

L-arabinose 

(71.09) 

D-xylono-1,4-

lactone (0.45) 

D-xylonate 

(0.79) 

D-gluconate 

(2.19) 

D-galactonate 

(0.55, 

Ki = 58.14)a 

KDX (0.21) 

NAD+ as cofactor: 

KGSA (0.02) 

SSA (0.40) 

Glutaraldehyde 

(2.51, Ki = 6.44)a 

KGSA as 

substrate: 

NAD+ (0.59) 

NADP+ (0.02) 

pH optimum 

(>50% activity) 
8.5 (6.0-9.5) NDb 7.5 (7.0-8.5) NDb 7.5 (6.0-9.0) 

Temperature 

optimum °C 

(>50% activity) 

55 (40-60) NDb 55 (30-65) NDb 40 (25-45) 

Thermostability NDb NDb 

75% residual 
activity (2 h at 
55°C), 100% 
residual activity 
(2 h at 37°C) 

NDb 

100% residual 

activity (2.5 h at 

37°C) 

The Vmax and Km are mainly calculated by Origin using the model of Michaelis-Menten. 
a Since the substrate shows inhibition on the enzyme at high concentration, the following model was used for 

calculation: 𝑣 =
𝑉𝑚𝑎𝑥∙[𝑆]

𝐾𝑚+[𝑆](1+
[𝑆]

𝐾𝑖
)

b ND: not determined 
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Supplementary Figure 1. Substrate spectrum of the D-xylose dehydrogenase (XDH). The 

specific activity was determined in 100 mM HEPES/NaOH (pH 7.5, 37°C) at 37°C using 30 mM of 

each sugar, 5 mM NAD+ and 0.136-4 µg XDH. NADP+ was tested to be no utilizable cofactor for XDH. 

Supplementary Figure 2. Metal ion dependency of the D-xylonate dehydratase (XAD). To check 

the influence of divalent metal ions, the purified XAD was dialyzed with 50 mM HEPES/NaOH (pH 7.3, 

RT) containing 300 mM NaCl and 1 mM EDTA at 4°C overnight. Specific activity was determined by 

TBA assay in 100 mM HEPES/NaOH (pH 7.5, 37°C) at 37°C using 10 mM D-xylonate and 3.5 µg of 

the dialyzed XAD. To determine the optimal concentration of Mn2+ (A), 0-0.3 mM of MnCl2 was added 

into the assays; to check other metal ions (B), no metal ions or 0.075 mM of MnCl2, CoCl2, NiSO4, 

FeSO4, CaCl2, ZnSO4 and CuCl2 was respectively added into the assays, Mn2+ showed the highest 

activity with this low concentration of metal ions (100% activity with 24 µM Mn2+/µg protein). All 

measurements were performed in triplicate, the points and bars in the figures are the mean values and 

the error bars indicate the standard deviation. 
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Supplementary Figure 3. Substrate spectrum of the α-ketoglutarate semialdehyde 

dehydrogenase (KGSADH). The specific activity was determined in 100 mM HEPES/NaOH (pH 7.5, 

37°C) at 37°C using 0.9-17.5 µg KGSADH, 5 mM D,L-glyceraldehyde, glycolaldehyde dimer, 

benzaldehyde, valeraldehyde, hexanal or isobutyraldehyde with 5 mM NAD+ (A) or NADP+ (B) as 

cofactor. All measurements were performed in triplicate, the bars in the figures are the mean values 

and the error bars indicate the standard deviation. 
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2 Model construction and optimization 

2.1 Initial rate kinetics 

D-xylose dehydrogenase (XDH). For the NAD+ dependent reduction of D-xylose (XYL) to D-

xylonolactone (XLAC), an irreversible, random order reaction mechanism, with product 

inhibition (Eq. 1) was used to describe XDH activity. The equation was fitted to initial rate 

kinetics for the purified enzyme (Supplementary Table 3, Supplementary Fig. 4). For 

estimating the binding constants of the products, initial rate experiments in the presence of 

added XLAC and NADH were performed (Supplementary Fig. 4c, d). 

𝑣XDH =

𝑉𝑀XDH
NAD

+

𝐾XDHNAD
+

XYL
𝐾XDHXYL

(1 +
NAD

+

𝐾XDHNAD
+

+
NADH

𝐾XDHNADH
) (1 +

XYL
𝐾XDHXYL

+
XLAC

𝐾XDHXLAC
)

 (1) 

Supplementary Table 3. Kinetic parameters of D-xylose dehydrogenase (XDH). For the estimation of 

the kinetic parameters of XDH, Eq. 1 was fitted to initial rate kinetic data for XDH (Supplementary Fig. 

4). 

Estimate Standard error Units 

VMXDH 1.3·10+2 2.9 (U/mg) 

KXDHXYL 2.0·10−1 1.7·10−2 (mM) 

KXDHNAD+ 1.6·10−1 1.6·10−2 (mM) 

KXDHXLAC 5.4·10−1 3.1·10−2 (mM) 

KXDHNADH 3.0·10−2 2.8·10−3 (mM) 

Xylonolactonase (XLA). XLAC produced by XDH can be metabolised enzymatically by the 

XLA, or in a non-enzymatic way. The kinetics for XLAC metabolism was followed in presence 

and absence of XLA, by linking XLAC dependent D-xylonate (XA) production to D-xylonate 

dehydratase (XAD), 2-keto-3-deoxy-D-xylonate dehydratase (KDXD) and α-ketoglutarate 

semialdehyde dehydrogenase (KGSADH). The non-enzymatic degradation of XLAC was 

linearly dependent on its substrate (Supplementary Fig. 5a) and the data were fitted to a 

linear equation (eq. 2), assuming mass action kinetics, while the lactonase showed a 

hyperbolic saturation curve and the kinetics (Supplementary Fig. 5b) were fitted to a 

Michaelis-Menten mechanism with product inhibition (eq. 3). Equations 2 and 3 could describe 

the kinetic data well with the estimated parameter values (Supplementary Table 4). Since the 

assay for initial rate kinetics is linked to XA, we could not measure product inhibition with this 

assay, and fitted the binding constant for XA in the conversion assays (Supplementary Fig. 9b). 

𝑣XLANE = 𝑘𝑋𝐿A ⋅ XLAC    (2)  

𝑣XLA =
𝑉𝑀XLA ⋅

XLAC
𝐾XLAXLAC

1 +
XLAC

𝐾XLAXLAC
+

XA
𝐾XLAXA

 (3) 
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Supplementary Table 4. Kinetic parameters for xylonolactonase (XLA). For the estimation of the 

kinetic parameters of XLAC conversion, Eqs. 2 and 3 were fitted to initial rate kinetic data for 

xylonolactonase (Supplementary Fig. 5). The binding constant for XA was fitted on the conversion 

assay data for XLA (Supplementary Fig. 9b). 

Estimate Standard error Units 

kXLA 7.2·10-3 7.7·10−5 (1/min) 

VMXLA 9.4·10+2 6.0·10+1 (U/mg) 

KXLAXLAC 4.5·10−1 7.9·10−2 (mM) 

KXLAXA 3.7·10−2     -- (mM) 
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Supplementary Figure 4. D-xylose dehydrogenase (XDH) activity as a function of D-xylose (XYL) 

and NAD+, and product inhibition by D-xylonolactone (XLAC) and NADH. Initial rate kinetics were 

measured for purified XDH (0.136 µg/ml) by following NADH formation at various concentrations of XYL 

(panel (a), with 5 mM NAD+) and at various concentrations of NAD+ (panel ( b), with 2 mM XYL). The 

data without added product were fitted to Eq. 1; inhibition by XLAC (panel ( c), measured with 3 

mM NAD+ and 2 mM XYL (shown in black) or 5 mM XYL (shown in blue)), and inhibition by NADH 

(panel (d), measured with 5 mM XYL and 3 mM NAD+), was fitted separately, and expressed as 

fraction of maximal activity (panel (c) and (d)). 
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Supplementary Figure 5. Enzymatic and non-enzymatic xylonolactonase (XLA) activity as a 

function of D-xylonolactone (XLAC). Initial rate kinetics were measured for the non-enzymatic reaction 

and for purified XLA (0.0069 µg/ml) by following NADH formation at various concentrations of XLAC. The 

reaction was linked to XAD, KDXD and KGSADH. The lines are the fitted equations 2 (panel (a)), and 3 

(panel (b)) with parameter values listed in Supplementary Table 4. 

D-xylonate dehydratase (XAD). XA formed by XLA can be converted into 2-keto-3-deoxy-D-

xylonate (KDX) by the D-xylonate dehydratase (XAD). We assumed Michaelis-Menten kinetics 

(eq. 4) for the reaction and fitted the equation to the initial rate kinetics for the enzyme 

(Supplementary Table 5), measured using an off-line colorimetric assay. The kinetic data and fitted 

rate equation are shown in Supplementary Fig. 6. The product inhibition constant for KDX and 

inhibition constant for NADH were from incubations made with the two effectors: 10 mM additional 

KDX resulted in 50% reduction of activity for 10 mM XA conversion, and 3 mM NADH resulted in 

a 28% reduction of activity. 

𝑣XAD =
𝑉𝑀XAD ⋅

XA
𝐾XADXA

(1 +
XA

𝐾XADXA
+

KDX
𝐾XADKDX

) (1 +
NADH

𝐾𝑖XADNADH
)

 (4) 

Supplementary Table 5. Kinetic parameters of D-xylonate dehydratase (XAD). For estimation of the 

kinetic parameters of XAD, Eq. 4 was fitted to initial rate kinetic data for XAD, measured using an off-line 

colorimetric assay (Supplementary Fig. 6). 

Estimate Standard error Units 

VMXAD 4.2·10+1 6.7·10−1 (U/mg) 

KXADXA 7.9·10-1 4.9·10-2 (mM) 

KXADKDX 8.6·10−1     -- (mM) 

KiXADNADH 1.1·10+1     -- (mM) 

v
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Supplementary Figure 6. D-xylonate dehydratase (XAD) activity as a function of D-xylonate (XA). Initial 

rate kinetics were measured for purified XAD (3.29 µg/ml) using an off-line colorimetric assay. The line is the 

fitted equation 4 with parameter values listed in Table 5. 

2-keto-3-deoxy-D-xylonate dehydratase (KDXD). KDX is converted to α-ketoglutarate 

semialdehyde (KGSA) by KDXD. The enzyme showed a hyperbolic saturation curve for its 

substrate but was found to be sensitive to a number of metabolites. In addition to the direct 

product KGSA, the enzyme was inhibited by XA, α-ketoglutarate (KG), pyruvate and lactate, 

grouped as inhi in eq. 5. Product inhibition for the individual metabolites and combination of 

metabolites was determined in initial rate experiments in a linked KGSADH assay (Supplementary 

Fig. 7), while for KGSA the binding constant was estimated in a conversion assay (Supplementary 

Fig. 10b). No inhibition was observed for XYL and XLAC (up to 5 mM concentrations). 

𝑣KDXD =
𝑉𝑀KDXD ⋅

KDX
𝐾KDXDKDX

(1 +
KDX

𝐾KDXDKDX
+

KGSA
𝐾KDXDKGSA

) (1 + ∑
inh𝑖

𝐾𝑖KDXD

4
𝑖=1 )

 (5) 

Supplementary Table 6. Kinetic parameters of 2-keto-3-deoxy-D-xylonate dehydratase (KDXD). For the 

estimation of the kinetic parameters, Eq. 5 was fitted to initial rate kinetic data for KDXD in a linked assay 

with α-ketoglutarate semialdehyde dehydrogenase (KGSADH) (Supplementary Fig. 7). 

Estimate Standard error Units 

VMKDXD 1.1·10+2 4.0 (U/mg) 

KKDXDKDX 2.1·10-1 3.5·10-2 (mM) 

KKDXDKGSA 2.9·10−1     -- (mM) 

KiKDXDXA 1.8·10+1 1.2 (mM) 

KiKDXDKG 1.5·10+1 1.3 (mM) 

KiKDXDpyr 1.8·10+1 1.0 (mM) 

KiKDXDlac 2.8·10+1 1.1 (mM) 

v
X

A
D

 (
U

/m
g

) 
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Supplementary Figure 7. Activity of the 2-keto-3-deoxy-D-xylonate dehydratase (KDXD) as a function of 

KDX, and the effect of inhibitors. Initial rate kinetics were measured for purified KDXD (0.189 µg/ml) by 

following NADH formation at various concentrations of XA, in a KGSADH linked assay. The lines in panel 

(a) are the fitted equation 5 with parameter values listed in Supplementary Table 6. The inhibitory effect of 

lactate (shown in red), pyruvate (shown in green), α-ketoglutarate (KG) (shown in yellow), and D-xylonate 

(XA) (shown in blue), measured at 2 mM KDX concentration, are indicated in panel (b). 

α-Ketoglutarate semialdehyde dehydrogenase (KGSADH). KGSA formed by KDXD is oxidised by 

KGSADH to KG. We used a random order binding mechanism (eq. 6) to describe the reaction 

kinetics. The rate equation was fitted to the experimental data set, including inhibition by the 

products NADH and KG (see Supplementary Fig. 8). 

𝑣KGSADH =
𝑉𝑀KGSADH ⋅

NAD+

𝐾KGSADHNAD+
⋅

KGSA
𝐾KGSADHKGSA

(1 +
NAD+

𝐾KGSADHNAD+
+

NADH
𝐾KGSADHNADH

) (1 +
KGSA

𝐾KGSADHKGSA
+

KG
𝐾KGSADHKG

)
 (6) 

Supplementary Table 7. Kinetic parameters of α-ketoglutarate semialdehyde dehydrogenase 

(KGSADH). To estimate the kinetic parameters, Eq. 6 was fitted to initial rate kinetic data for 

KGSADH (Supplementary Fig. 8). 

