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Chapter 2  MATERIALS & METHODS  

 

2.1 CHEMICALS & PLASMIDS 

 

The (co)substrates ADP (monopotassium salt), ATP (disodium salt), DL-

glyceraldehyde 3-phosphate (solution, cation traces:   Ba: ≤100 μg/mL), DL-

glyceraldehyde , D-fructose 6-phosphate (disodium salt hydrate), D-glucose, D-

glycerate (D-(+)-glyceric acid hemicalcium salt hydrate), DL-glyceric acid 

(hemicalcium salt monohydrate), D-gluconate (potassium salt), D-fructose 1,6-

bisphosphate (trisodium salt hydrate), dihydroxyacetone phosphate (dilithium salt), 

α-D-glucose 1-phosphate (dipotassium salt), hexanal (98%), benzaldehyde (> 

99%), acetaldehyde (ACS reagent >99.5%), succinic semialdehyde solution (~15% 

in H2O), formaldehyde solution (37% in H2O), betaine aldehyde (chloride), sodium 

arsenate (dibasic heptahydrate, Na2HAs04 *7H2O), sodium pyrophosphate 

(tetrabasic decahydrate) as well as the auxillary enzymes lactate dehydrogenase 

(LDH, rabbit muscle, EC 1.1.1.27), pyruvate kinase (PK, rabbit muscle, EC 

2.7.1.40) glyceraldehyde-3-phosphate dehydrogenase (GAPDH, S. cerevisiae, EC 

1.2.1.12), fructose-1,6-bisphosphate aldolase (FBPA, rabbit muscle, EC 4.1.2.13), 

triosephosphate isomerase (rabbit muscle, EC 5.3.1.1), enolase (rabbit muscle, EC 

4.2.1.11), 3-phosphoglycerate kinase (PGK, S. cerevisiae, EC 2.7.2.3), glucose-6-

phosphate dehydrogenase (G6PDH, S. cerevisiae, EC 1.1.1.49) were purchased 

from Sigma-Aldrich (Taufkirchen, GER). NAD
+
 (hydrate), NADP

+ 
(disodium salt), 

NADH (disodium) and NADPH (tetrasodium salt) were purchased from Gerbu 

Biotechnik GmbH (Wieblingen, GER) and DL-glycolaldehyde from MP 

Biomedicals (Illkirch Cedex, France). D-galactonate (10 mM) was prepared from 

D-galactonate γ-lactone (Sigma-Aldrich, Taufkirchen, GER) by incubation in 1 M 

NaOH for 1 hour (4 M stock solution) and subsequent dilution in 50 mM 

HEPES/KOH (pH 7.0, 70°C) as described previously (Lamble et al., 2004). 

All other chemicals and enzymes were purchased from Amersham 

Pharmacia Biotech Europe GmbH (Uppsala, Sweden), Bio-Rad Laboratories 

GmbH (Munich, GER), Biometra (Göttingen, GER), Difco Laboratories 

(Augsburg, GER), MEB Fermentas Life Science (St. Leon Rot, GER), Gerbu 

Biotechnik GmbH (Wieblingen, GER), Life Technologies, (Karlsruhe, GER), 

Merck, QIAGEN (Hilden, GER), Roche Diagnostics GmbH (Mannheim, GER), 

Roth GmbH (Karlsruhe, GER), SERVA Electrophoresis GmbH (Heidelberg, 

GER), Sigma-Aldrich (Taufkirchen, GER) and VWR International (Langenfeld, 

GER) in analytical grade. For heterologous expression, the pET vector system 

(pET-11c, pET15b, pET24a (Merck (Novagen) Darmstadt, GER); pET324 was 

kindly provided by S.-V. Albers (Van Der Does et al., 1998). 
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2.2 INSTRUMENTS 

 
Table 1 List of instruments  

 

Instrument Description 

Agarose gel electrophoresis 

system 

B1A EasyCast™, Owl Separation Systems 

(Portsmouth (USA)); Power supply: Consort 

E835 (MS Laborgeräte) 

Autoclaves H+P Varioklav, 25T, Federgari Autoklav, Integra 

Bioscience (IBS) (Fernwald, GER) 

H+P Varioklav, 75S, Federgari Autoklav, Integra 

Bioscience (IBS) (Fernwald, GER) 