Estimate Standard error Units 

VMKGSADH 4.9·10+1 1.9 (U/mg) 

KKGSADHKGSA 2.2·10-2 3.1·10-3 (mM) 

KKGSADHKG 2.8·10−1 3.0·10-2 (mM) 

KKGSADHNAD+ 6.0·10-1 1.0·10-1 (mM) 

KKGSADHNADH 2.7·10-1 9.8·10-3 (mM) 
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Supplementary Figure 8. α-ketoglutarate semialdehyde dehydrogenase (KGSADH) activity as 

a function of KGSA and NAD+, and product inhibition by α-ketoglutarate (KG) and NADH. Initial 

rate kinetics were measured for purified KGSADH (0.1324 µg/ml) by following NADH formation at various 

concentrations of KGSA (with 5 mM NAD+, panel (a)) and at various concentrations of NAD+ (with 1 

mM KGSA, panel (b)). Product inhibition for KG was measured with 5 mM NAD+, and either 1 mM 

KGSA (shown in black) or 2 mM KGSA (shown in blue) in panel (c). Product inhibition for NADH was 

measured with 5 mM NAD+, and 1 mM KGSA in panel (d). The substrate data set was fitted to Eq. 6, 

and product inhibition was fitted separately, resulting in parameter values listed in Supplementary Table 

7. 
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2.2 In vitro reconstituted pathway 

For model validation we used NMR analyses of conversion assays in incubations; first 

incubations with sequentially added single enzymes (progress curves), and then for mixtures 

of enzymes (one-pot cascade analyses). Enzyme concentrations were chosen such that a 

good resolution was possible with the NMR, i.e. 5 mM conversions in circa 90 min time scale. 

2.2.1 Sequential enzyme cascade 

Each of the individual enzymes of the D-xylose degradation pathway was added sequentially 

to follow the conversion of 5 mM D-xylose through the pathway. The enzyme kinetic rate 

equations constructed on the basis of the initial rate characteristics were tested in their ability 

to predict the conversions. We had to fit product inhibition constants for XLA and KDXD, which 

cannot be assayed in initial rate kinetics (due to the nature of the linked assays). 
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Supplementary Figure 9. Progress curves for D-xylose dehydrogenase (XDH) and lactonase 

(XLA). Conversion of 5 mM D-xylose (XYL) (shown in black) by XDH (2.5 µg/ml) was followed over 

time with NMR (panel (a), closed and open symbols indicate data for two independent experiments). 

D-xylonolactone (XLAC) (shown in blue) formed by XDH, was non-enzymatically degraded to D-

xylonate (XA) (shown in red). At t = 90 min, XLA (0.8 µg/ml) was added to the incubation, and the 

conversion of XLAC to XA was followed in panel (b). For panel (a), a mathematical model based on 

Eqs. 1 and 2 was used, for panel (b), Eq. 3 was additionally added to the model. Model simulations are 

shown in solid lines for the full rate equation. In panel (a), shorter dashed lines are for predicted 

conversion without inhibition, and longer dashed lines are for predicted conversion with NADH inhibition 

but no XLAC inhibition. In panel (b), dashed lines are for predicted conversion without product inhibition. 

All simulations are shown with corresponding colors to the experimental symbols. 

D-xylose dehydrogenase (XDH). For the individual enzyme reactions an incubation was 

started with initial concentrations of substrates XYL (5 mM), NAD+ (12 mM) and XDH (2.5 

µg/ml), without XLA. The model prediction for the XDH conversion of XYL to XLAC, in 

combination with the non-enzymatic conversion of XLAC to XA, was well predicted by the 
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model, based on the initial rate kinetics (Supplementary Fig. 9a, solid line). Note that 

the activity of XDH is significantly inhibited by both its products, XLAC and NADH. Without 

product inhibition a much faster rate of conversion is predicted (Supplementary Fig. 9a, 

shorter dashed line), and of the two products the inhibition by NADH was most prominent 

(Supplementary Fig. 9a, longer dashed line). 

Xylonolactonase (XLA). After 90 min, at the end of the XDH incubation, XLA (0.8 µg/ml) was 

added and the conversion of XLAC to XA was followed (Supplementary Fig. 9b). Without 

product inhibition the model prediction for the conversion was much faster than the 

experimentally measured conversion (Supplementary Fig. 9b, dashed line). Therefore we 

included a product inhibition by XA into the model (Eq. 3) and fitted the binding constant on the 

conversion data (Supplementary Table 4), this resulted in a good description of the 

experimental data (Supplementary Fig. 9b, solid line). 
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Supplementary Figure 10. D-xylonate dehydratase (XAD) and 2-keto-3-deoxy-D-xylonate 

dehydratase (KDXD) progress curves. Conversion of 5 mM D-xylonate (XA) (formed in a XDH, XLA 

incubation, see Supplementary Fig. 9, shown in red) to KDX (shown in green), after addition of XAD 

(6.5 µg/ml) at 180 min, was followed over time with NMR (panel (a), closed and open symbols indicate 

data for two independent experiments). At t = 270 min, KDXD (3.3 µg/ml) was added to the 

incubation, and the conversion of KDX to α-ketoglutarate semialdehyde (KGSA) was followed in panel 

(b). For panel (a), a mathematical model based on Eqs. 1, 2, 3, and 4 was used, for panel (b), Eq. 5 

was additionally added to the model. Model simulations are shown in solid lines for the full rate equation. 

In panel (a), longer dashed lines are for predicted conversion without inhibition, and shorter dashed lines 

are for predicted conversion with NADH inhibition but no KDX inhibition. In panel (b), dashed lines are for 

predicted conversion without product inhibition. All simulations are shown with corresponding colors to the 

experimental symbols. 

D-xylonate dehydratase (XAD). At the end of the XLA incubation, XAD (6.5 µg/ml) was added 

and the conversion of XA to KDX was followed (Supplementary Fig. 10a). Product inhibition 

and inhibition by NADH (formed in the XDH reaction) were included and resulted in a significant 

lowering of the conversion rate (Supplementary Fig. 10a). However, the model 
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prediction for the conversion was still faster than the experimentally observed conversion. The 

fairly straight conversion profile in the experimental data indicate that it is not the product 

inhibition that is underestimated (this inhibition would increase from 0 to strong inhibition not 

resulting in a straight conversion line), but could be due to a stronger than estimated NADH 

inhibition. We are unsure why the enzyme activity would be lower in the conversion assays 

compared to the initial rate kinetics. The conditions are fairly similar, except for the enzyme 

concentration and the incubation time which have higher values (2 fold, and 50 fold respectively) 

in the conversion assay. 

2-keto-3-deoxy-D-xylonate dehydratase (KDXD). After the XAD reaction, KDXD was added 

(3.3 µg/ml) and the conversion of KDX to KGSA was followed (Supplementary Fig. 10b). 

Without product inhibition the model predicted a higher conversion rate than was observed 

experimentally (Supplementary Fig. 10b, dashed line) and we fitted KGSA inhibition for KDXD 

(Eq. 5, Table 6). This resulted in a good description of the experimental data 

(Supplementary Fig. 10b, solid line). Note that we only have KDX concentrations for one of the 

incubations (open symbols only), and for the fit we used only one of the KGSA data sets 

(closed symbols), since the open symbols did not give closed carbon balance. 
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Supplementary Figure 11. α-ketoglutarate semialdehyde dehydrogenase (KGSADH) progress 

curve. Conversion of 5 mM KGSA (formed in a XDH, XLA, XAD, KDXD incubations, see 

Supplementary Fig. 9 and 10, and shown in brown), to α-ketoglutarate (KG) (shown in blue), after 

addition of KGSADH (6.6 µg/ml) at 360 min, was followed over time with NMR (closed and open 

symbols indicate data for two independent experiments). A mathematical model based on Eqs. 1, 2, 

3, 4, 5 and 6 was used to describe the experiment. Model simulations are shown in solid lines for the 

full rate equation, shorter dashed lines are for predicted conversion without inhibition, and longer dashed 

lines are for predicted conversion with NADH inhibition but no other products inhibition. All simulations 

are shown with corresponding colors to the experimental symbols. 

α-Ketoglutarate semialdehyde dehydrogenase (KGSADH). After the KDXD, KGSADH was 

added (6.6 µg/ml) and the conversion of KGSA to KG was followed (Supplementary Fig. 11). 

The kinetic rate equation based on the initial rate kinetics gave a good prediction of the 
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experimental data (Supplementary Fig. 11 solid line). As was observed for all enzymes in the 

system, the KGSADH was strongly inhibited by its products. In absence of product inhibition, 

the conversion would have been much faster (indicated with shorter dashed lines in 

Supplementary Fig. 11). Similar as observed for the XDH, NADH contributed strongest to the 

product inhibition (Supplementary Fig. 11, longer dashed line). 

2.2.2 One-pod cascade 

After the pathway reconstitution via the sequential enzyme additions, we also analysed the 

conversion of D-xylose (XYL) in a complete pathway. Three different perturbations were made: 

first, a reference analysis, to check the model prediction for the complete pathway system and 

make final model adaptations. Subsequently, we solved the pathway inhibition caused by NADH 

via inclusion of an NAD+ recycling system. Lastly, the optimal ratio of enzymes was designed 

for fastest conversion of XYL to α-ketoglutarate (KG) under different conditions. 

Reference analysis. For the reference analysis, the five enzymes of the D-xylose degradation 

pathway were added together in concentrations close to those used in the sequential analysis: 

2.5 µg/ml XDH, 0.8 µg/ml XLA, 8.67 µg/ml XAD, 0.5 µg/ml KDXD, 10 µg/ml KGSADH. The 

system was analysed using 1 3C and 1H-NMR to follow the metabolism of 5 mM D-xylose 

and its conversion into KG via the pathway intermediates (Main text Fig. 3A). With the rate 

equations that were constructed on the basis of the isolated reaction kinetics we could make a 

fairly accurate prediction of the first part of the pathway, but two parameters had to be adapted 

to make a good description of the complete pathway (Main text Fig. 3A). In contrast to the 

incubations with sequential addition of the enzymes, the conversion in the complete pathway did 

not run to completion, and specifically the conversion via KDXD was slow (high concentrations 

of KDX remaining), and the high KGSA to KG ratio suggested strong inhibition of KGSADH.  

Activity of KDXD appeared to be strongly inhibited in the complete pathway, which was 

evident from the much lower KDX concentrations in the model prediction as compared to the 

experimentally measured values (Supplementary Fig. 12, dotted line). Therefore, we tested the 

sensitivity of KDXD for all the pathway intermediates in initial rate kinetic experiments and found 

that the enzyme is sensitive to several of the intermediates (Supplementary Fig. 7, and 

Supplementary Table 6). However, these inhibitory effects are not strong enough to explain 

the reduced enzyme activity in the pathway analysis. We had to lower the activity to 25% of 

the isolated enzyme activity, which resulted in a much better description of KDX 

(Supplementary Fig. 12, dashed line). In addition, we needed to increase the NADH inhibition 

strength for KGSADH (binding constant for NADH needed to be reduced to 1/30 of the fitted 

value) to prevent the model from overestimating the KG production (Supplementary Fig. 12, solid 

line). It is unclear why this inhibition is much stronger in the complete pathway analysis, 

compared to the individual conversion assay and the initial rate kinetics. 
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Supplementary Figure 12. Pathway analysis for reference state with parameter adaptions. Dotted 

lines are for predicted conversion using the model constructed in 2.2.1, dashed lines are for predicted 

conversion by reducing the determined KDXD activity to 25%, and solid lines are for predicted conversion 

with increased strength of NADH inhibition on KGSADH on the basis of the dashed line. All simulations are 

shown with corresponding colors to the experimental symbols. 

Pathway with NAD+ recycling. Model analyses suggested that the incomplete conversion of D-

xylose (XYL) to α-ketoglutarate (KG) in the complete pathway analyses was due to NADH 

inhibition, and this was tested by inclusion of an NAD+ recycling reaction to the system (10 U 

lactate dehydrogenase and 15 mM pyruvate). 

Model application for computational pathway design. Subsequently, we analyzed the optimal 

protein ratios for the fastest conversion of XYL to KG, with a given total protein amount of 

22.5 µg/m (Supplementary Table 8). This is the same amount of protein as used in the 

conversion and pathway analyses, where it roughly took 600 min for complete conversion of 5 

mM XYL with NAD+ recycling (Main text Fig. 3B). When we distribute the protein amount over 

the different enzymes in the pathway for fastest conversion (with NAD+ recycling), it was 

possible to achieve full conversion in 100 min (Main text Fig. 3D), The biggest change in 

enzyme concentrations between the reference state and the optimized state are the relative 

concentrations of KDXD and KGSADH, where a shift to KDXD makes the conversion of KDX, 

which accumulates in the reference state, to KGSA faster. In contrast, when we analyze the 

optimal enzyme distributions for the pathway in absence of NAD+ recycling, KGSADH is by 

far the most abundant enzyme (Supplementary Table 8). Under these conditions only 64% 

conversion is obtained in 600 min. 

Lastly, we re-analyzed the pathway in absence of XLA, to test whether the non-enzymatic 

conversion of XLAC becomes limiting at the higher pathway fluxes under optimal protein 

distribution. In contrast to the analysis under non-optimal protein distributions, where omission 

of XLA did not have a big effect on final KG production, under the optimal protein distribution 

(keeping total protein equal to 22.5 µg/ml) and NAD+ recycling, the XLA becomes limiting for 
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maximal pathway flux. Interestingly, when comparing the optimal protein distribution over the 

pathway enzymes in absence of XLA to the distribution in presence of XLA (Main text Figure 

3D), much more protein is distributed to the first enzyme, to push XLAC concentrations higher 

such that the non-enzymatic conversion runs faster, and indeed XYL is converted faster (almost 

2x) than in the incubation for the optimal distribution in the presence of XLA, while the KG 

production rate is much slower. KGSADH is now the least abundant enzyme in the pathway 

(Supplementary Table 8). 

Supplementary Table 8. Predicted protein concentrations and ratios required for optimal 

conversion of D-xylose to α-ketoglutarate. The total enzyme amount is set to be 22.5 μg/ml. 

Reference analysis 
(with NAD+ recycling) 

Fastest conversion 
(with NAD+ recycling) 

Fastest conversion 
(without NAD+ 

recycling) 

Fastest conversion 
(with NAD+ recycling, 

without XLA) 

XDH (µg/ml) 2.5 2.3 0.5 7.0 

XLA (µg/ml) 0.8 1.6 0.5 - 

XAD (µg/ml) 8.7 7.9 2.0 5.3 

KDXD (µg/ml) 0.5 7.3 2.7 7.1 

KGSADH (µg/ml) 10 3.4 17 3.0 

Conversion rate (%) 100 100 64 98 

Conversion time (min) 600 100 600 600 

In order to demonstrate the usability of the computational pathway design, the pathway was 

optimized for conversion efficiency using stored enzyme fractions (Supplementary Table 9). 

Supplementary Table 9. Properties of the D-xylose degrading enzymes from C. crescentus before 

and after storage. 

Enzyme 
Storage 

conditiona 
Time of storage 

(month) 

Specific activity (U/mg) 
Residual 

activity (%) Before 
storage 

After 
storage 

D-xylose dehydrogenase 4°C 16 101.8 60.6 59.5 

Xylonolactonase 4°C 14 851.3 938.4 110.2b 

D-xylonate dehydratase -70°C 14 36.6 35.2 96.2 

2-keto-3-deoxy-D-xylonate 
dehydratase 

4°C 11 98.4 57.8 58.7 

α-ketoglutarate semialdehyde 
dehydrogenase 

-70°C 14 41.5 32.8 79.0 

a In order to avoid additional signals in NMR, the proteins were stored at 4°C or -70°C directly after purification 

without adding glycerol. 

b. Due to the high specific activity of the xylonolactonase, the enzyme had to be significantly diluted in the enzyme

assay, causing some deviation in specific activity. 
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2.2.3 Cell-free extract (CFE) analysis 

To analyse the Weimberg pathway under in vivo conditions, C. crescentus was grown in presence 

of D-xylose and D-glucose (Supplementary Fig. 13) and the specific activity of the Weimberg 

enzymes were determined (Supplementary Table 10-11). The model was tested in its capability to 

predict the in vivo conversions by inserting the specific activities of the enzymes measured in the 

CFE into the model. To convert the specific activity of the enzymes in the CFE to amount of 

purified enzymes in the model, a number of calculations had to be made (Supplementary Table 

11). First, the specific activity U/mg total protein was converted into a VM, by inserting the specific 

activity and the assay conditions into the model rate equation and then solve for the VM. The 

protein concentration can then be calculated by dividing the VM per total protein by the VM per 

purified protein, to yield the pure protein per total protein. In the model this value is then multiplied 

by the total protein per ml incubation volume (0.4 mg/ml) to yield the pure protein per ml in the 

assay. Metabolites concentrations in the CFE assay were quantified enzymatically 

(Supplementary Table 12). 

Supplementary Figure 13. Cell growth of C. crescentus NA1000. C. crescentus NA1000 was 

grown on minimum medium supplemented with 0.2% D-xylose (A) or D-glucose (B). The 

consumption of D-xylose and accumulation of α-ketoglutarate (KG) in the D-xylose grown cultures were 

monitored. The red arrows in the growth curves indicate where the cells were collected. 

D-xylose grown D-glucose grown 
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Supplementary Table 10. Assay composition for enzyme activity determination in the cell-free 

extract of C. crescentus. 

Object enzyme CFE protein Substrates Metal ions Auxiliary enzymes 

XDH 4 µg / 8 µg 

D-xylose (5 mM) 

NAD+ (3 mM) / 

NADP+ (1mM) 

-- -- 

XLA 1.5 µg / 3 µg 

D-xylono-1,4-lactone 

(2mM) 

NAD+ (5 mM) 

-- 

XAD (23.4 µg) 

KDXD (14.2 µg) 

KGSADH (15.5 µg) 

XAD 15 µg / 30 µg 
D-xylonate (2 mM) 

NAD+ (5 mM) 

MnCl2 

(0.15 mM) 

KDXD (14.2 µg) 

KGSADH (15.5 µg) 

KDXD 3 µg / 6 µg 
KDX (3 mM) 

NAD+ (5 mM) 
-- KGSADH (15.5 µg) 

KGSADH 5 µg / 10 µg 

KGSA (1 mM) 

NAD+ (5 mM) / 

NADP+ (1mM) 

-- -- 

Supplementary Table 11. Calculation of protein concentrations in cell-free extract (CFE). To 

estimate protein concentrations in CFE, the specific activities were converted to equivalent VM values per 

total protein (tot. prot.) and then divided by the VM of purified protein to yield the purified protein per 

total protein concentration. 

Enzyme 
Specific activity 
(U/mg tot. prot.) 

VM 

(U/mg tot. prot.) 

[Enzyme] 
(µg prot./mg tot. prot.) 

XDH 0.71 0.78 6.1 

XLA 3.38 4.13 4.4 

XAD 0.45 0.49 11 

KDXD 0.81 0.98 9.2 

KGSADH 0.55 0.63 13 

Supplementary Table 12. Assay composition for the enzymatic quantification of metabolite 

concentration. The reaction mixtures were incubated at 37°C for 30 min, and 200 µl of each mixture 

was afterwards transferred into the microtest plate (ROTH) to check the absorbance at 340 nm. 

D-xylose D-xylonate KDX KGSA Pyruvate 

Cofactor 2 mM NAD+ 2 mM NAD+ 2 mM NAD+ 2 mM NAD+ 0.5 mM NADH 

Enzymes 0.7 U XDH 

0.4 U XAD, 

0.8 U KDXD, 

0.5 U KGSADH 

0.8 U KDXD, 

0.5 U KGSADH 
0.5 U KGSADH 1.0 U LDH 

Control 1 
No XDH in 

the mixture 

No XAD in the 

mixture 

No KDXD in the 

mixture 

No KGSADH in 

the mixture 

No LDH in the 

mixture 

Control 2 Replace the 10 µl sample with 10 µl H2O in the reaction mixture 

Buffer 100 mM HEPES/NaOH (pH 7.5, 37°C) 

Total volume 300 µl 
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3 Intermediate verification and model validation by NMR 

Both 1H and 13C spectral measurements were optimized to give one data point each every 

five minutes, which was found to be the optimum balance between fast observation of the 

kinetic behavior of the reaction and the intensity of the signal obtained. 

Integral regions were chosen which could be integrated clearly and were not obstructed by 

signals corresponding to the buffer or the solvent used.  

Studies on reference samples (commercially acquired) and enzymatically produced samples 

were compared to the samples measured and the integral regions chosen accordingly. 

Where possible, several integral regions were employed in order to verify the results. The 

integral of the buffer signal was set at a normalized value. All integral values corresponding 

to substrates under investigation were taken relative to the integral value of the buffer signal. 

Integral regions used are highlighted in the Supplementary Table 13 – 17. 

For D-xylonolactone, for which no signals in 1H-NMR could be observed which could be 

integrated clearly, the concentration was calculated to be the difference to the maximum 

product concentration of 5 mM, assuming that all other components were accounted for. The 

presence of D-xylonolactone was confirmed by 13C-NMR.  

In case of the 2-keto-3-deoxy-D-xylonate, only two out of the three species could be 

observed clearly, the signals for the remaining species were found to be impacted by the 

buffer signal. It was found that in the enzymatically produced reference sample, the 

ketohydrate variety, the lactol variety and the keto variety were produced in a 1:1:1 ratio, 

therefore the two species observable were assumed to present 67% of the total 

concentration of 2-keto-3-deoxy-D-xylonate. 

For the α-ketoglutarate semialdehyde, four different species were observed in the NMR, 

which were found to be present in a ratio of 2 : 1 : trace : 4 of aldohydrate : ketohydrate : 

bishydrate : lactone. Only the ketohydrate species could be followed reliably, therefore the 

ratio as observed before was assumed to be constant and a correction factor calculated to 

account for the unobservable species. 

The α-ketoglutarate was observed in the 1H-NMR analysis as the keto-form. The pathway 

which employed NAD+ recycling was the only one which went to completion, therefore the 

13C- NMR showed only a single product at the end of the reaction.  

19

170

3.5 The Weimberg pathway 



3.1 NMR spectral regions 

Xylonolactone: 

The samples with added original compound and with enzymatically produced material both 

contain xylonolactone and D-xylonate (probably from hydrolysis of the lactone) (ratio ca. 1:1 

in both cases, signals for D-xylonate not listed here). 

1H NMR (600 MHz, D2O, HEPES buffer, pH = 7.5) δ = 4.73 (dt, 3JH4,H3 = 7.7 Hz, 
3JH4,H5 = 3.3 Hz, 1H, H-4), 4.70 (d, 3JH2,H3 = 8.6 Hz, 1H, H-2), 4.62 (dd, 3JH3,H2 = 8.6 

Hz, 3JH2,H4 = 7.7 Hz, 1H, H-3), 3.95 (d, 3JH5,H4 = 3.3 Hz, 2zH, H-5).  

13C{1H} NMR (151 MHz, D2O, HEPES buffer, pH = 7.5) δ = 177.2 (C-1), 80.4 (C-

4), 73.2 (C-3), 72.2 (C-2), 58.9 (C-5). 

D-xylonate: 

The samples with added original compound and with enzymatically produced material both 

contain only D-xylonate. 

1H NMR (600 MHz, D2O, TRIS buffer, pH = 7.5) δ = 4.08 (d, 3JH2,H3 = 2.6 Hz, 

1H, H-2), 3.89 (dd, 3JH3,H4 = 6.3 Hz, 3JH3,H2 = 2.6 Hz, 1H, H-3), 3.82 (td, 3JH4,H5´ 

= 6.4 Hz, 3JH4,H3 = 6.4 Hz, 3JH4,H5 = 3.8 Hz, 1H, H-4), 3.76 (dd, 2JH5,H5´ = 11.9 

Hz, 3JH5,H4 = 3.8 Hz, 1H, H-5), 3.65 (dd, 2JH5´,H5 = 11.9 Hz, 3JH5´,H4 = 6.4 Hz, 

1H, H-5´). 

13C{1H} NMR (151 MHz, D2O, TRIS buffer, pH = 7.5) δ = 178.6 (C-1), 72.81, 72.78 (C-2, C-4), 72.5 (C-

3), 62.5 (C-5). 

2-keto-3-deoxy-D-xylonate: 

No original compound was available. The sample with the enzymatically produced material 

contains 2-keto-3-deoxy-D-xylonate as a mixture of the ketone, the ketohydrate and the 

cyclic lactol (ratio ca. 1:1:1)1. The sample also contains NADH and NAD+. 

Keto-form: 

1H NMR (600 MHz, D2O, TRIS buffer, pH = 7.5) δ = 4.25-4.21 (m, 1H , H-4), 

3.63 (dd, 3JH5,H5´ = 11.8 Hz, 3JH5,H4 = 4.1 Hz, 1H, H-5), 3.56 (dd, 3JH5´,H5 = 11.8 

Hz, 3JH5,H4 = 6.4 Hz, 1H, H-5´), 3.00 (dd, 3JH3,H3´ = 17.1 Hz, 3JH3,H4 = 4.3 Hz, 

1H, H-3), 2.93 (dd, 3JH3´,H3 = 17.1 Hz, 3JH3´,H4 = 8.3 Hz, 1H, H-3). 

13C{1H} NMR (151 MHz, D2O, TRIS buffer, pH = 7.5) 203.8 (C-2), 67.6 (C-4), 65.1 (C-5), 42.9 (C-3) 

[signal for C-1 was not observed]. 
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Ketohydrate: 

1H NMR (600 MHz, D2O, TRIS buffer, pH = 7.5) δ = 4.59 – 4.56 (m, 1H, H-4), 

4.17 (dd, 2JH5,H5´ = 9.6 Hz, 3JH5,H4 = 4.2 Hz, 1H, H-5), 4.17 (d, 2JH5´,H5 = 9.6 Hz, 

1H, H-5´), 2.35 (dd, 2JH3,H3´ = 14.4 Hz, 3JH3,H4 = 5.7 Hz, 1H, H-3), 2.31 (dd, 
2JH3´,H3 = 14.4 Hz, 3JH5,H4 = 2.5 Hz, 1H, H-3´). 

13C{1H} NMR (151 MHz, D2O, TRIS buffer, pH = 7.5) δ = 103.9 (C-2), 75.1 (C-5), 71.5 (C-4), 44.3 (C-3) 

[signal for C-1 was not observed]. 

Lactol: 

1H NMR (600 MHz, D2O, TRIS buffer, pH = 7.5) δ = 4.62-4.59 (m, 1H, H-4), 4.14 (dd, 
2JH5,H5 = 9.8 Hz, 3JH5,H4 = 4.8 Hz, 1H, H-5), 4.03 (dd, 2JH5´,H5 = 9.8 Hz, 3JH5´,H4 = 1.8 Hz, 

1H, H-5´), 2.49 (dd, 2JH3,H3´ = 14.3 Hz, 3JH3,H4 = 6.2 Hz, 1H, H-3), 2.49 (dd, 2JH3,H3´ = 

14.3 Hz, 3JH3,H4 = 6.2 Hz, 1H, H-3), 2.08 (d, 2JH3´,H3 = 14.3 Hz, 1H, H-3´). 

13C{1H} NMR (151 MHz, D2O, TRIS buffer, pH = 7.5) δ = 103.9 (C-2), 75.7 (C-5), 70.7 

(C-4), 44.0 (C-3) [signal for C-1 was not observed]. 