Balance KERN EW 4200-2NM (Kern & Sohn GmbH); TE124S 

(Sartorius AG, Goettingen); TE601 (Sartorius AG, 

Goettingen, GER) 

Centrifuges Sorvall Centrifuge RC26, Kendro (Langenselbold, 

GER),Rotor: Sorvall SS-34, Kendro (Langenselbold, 

GER), Rotor: F10S-6x500y, Fiberlite Piramoon 

Technologies (Santa Clara, USA) 

Chromatography columns HiLoad 26/60 Superdex 200 prep grade, GE Healthcare 

(Freiburg, GER), NiNTA prepack column, Bio-Rad 

Laboratories GmbH (München, GER), Q-sepharose 

prepacked column Q-12, Bio-Rad Laboratories GmbH 

(München, GER) 

Clean Bench HERAsafe
®
KSP Class II Bio-safety Cabine (Kendro 

Laboratory Products GmbH, Langensbold; GER) 

Fast Flow Liquid 

Chromatography (FPLC) 

Biologic DuoFlow Pathfinder 20 system (Bio-Rad 

Laboratories GmbH (München, GER) 

System: F10 work station, MX-1 mixer, 3-Tray rack, 

AVR7-3 sample inject valve, QuadTec UV/Vis detector 

with 3 mm PEEK flow cell, system cable 25 (RS-232), 

BioFrac fraction collector 

Fermenter Infors HT Minifors (Bottmingen, Switzerland) 

Gel-documentation GelDoc Gel Documentation System (Bio-Rad 

Laboratories GmbH (München, GER) 

Heat Block Thermoblock v4.6, Hardware & Service (Frieldland, 

GER) 

Incubators Infors HT Unitron (Bottmingen, Switzerland) 

Infors HT Thermotron (Bottmingen, Switzerland) 

Heraus B6 Kendro (Langenselbold, GER) 

Heraus T20 Kendro (Langenselbold, GER) 
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Instrument Description 

Membrane-vacuum pump LABOPORT Typ:N816.3KN.18 (KNF Neuberger 

GmbH, Freiburg, GER) 

Microwave HP1612, Siemens (München, GER) 

pH-Meter WTW Series inoLab pH 720 (WTW GmbH, Weilheim); 

pH-Electrode: SenTIX 81 pH0-14/0-100°C/3mol/KCl 

(WTW GmbH, Weilheim, GER) 

Photometer BioPhotometer Plus (Eppendorf AG, Hamburg, GER); 

Specord®200, Specord®210, compact regulator: JUMO 

dTRON 308 (Analytik Jena, Jena, GER) 

SDS Polyacrylamid 

gelelectrophorese system 

Hoefer Mighty small II Model SE250-10A-75 (Hoefer 

Pharmacia Biotech Inc., San Francisco); Mini-Protean 3 

System (Bio-Rad Laboratories GmbH, München, GER);  

Energy supply: Consort E835 (MS Laborgeräte) 

Sonicator Ultraschallprozessor UP 200s, Hielscher (Teltow, GER) 

Thermocycler Mastercycler personal, Eppendorf (Hamburg, GER) 

Thermocycler C1000, Bio-Rad Laboratories GmbH 

(München, GER) 

Water bath Thermomix UB, B. Braun (Melsungen, GER) 

 

 

2.3 STRAINS OF ESCHERICHIA COLI & GROWTH CONDITIONS 

 

In this study Escherichia coli K-12 DH5α strain (DSMZ 6897) was used for 

cloning and E. coli BL21(DE3) (Merck (Novagen) Darmstadt, GER), E. coli 

BL21-CodonPlus(DE3)-RIL and E. coli Rosetta(DE3) (Agilent Technologies 

(Stratagene) Waldbronn, GER) were used for expression of recombinant proteins. 

All E. coli strains were grown aerobically in 3 – 800 mL batch cultures in reaction 

tubes or Erlenmeyer flasks at 37°C with aeration by gyratory shaking (180 rpm). 