α-ketoglutarate semialdehyde 

The samples with added original compound and with enzymatically produced material both 

contain α-ketoglutarate semialdehyde as a mixture of the aldohydrate, the ketohydrate, the 

bishydrate and the lactone in varying amounts (ratio in case of added original compound ca. 

trace : 0.9 : 1 : trace, ratio in case of enzymatically produced material ca. 2 : 1 : trace : 4).2 

Aldohydrate: 

1H NMR (600 MHz, D2O, HEPES buffer, pH = 7.5) δ = 5.07 (s, 1H, H-5), 

2.87 (s, 2H, H-3), 1.90 (s, 2H, H-4).  

13C{1H} NMR (151 MHz, D2O, HEPES buffer, pH = 7.5) δ = 90.1 (C-5), 36.9 

(C-3), 30.8 (C-4) [signals for C-1 and C-2 not observed]. 

Ketohydrate: 

1H NMR (600 MHz, D2O, HEPES buffer, pH = 7.5) δ = 9.70 (s, 1H, H-5), 2.74 

(s, 2H, H-4), 2.54 (bs, 2H, H-3). 

13C{1H} NMR (151 MHz, D2O, HEPES buffer, pH = 7.5) δ = 207.5 (b, C-5, 

from HSQC), 39.8 (C-4) [signals for C-1, C-2 and C-3 not observed]. 

Bishydrate: 

1H NMR (600 MHz, D2O, HEPES buffer, pH = 7.5) δ = 5.03 (s, 1H, H-5), 

2.32 (bs, 2H, H-3), 1.85 (s, 2H, H-4). 

13C{1H} NMR (151 MHz, D2O, HEPES buffer, pH = 7.5) δ = 90.8 (C-5), 33.9 

(C-4) [signals for C-1, C-2 and C-3 not observed]. 
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Lactone: 

It could not be clearly established whether the lactone is present in the 2-keto-form or as the 2-
ketohydrate. 

1H NMR (600 MHz, D2O, HEPES buffer, pH = 7.5) δ = 5.63 (s, 1H, H-5), 3.08, 2.29 
(2 x bs, 2 x 1H, H-4, H-4´), 1.99 (bs, 2H, H-3, H-3´). 

13C{1H} NMR (151 MHz, D2O, HEPES buffer, pH = 7.5) δ = 99.4 (b, C-5, from 
HSQC), 32.4 (b, C-4), 31.9 (b, C-3) [signals for C-1 and C-2 not observed]. 

α-ketoglutarate: 

The samples with added original compound and with enzymatically produced material both 

contain α-ketoglutarate as a mixture of the keto-form and the lactone (ratio ca. 2:1 in both 

cases).3 

Keto-form: 

1H NMR (600 MHz, D2O, TRIS buffer, pH = 7.5) δ = 3.02 (t, 3JH3,H4 = 6.9 Hz, 
2H, H-3), 2.46 (t, 3JH3,H4 = 6.9 Hz, 2H, H-3). 

13C{1H} NMR (151 MHz, D2O, TRIS buffer, pH = 7.5) δ = 205.3 (C-2), 181.2 
(C-1/C-5, from HMBC), 35.9 (C-3), 30.70 (C-4). 

Lactone: 

1H NMR (600 MHz, D2O, TRIS buffer, pH = 7.5) δ = 3.00 -2.97 (m, 1H, H-3/4), 2.46-
2.41 (m, 3H, H-3/4). 

13C{1H} NMR (151 MHz, D2O, TRIS buffer, pH = 7.5) 34.3 (C-3, from HSQC), 30.65 
(C-4) [signals for C-1, C-2 and C-5 not observed] 
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3.2 1H-NMR analyses of the intermediates 

All 1H-NMR spectra were recorded in 90 : 10 H2O : D2O at 600 MHz at 37°C. 

Supplementary Figure 14. 1H- NMR spectrum of D-xylose to indicate peak regions. The spectrum 

above is taken from the sequential enzyme cascade analysis. 

Supplementary Figure 15. 1H-NMR spectrum of Xylonolactone and D-xylonate. The spectrum above 

is taken from the sequential enzyme cascade analysis. 
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Supplementary Figure 16. 1H-NMR spectrum of D-xylonate. The spectrum above is taken from the 

sequential enzyme cascade. 

Supplementary Figure 17. 1H-NMR spectrum of 2-keto-3-deoxy-D-xylonate in all forms: ketohydrate-, 

keto- and lactol-form. The spectrum above is taken from the sequential enzyme cascade analysis. 
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Supplementary Figure 18. 1H-NMR spectrum of α-ketoglutarate semialdehyde. The spectrum above 

is taken from the sequential enzyme cascade analysis. 

Supplementary Figure 19. 1H-NMR spectrum of α-ketoglutarate. The spectrum above is taken from 

the sequential enzyme cascade analysis. 
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Supplementary Figure 20. Stacked 1H-NMR spectra following the decreasing signal for D-xylose 

(see highlighted area). 

Supplementary Figure 21. Stacked 1H-NMR spectra following the changing signal for D-xylonate 

(see highlighted area). 
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Supplementary Figure 22. Stacked 1H-NMR spectra following the changing signal for 2-keto-3-

deoxy-D-xylonate (see highlighted area). 

Supplementary Figure 23. Stacked 1H-NMR spectra following the increasing signal for α-

ketoglutarate semialdehyde (see highlighted area). 
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Supplementary Figure 24. Stacked 1H-NMR spectra following the increasing signal for α-

ketoglutarate (see highlighted area). 
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3.3 13C-NMR analyses of the intermediates 

All 13C-NMR spectra were recorded in 90 : 10 H2O : D2O at 151 MHz at 37°C. 

Supplementary Figure 25. Stacked 13C- NMR spectra highlighting the decrease of signal intensity for 

D-xylose (at 100ppm) and the increase of signal intensity for xylonolactone (at 180ppm), D-xylonate 

(at 178ppm), 2-keto-3-deoxy-D-xylonate (at 170ppm) and α-ketoglutarate (at 171ppm) in the reference 

one-pot enzyme cascade analysis. 
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Supplementary Figure 26. Stacked 13C-NMR spectra highlighting the decrease of signal intensity for 

D-xylose (at 100ppm) and the increase of signal intensity for Xylonolactone (at 180ppm), D-xylonate 

(at 178ppm), 2-keto-3-deoxy-D-xylonate (at 170ppm) and α-ketoglutarate (at 171ppm) in the one-pot 

enzyme cascade analysis without xylonolactonase. 

Supplementary Figure 27. Stacked 13C- NMR spectra highlighting the decrease of signal intensity for 

D-xylose (at 100ppm) and the increase of signal intensity for Xylonolactone (at 180ppm), D-xylonate 

(at 178ppm), 2-keto-3-deoxy-D-xylonate (at 170ppm) and α-ketoglutarate (at 171ppm) in the one-pot 

enzyme cascade analysis employing NAD+ recycling. 
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Supplementary Figure 28. Stacked 13C- NMR spectra highlighting the decrease of signal intensity for 

D-xylose (at 100ppm) and the increase of signal intensity for Xylonolactone (at 180ppm), D-xylonate 

(at 178ppm), 2-keto-3-deoxy-D-xylonate (at 170ppm) and α-ketoglutarate (at 171ppm) in the optimized 

one-pot enzyme cascade analysis. 

3.4 Integral regions for compound verification and calculation 

Where possible, several integral regions were employed in order to verify the compounds. 

The integral of the buffer signal was set at a normalized value. All integral values 

corresponding to substrates under investigation were taken relative to the integral value of 

the buffer signal. Integral regions used are highlighted in the following Supplementary Table 

13 – 17. 
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Supplementary Table 13. Integral regions of the sequential enzyme cascade analysis. Regions 

used for integration are highlighted. 

Molecular structure Integral region I Integral region II Integral region III 

        D-xylose 

5.31 – 5.28 ppm 

H-5 

3.84 – 3.69 ppm 

H-4 

3.65 – 3.61 ppm 

H-3 

   Xylonolactone 

4.05 - 4.03 ppm 

H-5 

        D-xylonate 

3.88 – 3.84 ppm, 

H-3 

2-keto-3-deoxy-D-
xylonate (Ketone 
variety) 

3.75 – 3.70 ppm 

H-3 

3.68 – 3.63 ppm 

H-3’ 

Signals for all species 
were observed clearly, 
therefore no correction 
factor needed to be 
applied. 2-keto-3-deoxy-D-

xylonate (Ketohydrate 
variety) 

2.46 – 2.38 ppm 

H-3 

2-keto-3-deoxy-D-
xylonate (Lactol variety) 

2.62 – 2.56 ppm 

H-3 

2.20– 2.13 ppm, 

H-3’ 

α-ketoglutarate 
semialdehyde  
(Ketohydrate variety) 

9.83 – 9.80 ppm 

H-5 
Signals for all species 
were observed clearly, 
therefore no correction 
factor needed to be 
applied.  

α-ketoglutarate 
semialdehyde  

2.13 – 1.95 ppm 

H-3 
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(Lactone variety) 

α-ketoglutarate 

semialdehyde 
(aldohydrate variety) 

2.13 – 1.95 ppm 

H-3 

α-ketoglutarate (Keto-
Form) 

2.62 – 2.47 ppm 

H-3 
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Supplementary Table 14. Integral regions of the reference one-pot cascade analysis. Regions 

for integration are highlighted. 

Molecular structure Integral region I Integral region II Integral region III 

        D-xylose 

5.31 – 5.28 ppm 

H-5 

3.57 – 3.51 ppm 

H-4 

3.46 – 3.39 ppm 

H-3 

   Xylonolactone 

No signal was observed which could be integrated clearly. 

        D-xylonate 

3.88 – 3.84 ppm, 

H-3 

2-keto-3-deoxy-D-
xylonate (Ketohydrate 
variety) 

3.73 – 3.71 ppm 

H-3 

3.68 – 3.64 ppm 

H-3’ 
Two of three species 
were observed clearly. 
The species had been 
shown to be present in 
a 1:1:1 ratio, therefore 
a correction factor of 
1.5 was applied to the 
sum of the two 
observable species. 

2-keto-3-deoxy-D-
xylonate (Lactol 
variety) 

2.62 – 2.59 ppm, 

H-3 

2.18 – 2.14 ppm, 

H-3’ 

α-ketoglutarate 
semialdehyde 
(Ketohydrate variety) 

9.82 – 9.80 ppm, 

H-5 

Only one of the four species could be followed 
reliably, therefore a correction factor of 7 was 
applied. 

α-ketoglutarate (Keto-
Form) 

2.59 – 2.52 ppm, 

H-3 
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Supplementary Table 15. Integral regions of the one-pot cascade analysis with NAD+ recycling. 

Regions used for integration are highlighted. 

Molecular structure Integral region I Integral region II Integral region III 

        D-xylose 

5.31 – 5.28 ppm 

H-5 

3.56 – 3.53 ppm 

H-4 

3.45 – 3.40 ppm 

H-3 

   Xylonolactone 

No signal was observed which could be integrated clearly 

        D-xylonate 

3.88 – 3.84 ppm, 

H-3 

2-keto-3-deoxy-D-
xylonate (Ketohydrate 
variety) 

3.73 – 3.71 ppm 

H-3 

3.68 – 3.64 ppm 

H-3’ 

2-keto-3-deoxy-D-
xylonate (Lactol 
variety) 

2.62 – 2.59 ppm, 

H-3 

2.18 – 2.16 ppm, 

H-3’ 

α-ketoglutarate 
semialdehyde 
(Ketohydrate variety) 

No signal was observed which could be integrated clearly. 

α-ketoglutarate (Keto-
Form) 

2.57 – 2.52 ppm, 

H-3 
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Supplementary Table 16. Integral regions of the one-pot cascade analysis without 

xylonolactonase. Regions used for integration are highlighted. 

Molecular structure Integral region I Integral region II  Comments 

        D-xylose 

3.57 – 3.51 ppm 

H-4 

3.46 – 3.39 ppm 

H-3 

   Xylonolactone 

No signal was observed which could be integrated clearly 

        D-xylonate 

3.88 – 3.86 ppm, 

H-3 

2-keto-3-deoxy-D-
xylonate (Ketohydrate 
variety) 

3.75 – 3.70 ppm 

H-3 

3.68 – 3.64 ppm 

H-3’ 
Only two species could be 
followed reliably, which 
represent 67% of the total 
amount of 2-keto-3-deoxy-D-
xylonate. A correction factor of 
1.5 was therefore applied to the 
sum of the two observable 
species. 

2-keto-3-deoxy-D-
xylonate (Lactol 
variety) 

2.62 – 2.59 ppm, 

H-3 

2.19 – 2.14 ppm, 

H-3’ 

α-ketoglutarate 
semialdehyde 
(Ketohydrate variety) 

9.83 – 9.81 ppm, 

H-5 

Only one of the four species 
could be followed reliably, 
therefore a correction factor of 7 
was applied. 

α-ketoglutarate (Keto-
Form) 

2.58 – 2.52 ppm, 

H-3 
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Supplementary Table 17. Integral regions of the optimized one-pot cascade. Regions used for 

integration are highlighted. 

        D-xylose 

5.31 – 5.28 ppm 

H-5 

3.57 – 3.51 ppm 

H-4 

3.46 – 3.39 ppm 

H-3 

   Xylonolactone 

No signal was observed which could be integrated clearly. 

        D-xylonate 

3.88 – 3.85 ppm, 

H-3 

2-keto-3-deoxy-D-
xylonate (Ketohydrate 
variety) 

3.73 – 3.70 ppm 

H-3 

3.68 – 3.64 ppm 

H-3’ 
Two of three species 
were observed clearly. 
The species had been 
shown to be present in 
a 1:1:1 ratio, therefore 
a correction factor of 
1.5 was applied to the 
sum of the two 
observable species. 

2-keto-3-deoxy-D-
xylonate (Lactol 
variety) 

2.61 – 2.59 ppm, 

H-3 

2.18 – 2.14 ppm, 

H-3’ 

α-ketoglutarate 
semialdehyde 
(Ketohydrate variety) 

9.82 – 9.80 ppm, 

H-5 

Only one of the four species could be followed 
reliably, therefore a correction factor of 7 was 
applied. 

α-ketoglutarate (Keto-
Form) 

2.59 – 2.52 ppm, 

H-3 
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3.5 NMR instrument specification and pulse program code 

The NMR measurements were performed on a Bruker AV3HD 600 MHz spectrometer with 

CyroProbe Prodigy and a BFFO sample head. 1H NMR spectra were measured with an FID 

of 12,000 data points with an inverse-gated pulse of 16 scans and four dummies. Water 

signals were suppressed by an 8 ms pulse. The data was obtained over a range of 12 ppm. 

1H NMR spectra were manually phase-corrected and baseline-corrected before integration. 

13C spectra were measured in a 30° angle to obtain maximum signal-to-noise-ratio in the 

limited time available for kinetic investigation. The spectra were measured over 240 ppm 

over an FID of 53,000 data points (86 scans, 0 dummies). 

The pulse program was coded specifically for the experiments: 

;zgesgppeig 
;avance-version (12/01/11) 
;1D gradient echo 
; 
;$CLASS=HighRes 
;$DIM=1D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 

prosol relations=<triple> 

#include <Avance.incl> 
#include <Grad.incl> 
#include <Delay.incl> 

"p2=p1*2" 
"d12=20u" 

"DELTA1=p12+p16+d16+p2/2+de/2+p1/PI+12u" 
"TAU=de+p1*2/PI" 

"acqt0=0" 
baseopt_echo 

1 ze 
 d12 pl12:f2 
2 30m do:f2 
 d12 pl1:f1 BLKGRAD 
 d1 
 50u UNBLKGRAD 

 (p1 ph1) 

 p16:gp3 
 d16 
 DELTA1 
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 (p2 ph7) 
 DELTA1 
 p16:gp3 
 d16 

 (p1 ph6) 

 p16:gp1 
 d16 
 (p12:sp1 ph2:r):f1 
 4u 
 4u pl1:f1 

 p2 ph3 

 4u 
 p16:gp1 
 d16  
 TAU 
 p16:gp2 
 d16 
 (p12:sp1 ph4:r):f1 
 4u 
 4u pl1:f1 

 p2 ph5 

 4u 
 p16:gp2 
 d16 

 go=2 ph31 cpd2:f2 
 30m  do:f2 mc #0 to 2 F0(zd) 
 4u BLKGRAD 
exit 

ph1=0 
ph2=0 1 
ph3=2 3 
ph4=0 0 1 1 
ph5=2 2 3 3 
ph6=1 
ph7=0 
ph31=0 2 2 0 

;pl1 : f1 channel - power level for pulse (default) 
;pl12: f2 channel - power level for CPD/BB decoupling;p1 : f1 channel -  90 degree high power pulse 
;sp1 : f1 channel - shaped pulse 180 degree 
;p1 : f1 channel -  90 degree high power pulse 
;p2 : f1 channel - 180 degree high power pulse 
;p12: f1 channel - 180 degree shaped pulse (Squa100.1000)   [2 msec] 
;p16: homospoil/gradient pulse 
;d1 : relaxation delay; 1-5 * T1 
;d12: delay for power switching                             [20 usec] 
;d16: delay for homospoil/gradient recovery 
;ns: 8 * n, total number of scans: NS * TD0 
;ds: 4 

39

190

3.5 The Weimberg pathway 



;cpd2: decoupling according to sequence defined by cpdprg2 
;pcpd2: f2 channel - 90 degree pulse for decoupling sequence 

;for z-only gradients: 
;gpz1: 31% 
;gpz2: 11% 
;gpz3: 5% 

;use gradient files: 
;gpnam1: SMSQ10.100 
;gpnam2: SMSQ10.100 
;gpnam3: SMSQ10.100 

;$Id: zggegp,v 1.11 2012/01/31 17:49:32 ber Exp $ 
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4 Biotechnological application 

In order to demonstrate that the established enzyme cascade offers great biotechnological 

potential, we tested the production of 2-keto-3-deoxy sugar acids as well as (2S, 3R, 4S)-4-

hydroxyisoleucine. 

4.1 Production of KDG, KDX and KDGal in an industrial relevant scale 

4.1.1 2-keto-3-deoxy-D-gluconic acid lithium salt (KDG lithium salt) 

To a solution of 2.5 g (11.5 mmol) D-gluconic acid sodium salt in 125 ml H2O deion. (pH 7.5) 

16 units D-xylonat dehydratase from Caulobacter crescentus (CC-XAD, contains Mn2+) were 

added and the mixture kept at 40°C while stirring. After 3 days the starting material has been 

consumed completely as shown by TLC (Silicagel 60, n-PrOH:NH4OH:H2O=6:1:1, 

(NH4)2SO4, heating to 200°; rf (gluconate) 0.07, rf (KDG) 0.30). Concentration of the reaction 

mixture (rotary evaporator, 35°, vacuum) and then drying (r.t. high vacuum) gave 2.84 g of a 

resin which was flash chromatographed (silicagel 60, n-PrOH:NH4OH:H2O=6:1:1). The 

product containing fractions were pooled, concentrated and dried as above to give 2.2 g 

colorless foamy resin. This was solved in 5 ml H2O deion, applied to a column containing 70g 

Dowex 50WX8 in the lithium form and eluted with H2O deion.. The eluate was freeze dried to 

give 2.35 g of KDG lithium salt as a slightly beige hygroscopic powder. 

TLC purity 97%; H2O content (according to elemental analysis) 10-15% [w/w]; LC-MS-ESI: 

[M-H]- 177.0 Da. 

4.1.2 2-keto-3-deoxy-D-xylonic acid lithium salt (KDX lithium salt) 

To a stirred solution of 2.1 g (14.2 mmol) D-xylono-1,4-lactone in 100 ml H2O deion. was 

added with a pH titrator and at r.t. 1M NaOH to keep a pH of 7.5 (consumption ~14 ml, 

duration ~20 h). Then 33 units D-xylonat dehydratase from Caulobacter crescentus (CC-

XAD, contains Mn2+) were added and then the mixture was heated to 40°C and stirred for 25 

h. TLC (Silicagel 60, n-PrOH:NH4OH:H2O=6:1:1, (NH4)2SO4, heating to 200°) showed that

~2/3 of starting material (rf ~0.13) had been converted and a single product (rf ~0.35) was 

formed. Another 33 units Cbc-xylD were added and the mixture again stirred at 40°C for 24 h 

after which time the starting xylonate has been consumed completely according to TLC. The 

reaction mixture was concentrated (rotary evaporator, 35°, vacuum) and dried (r.t. high 

vacuum) to give 2.87 g of a foam. This was subjected to flash chromatography (silicagel 60, 

n-PrOH:NH4OH:H2O=6:1:1) and the product containing fractions were concentrated and 

dried as above to give 2.47 g of a foam which contained, according to 1H-NMR, ~12% [w/w] 

acetic acid. This was immediately solved in 20 ml H2O deion., the solution treated with active 

carbon, filtered and applied to column containing 40g Dowex 50WX8 in the lithium form, 

eluted with H2O deion. and eluate freeze dried to give 2.09 g of KDXyl as a foamy 

hygroscopic resin. 
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TLC purity 97%; [α]D
20 +3.4° (c=1 in H2O); H2O content (according to elemental analysis) 

~13% [w/w]; LC-MS-ESI: [M-H]- 147.0 Da; 1H- and 13C-NMR (D2O): shows three isoforms in 

full accordance to Archer and his coworkers1. 

4.1.3 2-keto-3-deoxy-D-galactonic acid lithium salt (KDGal lithium salt) 

To a stirred solution of 500mg (2.55 mmol) D-galactonic acid lactone in 25 ml 0.5 M HEPES 

buffer at pH 7.5 14 units D-xylonat dehydratase from Caulobacter crescentus (CC-XAD, 

contains Mn2+) were added and then the mixture was heated to 40°C. Every 5 h the pH was 

adjusted again to 7.5 with small amounts of 1 M NaOH (totally 2.2 ml). After 1 day the pH 

remained constant and after 2 days only traces of starting material could be detected on TLC 

(Silicagel 60, n-PrOH:NH4OH:H2O=6:1:1, (NH4)2SO4, heating to 200°; rf (starting material ) 

~0.08) rf (product) ~0.30)). The mixture was concentrated (rotary evaporator, 35°, vacuum) 

and dried (r.t. high vacuum) to give 3 g of a viscous oil which was flash-chromatographed 

(silicagel 60, n-PrOH:NH4OH:H2O=6:1:1). The buffer containing fractions were again 

chromatographed to give in total 420 mg of a resin. This was solved in 4 ml H2O deion., 

applied to a column containing 25 g Dowex 50WX8 in the lithium form, and eluted with 100ml 

H2O deion. The eluate was freeze dried to give 400 mg of KDGal lithium salt as a slightly 

yellow hygroscopic powder. 

TLC purity: one spot; [α]D20 +12.8° (c=1 in H2O)4; LC-MS-ESI: [M-H]- 177.0 Da; 1H- and 13C-

NMR (D2O): shows predominantly three cyclic isoforms in a ratio of ~10:15:75 (dd, H2-C(3)). 
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4.2 Production of (2S, 3R, 4S)-4-hydroxyisoleucine 

Supplementary Figure 29. HPLC analysis of the conversion from L-isoleucine to 4-

hydroxyisoleucine using the L-isoleucine dioxygenase from Bacillus thuringiensis (BtDO) and 

the C. crescentus Weimberg enzyme cascade. After 3 h of incubation, all of the L-isoleucine 

(retention time 13.20 min) was converted to 4-hydroxyisoleucine (retention time 11.37 min). L-

glutamate was used as reference compound with a retention time of 7.13 min.  
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5 Overview of the project uploaded to FAIRDOMHub 

Supplementary Figure 30. Overview of the project structure uploaded to FAIRDOMHub. The 

C. crescentus Weimberg pathway models with experimental data are uploaded to the FAIRDOMHub 

(https://fairdomhub.org/investigations/284). The project (called Investigation in FAIRDOMHub) 

contains 4 Studies, 19 Assays, 14 Data files and 22 Models. For the dotted lines, no details are given 

in this figure. 
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4 Summary 

S. solfataricus and S. acidocaldarius are among the best studied archaeal species up to date. 

Their central carbohydrate metabolism (CCM) has been clarified in some detail, however, 

leaving some open questions in respect to pathways of different carbon sources and their 

regulatory mechanisms. In this research, some of these open questions have been 

addressed, thus enhanced our understanding of the CCM in Archaea. 

In chapter 3.1, the putative pyruvate kinase and phosphoenolpyruvate synthetase (PEPS) 

from S. solfataricus catalyzing the carbon switch between PEP and pyruvate were 

recombinantly expressed, purified and characterized, indicating the corresponding annotated 

functions. In addition, it was indicated by effectors testing that the Sso-PK was allosterically 

inhibited by ATP and isocitrate, and the Sso-PEPS was inhibited by AMP and α-ketoglutarate, 

suggesting that in this carbon switch, glycolysis was inhibited under high energy charge (high 

concentration of ATP) and accumulation of building blocks in the TCA cycle (isocitrate), while 

gluconeogenesis was reduced under low cell energy charge (high concentration of AMP) and 

ammonium limitation. 

In chapter 3.2, pentose transport and pentose degradation pathways in S. acidocaldarius 

were intensively studied including transcriptomic analyses, enzyme activity assays in cell-

free extract, protein expression, purification and characterization, as well as construction of 

gene deletion mutants and growth studies. The results revealed an ATP-binding cassette 

(ABC) transporter for pentose uptake and demonstrated that D-xylose as well as L-arabinose 

were mainly/exclusively degraded via the Weimberg pathway, while the Dahms pathway was 

dispensable in S. acidocaldarius MW001. 

In chapter 3.3, a pathway for L-fucose degradation in S. solfataricus was proposed based on 

the integrated systems biology approach. The activity of the responsible enzymes in cell-free 

extract of the L-fucose grown cells was demonstrated, and the involved proteins were 

recombinantly expressed, purified and characterized. 

Sulfolobus spp. are well known for their metabolic versatility utilizing a great variety of 

different carbon sources and they possess many unique characteristics in e.g. metabolism 

pathways, cellular structure and growth conditions. Hence Sulfolobus spp. offer great 

potential for industrial application as summarized in chapter 3.4. 

In chapter 3.5, the D-xylose degrading Weimberg pathway from the mesophilic bacterium 

Caulobacter crescentus was intensively studied. All of the involved proteins were 

recombinantly expressed, purified and characterized in detail. Based on the obtained 

dynamic parameters, a kinetic model was constructed which was able to precisely predict the 
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cascade performance under different in vitro and in vivo conditions, thus allowing rational, 

computational pathway design exemplified by pathway optimization for highest conversion 

efficiency. In addition, the broad application potential of this enzyme cascade was 

demonstrated by the production of pure 2-keto-3-deoxy sugar acids and 4-hydroxyisoleucine. 
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5 Zusammenfassung 

Unten den bis heute entdeckte Archaea, S. solfataricus und S. acidocaldarius gehören zu den 

am besten untersuchten Spezies. Ihr zentraler Kohlenhydratstoffwechsel (ZKW) wurde 

detailliert aufgeklärt, wobei jedoch einige Fragen im Hinblick auf die (Abbau)Wege 

verschiedener Kohlenstoffquellen und deren Regulierungsmechanismen bisher nicht 

beantwortet sind. In dieser Arbeit wurden einige dieser offenen Fragen bearbeitet, wodurch 

das Verständnis der ZKW in Archaea verbessert wurde. 