Mass cultures of 3.5 L volume were grown in a fermenter (Infors HT Minifors, 

Bottmingen, Switzerland) aerated by gassing with compressed air through a 

bacterially tight filter (50 L/min flow rate). All E. coli cultures were grown on 

Luria Bertani Broth (LB) medium (Sigma-Aldrich, Taufkirchen, GER). For solid 

medium plates, 1.5% (w/v) agar-agar (Difco Laboratories, Augsburg, GER) was 

added. Antibiotics (Sigma-Aldrich, Taufkirchen, GER) were added according to 

the encoded plasmid resistance at the following concentrations: ampicillin 

100 mg/L (pET11c, pET324, pET15b), kanamycin 50 mg/L (pET24d), 
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chloramphenicol 34 mg/L (RIL plasmid). Growth was monitored 

spectrophotometrically at 600 nm (Biophotometer, Eppendorf, Hamburg, GER). 

 

2.4 STRAINS OF SULFOLOBUS & GROWTH CONDITIONS  

 

For the determination of enzyme activities in cell-free extracts, S. solfataricus P2 

was routinely and in a standardized way fermented by Pawel Sierocinski 

(Wageningen University, The Netherlands) and Patricia Wieloch (Technische 

Universität Braunschweig, GER) at 65°C, 70°C or 80°C. Briefly, S. solfataricus 

was grown aerobically in 1.5 L up to 5 L minimal medium, according to Brock et 

al. (Brock et al., 1972) at pH 3.5 and with 0.3% (w/v) glucose as carbon source as 

described before (Zaparty et al., 2009).  

The cells were harvested at an optical density (600 nm) of about 0.85 by 

centrifugation (3,500 x g, 12 min, 4°C) and stored at -80°C (Zaparty et al., 2009). 

To study the growth phenotypes of the S. solfataricus PBL2025∆0527 strain in 

comparison to the PBL2025 reference strain, both strains were cultivated in 50 mL 

batch cultures in long-neck Erlenmeyer flasks (100 mL) at 79°C, either under 

glycolytic conditions by adding 0.3% (w/v) glucose, or under gluconeogenic 

conditions in presence of 0.1% NZ-Amine (protein hydrolysate NZ-Amine AS 

(Fluka) Sigma-Aldrich Taufkirchen, GER) in minimal medium (Table 2). The 

uracil auxotroph reference strain S. acidocaldarius MW001 and the deletion 

mutant MW001∆0227 were cultivated in minimal medium (Table 2) at 79°C. All 

ingredients were prepared in sterile bidest water. Brock I, II, and III (Table 2) 

growth media were autoclaved while uracil, Fe (II) and tryptone were filter 

sterilized. The pH was adjusted to 3 using sulfuric acid. The medium was either 

supplemented with 0.1% v/v NZ-amine (for peptidolytic growth conditions) or 

0.02% (v/v) NZ-Amine and 0.3% (v/v) glucose (for glycolytic growth conditions) 

as carbon and energy source. For the growth of the uracil auxotrophic strains 

MW001 and MW001∆0227, 10 g/L uracil was added to the medium 
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Table 2. Modified minimal medium according to Brock et al. (1972). Ingredients for 

Brock medium-solutions and final Brock-medium. 
 

Brock I (1000x) Amount per litre 1 L 

CaCl2 x 2H2O 70 g 70 g 

Brock II (100x)  100 mL 

(NH4)2SO4 130 g 13 g 

MgSO4 x 7 H2O 25 g 2.5 g 

H2SO4 (conc) 1.5 mL ~ 150 µL (pH 3) 

Brock III (200x)  500 mL 

KH2PO4 56 g 28 g 

H2SO4 (conc) 1.5 mL ~ 750 µL (pH 3) 

Trace elements  

(10x stock solution) 
  

MnCl2 x 4H2O 3.6 g 1.8 mL 

Na2MoO4 x 2H2O  9 g 4.5 µL 

ZnSO4 x 7 H2O 0.44 g 220 µL 

CuCl2 x 2H2O 0.12 g 50 µL 

NaMoO4 x 2 H2O 0.06 g 30 µL 

VOSO4 x 2H2O 0.06 g 30 µL 

CoSO4 x 7 H2O 0.02 g 10 µL 

1 L final Brock   

Brock I 1 mL  

Brock II 10 mL  

Brock III 5 mL  

Fe-solution (20%) 1 mL  

H2SO4 (conc) Adjust to pH 3-3.5 by adding  H2SO4 solution 

. 