In Kapitel 3.1 wurden die putative Pyruvat Kinase und die Phosphoenolpyruvat Synthetase 

(PEPS) aus S. solfataricus, die Umsetzung zwischen PEP und Pyruvat katalysieren und damit 

die Schaltstelle zwischen Glykolyse und Gluconeogenese bilden, rekombinant exprimiert, 

gereinigt und charakterisiert, was die entsprechenden annotierten Funktionen bestätigte. 

Darüber hinaus wurde durch Effektorstudien gezeigt, dass die Sso-PK durch ATP und Isocitrat 

und die Sso-PEPS durch AMP und α-Ketoglutarat allosterisch inhibiert wurden. Das deutet 

darauf hin, dass beim Umschalten zwischen kataboler und anaboler Richtung die Glykolyse 

durch eine hohe Energieladung der Zelle (hohe ATP-Konzentration) und Anhäufung von 

Bausteinen im TCA-Zyklus (Isocitrat) inhibiert wird. Dagegen wird die Gluconeogenese bei 

niedriger Energieladung (hohe AMP-Konzentration) und bei Ammoniumlimitierung verringert. 

In Kapitel 3.2 wurden Pentose-Transport und Pentose-Abbauwege in S. acidocaldarius 

intensiv untersucht. Dazu wurden Transkriptomanalysen, Enzymaktivitätsassays im zellfreien 

Extrakt, Proteinexpression, -reinigung und -charakterisierung sowie die Konstruktion von 

Gendeletionsmutanten und deren phenotypische Charakterisierung durchgeführt. Die 

Ergebnisse zeigten, dass ein ABC (ATP binding casette) -Transporter für die 

Pentoseaufnahme verantwortlich ist und dass D-Xylose sowie L-Arabinose hauptsächlich über 

den Weimberg-Weg abgebaut werden, während der Dahms-Weg in S. acidocaldarius MW001 

auf den Pentose Abbau keinen Einfluss hat. 

In Kapitel 3.3 wurde basierend auf einem integrierten systembiologischen Ansatz ein Weg für 

den Abbau von L-Fucose in S. solfataricus vorgeschlagen. Die Aktivität der verantwortlichen 

Enzyme im zellfreien Extrakt der L-Fucose-Zellen wurde gezeigt, und die beteiligten Proteine 

wurden rekombinant exprimiert, gereinigt und charakterisiert. 

Sulfolobus spp. sind bekannt für ihre metabole Vielseitigkeit, die durch die Verwendung einer 

großen Vielfalt verschiedener Kohlenstoffquellen sowie durch weitere Eigenschaften 

einschließlich einzigartiger Stoffwechselwege, Zellstruktur und durch einzigartige 

Wachstumsbedingungen ihren Ausdruck findet. Daher bieten Sulfolobus spp. ein großes 

Potenzial für die industrielle Anwendung, was in Kapitel 3.4 zusammengefassend dargestellt 

wird. 
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In Kapitel 3.5 wurde der Weimberg-Weg für den D-Xylose-Abbau in dem mesophilen 

Bakterium Caulobacter crescentus intensiv untersucht. Alle beteiligten Proteine wurden 

rekombinant exprimiert, gereinigt und detailliert charakterisiert. Basierend auf den 

enzymatischen Parametern wurde ein kinetisches Modell für den gesamten Stoffwechselweg 

ausgearbeitet, mit dem die Effizienzen der Enzymkaskade unter verschiedenen in vitro und in 

vivo Bedingungen präzise vorhergesagt werden konnten. Dadurch wird ein rationales, 

computergestütztes Pathway-Design ermöglicht, was durch die Optimierung des Weimberg-

Weges im Hinblick auf die beste Umwandlungseffizienz gezeigt werden konnte. Das breite 

Anwendungspotenzial dieser Enzymkaskade wurde zudem durch die Produktion von reinen 

2-Keto-3-deoxy-Zuckersäuren und 4-Hydroxyisoleucin nachgewiesen. 

200

5 Zusammenfassung 
 

 

 



6 References 

1 Whittaker, R. H. & Margulis, L. Protist classification and the kingdoms of organisms. Biosystems 10, 

3-18 (1978). 

2 Woese, C. R. & Fox, G. E. Phylogenetic structure of the prokaryotic domain: The primary kingdoms. 

Proceedings of the National Academy of Sciences of the United States of America 74, 5088-5090 

(1977). 

3 Woese, C. R., Kandler, O. & Wheelis, M. L. Towards a natural system of organisms: proposal for 

the domains Archaea, Bacteria, and Eucarya. Proceedings of the National Academy of Sciences 

87, 4576-4579 (1990). 

4 Ma, Y. et al. The Distribution Pattern of Sediment Archaea Community of the Poyang Lake, the 

Largest Freshwater Lake in China. Archaea 2016, 9278929 (2016). 

5 Pedersen, R. B. et al. Discovery of a black smoker vent field and vent fauna at the Arctic Mid-Ocean 

Ridge. Nature communications 1, 126 (2010). 

6 De Long, E. F. & Pace, N. R. Environmental diversity of bacteria and archaea. Systematic Biology 

50, 470-478 (2001). 

7 Yadav, S., Kundu, S., Ghosh, S. K. & Maitra, S. S. Molecular Analysis of Methanogen Richness in 

Landfill and Marshland Targeting 16S rDNA Sequences. Archaea 2015, 563414 (2015). 

8 Bang, C. & Schmitz, R. A. Archaea associated with human surfaces: not to be underestimated. 

FEMS microbiology reviews 39, 631-648 (2015). 

9 Guy, L. & Ettema, T. J. G. The archaeal ‘TACK’ superphylum and the origin of eukaryotes. Trends 

in microbiology 19, 580-587 (2011). 

10 Cox, C. J., Foster, P. G., Hirt, R. P., Harris, S. R. & Embley, T. M. The archaebacterial origin of 

eukaryotes. Proceedings of the National Academy of Sciences of the United States of America 105, 

20356-20361 (2008). 

11 Raymann, K., Brochier-Armanet, C. & Gribaldo, S. The two-domain tree of life is linked to a new 

root for the Archaea. Proceedings of the National Academy of Sciences of the United States of 

America 112, 6670-6675 (2015). 

12 Williams, T. A., Foster, P. G., Cox, C. J. & Embley, T. M. An archaeal origin of eukaryotes supports 

only two primary domains of life. Nature 504, 231-236 (2013). 

13 Vanwonterghem, I. et al. Methylotrophic methanogenesis discovered in the archaeal phylum 

Verstraetearchaeota. Nature Microbiology 1, 16170 (2016). 

14 Kozubal, M. A. et al. Geoarchaeota: a new candidate phylum in the Archaea from high-temperature 

acidic iron mats in Yellowstone National Park. The ISME Journal 7, 622-634 (2013). 

15 Evans, P. N. et al. Methane metabolism in the archaeal phylum Bathyarchaeota revealed by 

genome-centric metagenomics. Science (New York, N.Y.) 350, 434-438 (2015). 

16 Rinke, C. et al. Insights into the phylogeny and coding potential of microbial dark matter. Nature 

499, 431-437 (2013). 

17 Zaremba-Niedzwiedzka, K. et al. Asgard archaea illuminate the origin of eukaryotic cellular 

complexity. Nature 541, 353 (2017). 

18 Eme, L., Spang, A., Lombard, J., Stairs, C. W. & Ettema, T. J. G. Archaea and the origin of 

eukaryotes. Nature Reviews Microbiology 15, 711 (2017). 

19 Tan, C. & Tomkins, J. Information processing differences between Archaea and Eukarya—

implications for homologs and the myth of eukaryogenesis. Answers Research Journal 8, 121-141 

(2015). 

20 Woese, C. R., Magrum, L. J. & Fox, G. E. Archaebacteria. Journal of molecular evolution 11, 245-

252 (1978). 

201

6 References 



21 Sara, M. & Sleytr, U. B. S-Layer proteins. Journal of bacteriology 182, 859-868 (2000). 

22 Kandler, O. & König, H. Cell wall polymers in Archaea (Archaebacteria). Cellular and Molecular Life 

Sciences CMLS 54, 305-308 (1998). 

23 Golyshina, O. V. et al. The novel extremely acidophilic, cell-wall-deficient archaeon Cuniculiplasma 

divulgatum gen. nov., sp. nov. represents a new family, Cuniculiplasmataceae fam. nov., of the 

order Thermoplasmatales. International journal of systematic and evolutionary microbiology 66, 

332-340 (2016). 

24 Damste, J. S., Schouten, S., Hopmans, E. C., van Duin, A. C. & Geenevasen, J. A. Crenarchaeol: 

the characteristic core glycerol dibiphytanyl glycerol tetraether membrane lipid of cosmopolitan 

pelagic crenarchaeota. J Lipid Res 43, 1641-1651 (2002). 

25 De Rosa, M., Gambacorta, A. & Gliozzi, A. Structure, biosynthesis, and physicochemical properties 

of archaebacterial lipids. Microbiological Reviews 50, 70-80 (1986). 

26 Gabriel, J. L. & Chong, P. L. Molecular modeling of archaebacterial bipolar tetraether lipid 

membranes. Chemistry and physics of lipids 105, 193-200 (2000). 

27 Bischof, L. F. et al. Early Response of Sulfolobus acidocaldarius to Nutrient Limitation. Frontiers in 

microbiology 9, (2019). 

28 Thauer, R. K., Kaster, A. K., Seedorf, H., Buckel, W. & Hedderich, R. Methanogenic archaea: 

Ecologically relevant differences in energy conservation. Nature Reviews Microbiology 6, 579-591 

(2008). 

29 Sato, T. & Atomi, H. Novel metabolic pathways in Archaea. Current opinion in microbiology 14, 307-

314 (2011). 

30 Bräsen, C., Esser, D., Rauch, B. & Siebers, B. Carbohydrate metabolism in Archaea: current 

insights into unusual enzymes and pathways and their regulation. Microbiology and Molecular 

Biology Reviews 78, 89-175 (2014). 

31 Verhees, C. H. et al. ADP-dependent phosphofructokinases in mesophilic and thermophilic 

methanogenic archaea. Journal of bacteriology 183, 7145-7153 (2001). 

32 Kengen, S. W. et al. ADP-dependent glucokinase and phosphofructokinase from Pyrococcus 

furiosus. Methods in enzymology 331, 41-53 (2001). 

33 Siebers, B., Klenk, H. P. & Hensel, R. PPi-dependent phosphofructokinase from Thermoproteus 

tenax, an archaeal descendant of an ancient line in phosphofructokinase evolution. Journal of 

bacteriology 180, 2137-2143 (1998). 

34 Ettema, T. J. G., Ahmed, H., Geerling, A. C. M., Van Der Oost, J. & Siebers, B. The non-

phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN) of Sulfolobus solfataricus: a 

key-enzyme of the semi-phosphorylative branch of the Entner-Doudoroff pathway. Extremophiles: 

life under extreme conditions 12, 75-88 (2008). 

35 Lorentzen, E., Hensel, R., Knura, T., Ahmed, H. & Pohl, E. Structural basis of allosteric regulation 

and substrate specificity of the non-phosphorylating glyceraldehyde 3-phosphate dehydrogenase 

from Thermoproteus tenax. Journal of molecular biology 341, 815-828 (2004). 

36 Reher, M., Gebhard, S. & Schönheit, P. Glyceraldehyde-3-phosphate ferredoxin oxidoreductase 

(GAPOR) and nonphosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN), key 

enzymes of the respective modified Embden-Meyerhof pathways in the hyperthermophilic 

crenarchaeota Pyrobaculum aerophilum and Aeropyrum pernix. FEMS microbiology letters 273, 

196-205 (2007). 

37 Soderberg, T. Biosynthesis of ribose-5-phosphate and erythrose-4-phosphate in archaea: a 

phylogenetic analysis of archaeal genomes. Archaea 1, 347-352 (2005). 

38 Van Der Oost, J. & Siebers, B. in Archaea: evolution, physiology and molecular biology Vol. 1 (eds 

R.A. Garrett & H.-P. Klenk) (Blackwell Publishing, 2007). 

202

6 References 
 

 

 



39 Pedrosa, F. O. & Zancan, G. T. L-arabinose metabolism in Rhizobium japonicum. Journal of 

bacteriology 119, 336-338 (1974). 

40 Stephens, C. et al. Genetic Analysis of a Novel pathway for D-xylose metabolism in Caulobacter 

crescentus. Journal of bacteriology 189, 2181-2185 (2007). 

41 Sakai, H. D. & Kurosawa, N. Saccharolobus caldissimus gen. nov., sp. nov., a facultatively 

anaerobic iron-reducing hyperthermophilic archaeon isolated from an acidic terrestrial hot spring, 

and reclassification of Sulfolobus solfataricus as Saccharolobus solfataricus comb. nov. and 

Sulfolobus shibatae as Saccharolobus shibatae comb. nov. International journal of systematic and 

evolutionary microbiology 68, 1271-1278 (2018). 

42 Kort, J. C. et al. A cool tool for hot and sour Archaea: proteomics of Sulfolobus solfataricus. 

Proteomics 13, 2831-2850 (2013). 

43 Ulas, T., Riemer, S. A., Zaparty, M., Siebers, B. & Schomburg, D. Genome-scale reconstruction 

and analysis of the metabolic network in the hyperthermophilic archaeon Sulfolobus solfataricus. 

PloS one 7, e43401 (2012). 

44 Albers, S.-V. & Jarrell, K. F. The archaellum: how Archaea swim. Frontiers in microbiology 6, 23-

23 (2015). 

45 Albers, S. V. & Meyer, B. H. The archaeal cell envelope. Nature reviews. Microbiology 9, 414-426 

(2011). 

46 Izzo, V., Notomista, E., Picardi, A., Pennacchio, F. & Di Donato, A. The thermophilic archaeon 

Sulfolobus solfataricus is able to grow on phenol. Research in Microbiology 156, 677-689 (2005). 

47 Elferink, M. G., Albers, S. V., Konings, W. N. & Driessen, A. J. Sugar transport in Sulfolobus 

solfataricus is mediated by two families of binding protein-dependent ABC transporters. Molecular 

microbiology 39, 1494-1503 (2001). 

48 Stark, H. et al. Oxidative stickland reactions in an obligate aerobic organism - amino acid catabolism 

in the Crenarchaeon Sulfolobus solfataricus. The FEBS journal 284, 2078-2095 (2017). 

49 Grogan, D. W. Phenotypic characterization of the archaebacterial genus Sulfolobus: comparison of 

five wild-type strains. Journal of bacteriology 171, 6710-6719 (1989). 

50 Joshua, C. J., Dahl, R., Benke, P. I. & Keasling, J. D. Absence of diauxie during simultaneous 

utilization of glucose and xylose by Sulfolobus acidocaldarius. Journal of bacteriology 193, 1293-

1301 (2011). 

51 Chen, L. et al. The genome of Sulfolobus acidocaldarius, a model organism of the Crenarchaeota. 

Journal of bacteriology 187, 4992-4999 (2005). 

52 Brugger, K., Torarinsson, E., Redder, P., Chen, L. & Garrett, R. A. Shuffling of Sulfolobus genomes 

by autonomous and non-autonomous mobile elements. Biochemical Society transactions 32, 179-

183 (2004). 

53 Lamble, H. J., Heyer, N. I., Bull, S. D., Hough, D. W. & Danson, M. J. Metabolic pathway promiscuity 

in the Archaeon Sulfolobus solfataricus revealed by studies on glucose dehydrogenase and 2-keto-

3-deoxygluconate aldolase. Journal of Biological Chemistry 278, 34066-34072 (2003).

54 Lamble, H. J., Milburn, C. C., Taylor, G. L., Hough, D. W. & Danson, M. J. Gluconate dehydratase 

from the promiscuous Entner-Doudoroff pathway in Sulfolobus solfataricus. FEBS letters 576, 133-

136 (2004). 

55 Theodossis, A. et al. The structural basis for substrate promiscuity in 2-keto-3-deoxygluconate 

aldolase from the Entner-Doudoroff Pathway in Sulfolobus solfataricus. Journal of Biological 

Chemistry 279, 43886-43892 (2004). 

56 Lamble, H. J. et al. Promiscuity in the part-phosphorylative Entner-Doudoroff pathway of the 

archaeon Sulfolobus solfataricus. FEBS letters 579, 6865-6869 (2005). 

203

6 References 



57 Brouns, S. J. J. et al. Identification of the missing links in prokaryotic pentose oxidation pathways. 

Journal of Biological Chemistry 281, 27378-27388 (2006). 

58 Nunn, C. E. et al. Metabolism of pentose sugars in the hyperthermophilic archaea Sulfolobus 

solfataricus and Sulfolobus acidocaldarius. The Journal of biological chemistry 285, 33701-33709 

(2010). 

59 Siebers, B. & Schönheit, P. Unusual pathways and enzymes of central carbohydrate metabolism in 

Archaea. Current opinion in microbiology 8, 695-705 (2005). 

60 Kim, S. & Lee, S. B. Characterization of Sulfolobus solfataricus 2-keto-3-deoxy-D-gluconate kinase 

in the modified Entner-Doudoroff pathway. Bioscience, biotechnology, and biochemistry 70, 1308-

1316 (2006). 

61 Milburn, C. C. et al. The structural basis of substrate promiscuity in glucose dehydrogenase from 

the hyperthermophilic archaeon Sulfolobus solfataricus. Journal of Biological Chemistry 281, 

14796-14804 (2006). 

62 Potter, J. A. et al. The structure of Sulfolobus solfataricus 2-keto-3-deoxygluconate kinase. Acta 

crystallographica. Section D, Biological crystallography 64, 1283-1287 (2008). 

63 Wolterink-van Loo, S. et al. Biochemical and structural exploration of the catalytic capacity of 

Sulfolobus KDG aldolases. The Biochemical journal 403, 421-430 (2007). 

64 Wagner, M. et al. Versatile Genetic Tool Box for the Crenarchaeote Sulfolobus acidocaldarius. 

Frontiers in microbiology 3, 214 (2012). 

65 Zaparty, M. et al. "Hot standards" for the thermoacidophilic archaeon Sulfolobus solfataricus. 

Extremophiles: life under extreme conditions 14, 119-142 (2009). 

66 Snijders, A. P. L. et al. 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 (2006). 

67 König, H., Skorko, R., Zillig, W. & Reiter, W.-D. Glycogen in thermoacidophilic archaebacteria of 

the genera Sulfolobus, Thermoproteus, Desulfurococcus and Thermococcus. Archives of 

microbiology 132, 297-303 (1982). 

68 Maruta, K. et al. Cloning and sequencing of a cluster of genes encoding novel enzymes of trehalose 

biosynthesis from thermophilic archaebacterium Sulfolobus acidocaldarius. Biochimica et 

Biophysica Acta (BBA) - General Subjects 1291, 177-181 (1996). 

69 Imanaka, T. & Atomi, H. Catalyzing "hot" reactions: enzymes from hyperthermophilic Archaea. 

Chemical record (New York, N.Y.) 2, 149-163 (2002). 

70 Schramm, A., Kohlhoff, M. & Hensel, R. Triose-phosphate isomerase from Pyrococcus woesei and 

Methanothermus fervidus. Methods in enzymology 331, 62-77 (2001). 

71 Ahmed, H. et al. The semi-phosphorylative Entner-Doudoroff pathway in hyperthermophilic archaea: 

a re-evaluation. The Biochemical journal 390, 529-540 (2005). 

72 Kouril, T. et al. Intermediate instability at high temperature leads to low pathway efficiency for an in 

vitro reconstituted system of gluconeogenesis in Sulfolobus solfataricus. The FEBS journal 280, 

4666-4680 (2013). 

73 Cárdenas, M. a. L., Cornish-Bowden, A. & Ureta, T. Evolution and regulatory role of the 

hexokinases. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research 1401, 242-264 (1998). 

74 Shirakihara, Y. & Evans, P. R. Crystal structure of the complex of phosphofructokinase from 

Escherichia coli with its reaction products. Journal of molecular biology 204, 973-994 (1988). 

75 Brunner, N. A., Brinkmann, H., Siebers, B. & Hensel, R. 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. 

The Journal of biological chemistry 273, 6149-6156 (1998). 

204

6 References 
 

 

 



76 Evans, H. J. & Wood, H. G. The mechanism of the pyruvate, phosphate dikinase reaction. 

Proceedings of the National Academy of Sciences of the United States of America 61, 1448-1453 

(1968). 

77 Schramm, A., Siebers, B., Tjaden, B., Brinkmann, H. & Hensel, R. Pyruvate kinase of the 

hyperthermophilic crenarchaeote Thermoproteus tenax: physiological role and phylogenetic 

aspects. Journal of bacteriology 182, 2001-2009 (2000). 

78 Johnsen, U., Hansen, T. & Schönheit, P. Comparative analysis of pyruvate kinases from the 

hyperthermophilic archaea Archaeoglobus fulgidus, Aeropyrum pernix, and Pyrobaculum 

aerophilum and the hyperthermophilic bacterium Thermotoga maritima: unusual regulatory 

properties in hyperthermophilic archaea. The Journal of biological chemistry 278, 25417-25427 

(2003). 

79 Potter, S. & Fothergill-Gilmore, L. A. Purification and properties of pyruvate kinase from 

Thermoplasma acidophilum. FEMS microbiology letters 73, 235-239 (1992). 

80 Solomons, J. T. G., Johnsen, U., Schönheit, P. & Davies, C. 3-Phosphoglycerate is an allosteric 

activator of pyruvate kinase from the hyperthermophilic Archaeon Pyrobaculum aerophilum. 

Biochemistry 52, 5865-5875 (2013). 

81 Flamholz, A., Noor, E., Bar-Even, A. & Milo, R. eQuilibrator--the biochemical thermodynamics 

calculator. Nucleic Acids Res 40, D770-775 (2012). 

82 Cooper, R. A. & Kornberg, H. L. The direct synthesis of phosphoenolpyruvate from pyruvate by 

Escherichia coli. Proceedings of the Royal Society of London. Series B, Biological sciences 168, 

263-280 (1967). 

83 Smyer, J. R. & Jeter, R. M. Characterization of phosphoenolpyruvate synthase mutants in 

Salmonella typhimurium. Archives of microbiology 153, 26-32 (1989). 

84 Schäfer, T. & Schönheit, P. Gluconeogenesis from pyruvate in the hyperthermophilic archaeon 

Pyrococcus furiosus: involvement of reactions of the Embden-Meyerhof pathway. Archives of 

microbiology 159, 354-356 (1993). 

85 Eyzaguirre, J., Jansen, K. & Fuchs, G. Phosphoenolpyruvate synthetase in Methanobacterium 

thermoautotrophicum. Archives of microbiology 132, 67-74 (1982). 

86 Tjaden, B., Plagens, A., Dorr, C., Siebers, B. & Hensel, R. Phosphoenolpyruvate synthetase and 

pyruvate, phosphate dikinase of Thermoproteus tenax: key pieces in the puzzle of archaeal 

carbohydrate metabolism. Molecular microbiology 60, 287-298 (2006). 

87 Imanaka, H., Yamatsu, A., Fukui, T., Atomi, H. & Imanaka, T. Phosphoenolpyruvate synthase plays 

an essential role for glycolysis in the modified Embden-Meyerhof pathway in Thermococcus 

kodakarensis. Molecular microbiology 61, 898-909 (2006). 

88 Hutchins, A. M., Holden, J. F. & Adams, M. W. Phosphoenolpyruvate synthetase from the 

hyperthermophilic archaeon Pyrococcus furiosus. Journal of bacteriology 183, 709-715 (2001). 

89 Chulavatnatol, M. & Atkinson, D. E. Phosphoenolpyruvate synthetase from Escherichia coli. Effects 

of adenylate energy charge and modifier concentrations. The Journal of biological chemistry 248, 

2712-2715 (1973). 

90 Sprenger, G. A. Genetics of pentose-phosphate pathway enzymes of Escherichia coli K-12. 

Archives of microbiology 164, 324-330 (1995). 

91 Singh, K. D., Schmalisch, M. H., Stülke, J. & Görke, B. Carbon catabolite repression in Bacillus 

subtilis: quantitative analysis of repression exerted by different carbon sources. Journal of 

bacteriology 190, 7275-7284 (2008). 

92 Bengtsson, O., Hahn-Hägerdal, B. & Gorwa-Grauslund, M. F. Xylose reductase from Pichia stipitis 

with altered coenzyme preference improves ethanolic xylose fermentation by recombinant 

Saccharomyces cerevisiae. Biotechnology for Biofuels 2, 9 (2009). 

205

6 References 



93 Gírio, F. M., Peito, M. A. & Amaral-Collaço, M. T. Enzymatic and physiological study of d-xylose 

metabolism by Candida shehatae. Applied microbiology and biotechnology 32, 199-204 (1989). 

94 Dahms, A. S. 3-Deoxy-D-pentulosonic acid aldolase and its role in a new pathway of D-xylose 

degradation. Biochemical and biophysical research communications 60, 1433-1439 (1974). 

95 Palleroni, N. J. & Doudoroff, M. Metabolism of carbohydrates by Pseudomonas saccharophila. III. : 

Oxidation of D-arabinose. Journal of bacteriology 74, 180-185 (1957). 

96 Weimberg, R. & Doudoroff, M. The oxidation of L-arabinose by Pseudomonas saccharophila, 

Doctoral dissertation, University of California, Berkeley (1955). 

97 Johnsen, U. et al. D-xylose degradation pathway in the halophilic archaeon Haloferax volcanii. The 

Journal of biological chemistry 284, 27290-27303 (2009). 

98 Anderson, I. et al. Novel insights into the diversity of catabolic metabolism from ten haloarchaeal 

genomes. PloS one 6, e20237 (2011). 

99 Esser, D. et al. Unraveling the function of paralogs of the aldehyde dehydrogenase super family 

from Sulfolobus solfataricus. Extremophiles: life under extreme conditions 17, 205-216 (2013). 

100 Kim, S. & Lee, S. B. Catalytic promiscuity in dihydroxy-acid dehydratase from the thermoacidophilic 

archaeon Sulfolobus solfataricus. Journal of biochemistry 139, 591-596 (2006). 

101 Boronat, A. & Aguilar, J. Metabolism of L-fucose and L-rhamnose in Escherichia coli: differences in 

induction of propanediol oxidoreductase. Journal of bacteriology 147, 181-185 (1981). 

102 Yew, W. S. et al. Evolution of enzymatic activities in the enolase superfamily:  L-fuconate 

dehydratase from Xanthomonas campestris. Biochemistry 45, 14582-14597 (2006). 

103 Hanner, M., Redl, B. & Stoffler, G. Isolation and characterization of an intracellular aminopeptidase 

from the extreme thermophilic archaebacterium Sulfolobus solfataricus. Biochimica et biophysica 

acta 1033, 148-153 (1990). 

104 Burlini, N. et al. A heat-stable serine proteinase from the extreme thermophilic archaebacterium 

Sulfolobus solfataricus. Biochimica et biophysica acta 1122, 283-292 (1992). 

105 Guagliardi, A., Cerchia, L. & Rossi, M. An intracellular protease of the crenarchaeon Sulfolobus 

solfataricus, which has sequence similarity to eukaryotic peptidases of the CD clan. The 

Biochemical journal 368, 357-363 (2002). 