Chapter 2 

 

 

38 

 

2.5 MOLECULAR BIOLOGICAL METHODS  

 

2.5.1 Preparation of genomic S. solfataricus DNA 

For the preparation of genomic S. solfataricus DNA, 0.1 g (wet weigt) cells were 

homogenized and lysed in 2 mL DNAzol reagent (Invitrogen, Life Technologies 

GmbH, Darmstadt, GER). The preparation was carried out in accordance to the 

manufacturer’s instructions with slight modifications: The cells were homogenized 

by using a hand-held glass-teflon homogenizer. After centrifugation (10,000 x g, 

10 min, RT), the supernatant was decanted, transferred to a fresh tube and 1 mL 

ethanol (100% (v/v)) was added. After gently inverting the tube for a few times, the 

sample was incubated at RT for 3 min. The precipitated DNA was sedimented by 

centrifugation (10,000 x g, 10 min, RT). The supernatant was decanted and the 

DNA was washed twice with 1 mL ethanol (70% (v/v)) and then centrifuged again. 

The remaining ethanol was completely removed under vacuum (speed vac) and the 

pelleted DNA was then dissolved in 100 μL aqua bidest and incubated at room 

temperature for 10 min. To achieve a better dissolving of DNA, 1 volume of 

16 mM NaOH was added. Aliquots (200 µL) of the DNA were stored at -20°C.  

Alternatively, genomic S. solfataricus DNA was prepared using the DNeasy Blood 

& Tissue Kit (Qiagen, Hilden, GER) following the manufacturer’s protocol for 

purification of total DNA from Gram-negative bacteria.   

 

2.5.2 Isolation of plasmid DNA from E. coli 

Plasmid DNA was prepared by the Plasmid Mini Kit (Fermentas, St. Leon-Rot, 

GER) following the manufacturer’s instructions. 

 

2.5.3 Quantification of DNA 

DNA concentrations were measured by ultraviolet absorbance spectrophotometry 

(BioPhotometer). At 260 nm, an absorbance (A260) of 1.0 corresponds to 50 μg of 

dsDNA per mL. The ratio OD260/ 280 (BioPhotometer) was used for qualitative 

analyses. For a pure DNA sample the ratio of the absorbance (A260/A280) is 1.8 – 

2.0. Ratios less than 1.8 or higher than 2.0 indicate contamination of the 

preparation by either proteins or by phenol.  

 

2.5.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for diverse applications, such as the quick 

estimation of DNA yield and purity, determination of the size of PCR-products and 

DNA gel extraction. For all applications, agarose gels with concentrations of 1% 

(w/v) prepared in TAE-buffer (40 mM Tris-acetate, 1 mM EDTA) were employed. 

The DNA samples were mixed with loading buffer (6 x: 0.21% (w/v) 

bromophenolblue, 0.21% (w/v) Orange, 50% (v/v) glycerol and 0.2 M EDTA (pH 

8)) and applied to the gel. Depending on the designated separation of DNA bands 
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and the chosen size of the gel chamber (distance from the electrodes) voltage was 

adjusted to 60-100 V and electrophoresis was performed at RT. DNA samples were 

run in parallel with a size marker (GeneRuler 1 kb Ladder (Fermentas)). For 

visualization of fluorescing DNA under UV light, the gels were incubated in an 

ethidium bromide bath (500 µg/L) at room temperature for 15-20 min and 

destained in an H2O bath for 5 min. The results were documented under UV light 

in the GelDoc - Gel Documentation System (BioRad).  

 

2.5.5 Purification of DNA fragments 

Extraction and purification of DNA fragments from agarose gels and of PCR 

fragments were achieved by using various kits following the manufacturer’s 

instructions. For DNA extraction from agarose gels the peqGOLD Gel Extraction 

(PeqLab) or the Gel extraction Kit and PCR purification Kit (Promega, Mannheim, 

GER) were used. For purification of PCR-products the QIAquick PCR Purification 

Kit (Qiagen) or the Gel extraction Kit and PCR purification Kit (Promega) were 

used. For nucleotide removal (after digestion, 2.5.7) the QIAquick Nucleotide 

Removal Kit (Qiagen) was used. 