106 Choi, Y.-H., Park, Y.-J., Yoon, S.-J. & Lee, H.-B. Purification and characterization of a new inducible 

thermostable extracellular lipolytic enzyme from the thermoacidophilic archaeon Sulfolobus 

solfataricus P1. Journal of Molecular Catalysis B: Enzymatic 124, 11-19 (2016). 

107 Suzuki, Y., Miyamoto, K. & Ohta, H. A novel thermostable esterase from the thermoacidophilic 

archaeon Sulfolobus tokodaii strain 7. FEMS microbiology letters 236, 97-102 (2004). 

108 Besse, A., Peduzzi, J., Rebuffat, S. & Carre-Mlouka, A. Antimicrobial peptides and proteins in the 

face of extremes: lessons from archaeocins. Biochimie 118, 344-355 (2015). 

109 Mahmoud, G., Jedelska, J., Strehlow, B. & Bakowsky, U. Bipolar tetraether lipids derived from 

thermoacidophilic archaeon Sulfolobus acidocaldarius for membrane stabilization of chlorin e6 

based liposomes for photodynamic therapy. European Journal of Pharmaceutics and 

Biopharmaceutics 95, 88-98 (2015). 

110 Benvegnu, T., Lemiegre, L. & Cammas-Marion, S. New generation of liposomes called 

archaeosomes based on natural or synthetic archaeal lipids as innovative formulations for drug 

delivery. Recent patents on drug delivery & formulation 3, 206-220 (2009). 

111 Benvegnu, T., Lemiègre, L. & Cammas-Marion, S. Archaeal lipids: innovative materials for 

biotechnological applications. European Journal of Organic Chemistry 2008, 4725-4744 (2008). 

112 Skinner, K. A. & Leathers, T. D. Bacterial contaminants of fuel ethanol production. Journal of 

Industrial Microbiology and Biotechnology 31, 401-408 (2004). 

206

6 References 
 

 

 



113 Zeldes, B. M. et al. Extremely thermophilic microorganisms as metabolic engineering platforms for 

production of fuels and industrial chemicals. Frontiers in microbiology 6, (2015). 

114 Gray, M. C., Converse, A. O. & Wyman, C. E. Solubilities of oligomer mixtures produced by the 

hydrolysis of xylans and corn stover in water at 180 °C. Industrial & Engineering Chemistry 

Research 46, 2383-2391 (2007). 

115 Klass, D. L. Biomass for renewable energy, fuels, and chemicals. (Elsevier, 1998). 

116 Demain, A. L., Newcomb, M. & Wu, J. H. D. Cellulase, Clostridia, and Ethanol. Microbiology and 

Molecular Biology Reviews 69, 124-154 (2005). 

117 Kumar, R., Singh, S. & Singh, O. V. Bioconversion of lignocellulosic biomass: biochemical and 

molecular perspectives. Journal of industrial microbiology & biotechnology 35, 377-391 (2008). 

118 Lynd, L. R., Weimer, P. J., van Zyl, W. H. & Pretorius, I. S. Microbial cellulose utilization: 

fundamentals and biotechnology. Microbiology and molecular biology reviews 66, 506-577 (2002). 

119 Cardona Alzate, C. A. & Sánchez Toro, O. J. Energy consumption analysis of integrated flowsheets 

for production of fuel ethanol from lignocellulosic biomass. Energy 31, 2447-2459 (2006). 

120 Kobayashi, H. & Fukuoka, A. Synthesis and utilisation of sugar compounds derived from 

lignocellulosic biomass. Green Chemistry 15, 1740-1763 (2013). 

121 Haghighi Mood, S. et al. Lignocellulosic biomass to bioethanol, a comprehensive review with a 

focus on pretreatment. Renewable and Sustainable Energy Reviews 27, 77-93 (2013). 

122 Redding, A. P., Wang, Z., Keshwani, D. R. & Cheng, J. J. High temperature dilute acid pretreatment 

of coastal Bermuda grass for enzymatic hydrolysis. Bioresource technology 102, 1415-1424 (2011). 

123 Hsu, T.-C., Guo, G.-L., Chen, W.-H. & Hwang, W.-S. Effect of dilute acid pretreatment of rice straw 

on structural properties and enzymatic hydrolysis. Bioresource technology 101, 4907-4913 (2010). 

124 Lu, X., Zhang, Y. & Angelidaki, I. Optimization of H2SO4-catalyzed hydrothermal pretreatment of 

rapeseed straw for bioconversion to ethanol: focusing on pretreatment at high solids content. 

Bioresource technology 100, 3048-3053 (2009). 

125 Aden, A. et al. Lignocellulosic biomass to ethanol process design and economics utilizing co-current 

dilute acid prehydrolysis and enzymatic hydrolysis for corn stover. (National renewable energy lab 

golden co, 2002). 

126 Menon, V. & Rao, M. Trends in bioconversion of lignocellulose: Biofuels, platform chemicals & 

biorefinery concept. Progress in Energy and Combustion Science 38, 522-550 (2012). 

127 Limauro, D., Cannio, R., Fiorentino, G., Rossi, M. & Bartolucci, S. Identification and molecular 

characterization of an endoglucanase gene, celS, from the extremely thermophilic archaeon 

Sulfolobus solfataricus. Extremophiles: life under extreme conditions 5, 213-219 (2001). 

128 Huang, Y., Krauss, G., Cottaz, S., Driguez, H. & Lipps, G. A highly acid-stable and thermostable 

endo-β-glucanase from the thermoacidophilic archaeon Sulfolobus solfataricus. Biochemical 

Journal 385, 581-588 (2005). 

129 Cannio, R., Di Prizito, N., Rossi, M. & Morana, A. A xylan-degrading strain of Sulfolobus solfataricus: 

isolation and characterization of the xylanase activity. Extremophiles: life under extreme conditions 

8, 117-124 (2004). 

130 Maurelli, L. et al. Evidence that the xylanase activity from Sulfolobus solfataricus Oα is encoded by 

the endoglucanase precursor gene (sso1354) and characterization of the associated cellulase 

activity. Extremophiles: life under extreme conditions 12, 689-700 (2008). 

131 Morana, A., Paris, O., Maurelli, L., Rossi, M. & Cannio, R. Gene cloning and expression in 

Escherichia coli of a bi-functional beta-D-xylosidase/alpha-L-arabinosidase from Sulfolobus 

solfataricus involved in xylan degradation. Extremophiles: life under extreme conditions 11, 123-

132 (2007). 

207

6 References 



132 Cobucci-Ponzano, B. et al. A new archaeal beta-glycosidase from Sulfolobus solfataricus: seeding 

a novel retaining beta-glycan-specific glycoside hydrolase family along with the human non-

lysosomal glucosylceramidase GBA2. Journal of Biological Chemistry 285, 20691-20703 (2010). 

133 Valdehuesa, K. N. G. et al. Everyone loves an underdog: metabolic engineering of the xylose 

oxidative pathway in recombinant microorganisms. Applied microbiology and biotechnology 102, 

7703-7716 (2018). 

134 Basen, M. et al. Single gene insertion drives bioalcohol production by a thermophilic archaeon. 

Proceedings of the National Academy of Sciences 111, 17618-17623 (2014). 

135 Fernandes, S. & Murray, P. Metabolic engineering for improved microbial pentose fermentation. 

Bioengineered bugs 1, 424-428 (2010). 

136 Poindexter, J. S. Biological properties and classification of the Caulobacter group. Bacteriological 

reviews 28, 231-295 (1964). 

137 Goley, E. D., Iniesta, A. A. & Shapiro, L. Cell cycle regulation in Caulobacter: location, location, 

location. Journal of cell science 120, 3501-3507 (2007). 

138 Abraham, W.-R. et al. Phylogeny and polyphasic taxonomy of Caulobacter species. Proposal of 

Maricaulis gen. nov. with Maricaulis maris (Poindexter) comb. nov. as the type species, and 

emended description of the genera Brevundimonas and Caulobacter. International journal of 

systematic and evolutionary microbiology 49, 1053-1073 (1999). 

139 Nierman, W. C. et al. Complete genome sequence of Caulobacter crescentus. Proceedings of the 

National Academy of Sciences of the United States of America 98, 4136-4141 (2001). 

140 Hottes, A. K. et al. Transcriptional profiling of Caulobacter crescentus during growth on complex 

and minimal media. Journal of bacteriology 186, 1448-1461 (2004). 

141 Andberg, M. et al. Characterization and mutagenesis of two novel iron-sulphur cluster pentonate 

dehydratases. Applied microbiology and biotechnology 100, 7549-7563 (2016). 

142 Almqvist, H., Jonsdottir Glaser, S., Tufvegren, C., Wasserstrom, L. & Lidén, G. Characterization of 

the Weimberg pathway in Caulobacter crescentus. Fermentation 4, 44 (2018). 

143 Toivari, M. et al. Metabolic engineering of Saccharomyces cerevisiae for bioconversion of D-xylose 

to D-xylonate. Metabolic Engineering 14, 427-436 (2012). 

144 Choi, S. Y. et al. Engineering the xylose-catabolizing Dahms pathway for production of poly(d-

lactate-co-glycolate) and poly(d-lactate-co-glycolate-co-d-2-hydroxybutyrate) in Escherichia coli. 

Microbial biotechnology 10, 1353-1364 (2017). 

145 Salusjärvi, L. et al. Production of ethylene glycol or glycolic acid from D-xylose in Saccharomyces 

cerevisiae. Applied microbiology and biotechnology 101, 8151-8163 (2017). 

146 Beer, B., Pick, A. & Sieber, V. In vitro metabolic engineering for the production of alpha-

ketoglutarate. Metabolic engineering 40, 5-13 (2017). 

147 Morgado, G., Gerngross, D., Roberts, T. M. & Panke, S. Synthetic biology for cell-free biosynthesis: 

fundamentals of designing novel in vitro multi-enzyme reaction networks. Advances in biochemical 

engineering/biotechnology 162, 117-146 (2018). 

148 Hold, C., Billerbeck, S. & Panke, S. Forward design of a complex enzyme cascade reaction. Nature 

communications 7, 12971 (2016). 

149 Guterl, J.-K. et al. Cell-free metabolic engineering: production of chemicals by minimized reaction 

cascades. ChemSusChem 5, 2165-2172 (2012). 

208

6 References 
 

 

 



ACKNOWLEDGEMENTS 

First of all, I would like to deeply thank my supervisor Prof. Dr. Bettina Siebers for providing 

me the chance to work in her lab, for her support throughout this study, for the trust, 

understanding and patience.  

I am very grateful to Dr. Christopher Bräsen for the constructive advices during the lab work 

and for the guidance and careful proofreading of the publications and thesis. 

I would like to express my very great appreciation to Prof. Dr. Peter Bayer for being my co-

referee of this thesis. 

I would like to thank all of the partners for the close collaboration over the years, especially to 

Prof. Dr. Jacky Snoep, Prof. Dr. Sonja-Verena Albers, Dr. Michaela Wagner, Dr. Jochen 

Niemeyer, Martha Kohlhaas, Prof. Dr. Robert Kourist and Dr. Junichi Enoki.  

Thanks to my students Thorsten Meyer, Alexander Kuß, Fatima Asar, Claudia Bruhn and 

Timon Bohnen for their excellent work in the lab. 

For the support in work and common life, encouragement and friendship I would like to thank 

Xiaoxiao Zhou, Katharina Fafenrot, Christina Stracke, Sabine Krevet and Agathe Materla. 

I would like to extend my thanks to Thomas Knura, Alexander Wagner and Sabine Dietl for 

their help and technical assistance. 

I wish to acknowledge my dear former and current colleagues for the support and nice 

working environment: Theresa, Dominik, Frank, Marcel, Klaus-Rüdiger, Jens, Astrid, Larrisa, 

Laura, Christian, Thomas, Svenja and Benjamin. 

My special thanks are extended to my loving family. Thanks to my parents for their support, 

encouragement and understanding. Thanks to my husband for the assistance in statistics, 

for the love and dedication.  

209

Acknowledgements 

mailto:martha.kohlhaas@uni-due.de


Curriculum vitae 

210

Curriculum vitae 

For reasons of data protection law, the curriculum 
vitae is not included in the online edition



Erklärung der selbstständigen Verfassung der Dissertation 

hiermit erkläre ich, dass ich die beigefügte Dissertation mit dem Titel 

“Sugar metabolism: from enzyme cascades towards physiology and application“ 

selbstständig verfasst und keine anderen als die angegebenen Hilfsmittel genutzt 

habe. Alle wörtlich oder inhaltlich übernommenen Stellen habe ich als solche 

gekennzeichnet.  

Ich versichere außerdem, dass ich die beigefügte Dissertation nur in diesem und 

keinem anderen Promotionsverfahren eingereicht habe und, dass diesem 

Promotionsverfahren keine endgültig gescheiterten Promotionsverfahren 

vorausgegangen sind.  

Essen, den 03.07.2019

Lu Shen 

211

Erklärung 


	Cover and content
	Cover
	Content table

	Doctoral Thesis. 1-Erklärung
	Doctoral Thesis  1-Erklärung 28.06.2019
	1-Erklärung_with page Nr. 28.06.2019
	1. Introduction_ no references 25.06.2019
	2. Scope  and contribution
	3. Chapter 3_P73 revised
	A4. chapter 3.1-3.4
	3.5 The Weimberg pathway_25-06-2019. for thesis
	Chapter 3.5_Supplement
	Supplement Cover. 24.06.2019
	Supp. M 1-6 with page Nr.
	Supplement 1-4 18.06.2019
	Supplement Part I. 07.05.2019
	Supplement  part II 10.05.2019
	Supplement Part 3-5. 07.05.2019

	Faridom overview
	Supplementary references 18.06.2019



	4. Summary
	5. Zussamenfassung
	6. Reference 28.06.2019
	Acknowlegement
	CV.Lu  26.04.2019
	Erklärung zur Dissertation