 

2.5.6 Amplification of genomic DNA by Polymerase Chain Reaction (PCR) 

For PCR amplification, 50–100 ng genomic or plasmid DNA template, 0.2 mM of 

each forward and reverse primer, 0.2 mM dNTPs (PeqLab), Go-Taq reaction buffer 

(Promega) and 1 U of DNA polymerase (Go-Taq polymerase, Promega) were used 

in 25 µL or 50 µL total volume. Oligonucleotide primers were purchased from 

Invitrogen. The name and sequence of the primers used in this study are depicted in 

Table 3. PCRs were performed using a thermocycler. The cycling protocol 

consisted of 30 cycles comprising a denaturation step at 95°C for 30 sec, a step for 

primer annealing at the respective melting temperature for the different primer sets 

for 30 sec (Tm; Table 3) and a step for extension for 1 min per 1,000 bp at 72°C. In 

all PCR reactions, an initial denaturation step was performed at 95°C for 2 min. 

After 30 cycles, a final extension step was carried out at 72°C for 5 min.  

 

2.5.7 Restriction of DNA 

Digestion of DNA was performed by incubating the double-stranded DNA 

molecules with an appropriate amount of restriction enzyme (1 U of enzyme/ 1 µg 

of DNA) in the respective buffer (50 μL total volume). The restriction reaction was 

performed using the optimal temperature and buffer recommended by the 

manufacturer (MEB Fermentas). The restriction enzymes used are listed in Table 3.  

 

2.5.8 Ligation of vector and insert 

DNA ligation was performed by incubating the restricted DNA fragments with the 

restricted linearized vector in the presence of T4 DNA ligase. DNA ligase 
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catalyzes the formation of a phosphodiester bond between the 3’ hydroxyl group of 

one nucleotide and the 5’ phosphate group of another nucleotide. For ligation, 

restricted plasmid DNA (50 – 400 ng) and insert were mixed in a ratio of 1:3 and 

1 U T4 DNA ligase (MEB Fermentas) was added to a final volume of 20 μL. 

Ligation was carried out at 4°C overnight or 1 h at room temperature.  

 

2.5.9 DNA sequencing 

Automated DNA sequencing was performed by AGOWA (Berlin, GER). 10 μL of 

plasmid DNA (80 ng/μL) and, if required, 2 μL of specific primer (10 μM) were 

used for one sequencing reaction. 

 
 

Table 3. Cloning of S. solfataricus target genes. ORF ID, number of base pairs, gene 

name, primer set for PCR (FP, forward primer; RP- reverse primer), restriction sites, 

annealing temperatures (Ann. °C) are given. 

 

ORF ID Size  

[bp] 

Sequence (5’-3’), 

 Restriction site 

Ann.  

[°C] 

SSO1218  1476 
FP-  gggggaattccatgggtaaggtattgg, NcoI 

RP- ggcggggatcctcaccacctggttattactacc, BamHI
 

51°C 

SSO1629 1410 
FP-  gggggaattcatatgatgagtcaagagg, NdeI 

RP-  ggcggggatcctcaaagaagcgttattgc, BamHI
 51°C

 

SSO1842 1410 
FP-

 
 gggggaattcatatgatgagcttagagg, NdeI 

RP-  ggcggggatcctcaaagtaatgtgatagc, BamHI
 

51°C
 

SSO0528 1020 
FP- gggggaattcatgattaatgtagctg, BspHI 

RP-  ggcggggatcctcatattagatacccc, BamHI
 51°C 

SSO0527 1245 
FP-  aaaccatggatggggatctttctgattaaagtg, NcoI 

RP-  tttctcgagtcaatcaccgctattcacca, XhoI 
51°C

 

SSO3194
1
 1527 

FP- gcgcgccatggagaaaacatcagtgttg, NcoI 

RP- gcgcgggatccttacaagtattcccaaatacctttccc, BamHI 

SSO0666 1203 
FP-

 
ggggaattccatggatattgttgataagatattag, NcoI 

RP-  gggggatcctcaaggagcccttaagac, BamHI
 52°C 

SSO0286
2
 1146 

FP- gggggaattcatatgaaaactacacttagtg, NdeI 

RP- ggcggggatcctcattcatgtgaactttcgtg, BamHI 
55°C 

 
1
 The Sso-gapN-3 gene was cloned by A.C.M. Geerling and T. Ettema in the laboratory of 

Microbiology (Wageningen University, The Netherlands) (Ettema et al., 2008) 
2
 The Sso-fbpase gene was cloned by Melanie Zaparty (University Duisburg-Essen, GER) 
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2.5.10 Preparation of chemically competent E. coli cells  

Competent cells from E. coli DH5, BL21(DE3), BL21-CodonPlus(DE3)-RIL and 

Rosetta(DE3) strains were prepared by using the modified calcium chloride 

method. Briefly, 200 mL LB-medium was inoculated with 2 mL overnight culture  

and incubated at 37°C in a rotary shaker until OD600nm reached 0.4. The cell 

suspension was incubated for 10 min on ice and then centrifuged (4,000 x g, 7 min, 

4°C). All subsequent procedures were carried out on ice. The cell pellet was gently 

resuspended in 10 mL ice cold buffer (60 mM CaCl2, 10 mM PIPES, 15% (v/v) 

glycerol, pH 7.0). After centrifugation (4,000 x g, 5 min, 4°C), the cell pellet was 

resuspended in 2 mL ice cold buffer (60 mM CaCl2, 10 mM PIPES, 15% (v/v) 

glycerol, pH 7.0) and aliquots (80 μL) were stored at -80°C. 

 

2.5.11 Transformation 

To introduce plasmid DNA constructs into E. coli for heterologous expression, 

80 μL of the competent cells were gently mixed with plasmid DNA (1-3 µL) or 

ligation mixture (10-20 µL) and incubated on ice for 30 min. Transformation was 

achieved by incubation at 37°C for 5 min. Cells were transferred into 400 μL LB-

medium and incubated at 37°C for 45 min in a rotary shaker. 100 μL of 

transformed cells were plated on LB agar plates containing the respective 

antibiotics. The remaining sample was centrifuged (6,000 x g, 5 min, RT), the cell 

pellet resuspended in 100 μL LB-medium and plated. After incubation over night at 

37°C, single colonies were used for colony PCR in order to identify positive 

clones. 

 

2.5.12 Disruption of the pgk gene in S. solfataricus PBL2025 

The generation of S. solfataricus PBL2025 deletion mutants was performed by 

Julia Reimann (Max-Planck-Institute for terrestrial Microbiology, GER). The 

disruption was performed in the S. solfataricus strain PBL2025, lacking the gene 

that encodes β-galactosidase (lacS), which is essential for S. solfataricus for growth 

on lactose minimal medium (Schelert et al., 2004). The lactose auxotrophy has 

been used before as a marker for targeted gene deletion mutant selection. Briefly, a 

virus-based vector system was used. The plasmid contains the up- and down-

stream flanking region of the target gene and a marker cassette encoding the lacS 

gene with its original promoter and terminator region. Exogenous DNA was 

introduced into S. solfataricus by electroporation. Upon transformation of the cells, 

the deletion cassette will integrate into the genome via homologous recombination, 

resulting in an insertion of the lacS gene. Positive clones were selected by growth 

on lactose minimal medium and β-galactosidase activity. PCR analysis and 

sequencing was performed to verify the deletion of the target gene (S. V. Albers & 

Driessen, 2008). 
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2.5.13 Disruption of the gapN gene in S. acidocaldarius 

The generation of S. acidocaldarius MW001 deletion mutants was performed by 

Julia Reimann (Max-Planck-Institute for terrestrial Microbiology, GER). For gene 

disruption the uracil auxotrophic strain MW001 contains mutations in the pyrEF 

gene sequence, encoding orotate phosphoribosyltransferase and orotidine-5-

monophosphate decarboxylase, respectively. The enzymes (PyrEF) catalyze the 

last two steps of the de novo uridine monophosphate synthesis pathway. Using 5-

fluoro-orotic acid (5-FOA), which is converted into toxic 5-fluorouracil in wild-

type cells, only cells that have undergone a pop-out recombination that removes 

pyrF gene can grow in presence of 5-FOA. Briefly, the up- and down-stream 

flanking regions of the target gene were cloned consecutively upstream of the 

pyrEF cassette. The integration of plasmid DNA into the chromosome occurs via 

single-cross-over events, leading to a marker less deletion strain (Wagner et al., 

2009). Integrants were obtained by uracil selection on plates and integration of the 

gene-targeting plasmid was confirmed by sequencing analysis (Wagner et al., 

2009). 

 

Table 4. Expression of S. solfataricus target proteins. ORF ID, number of amino acids 

(aa), expression vectors and hosts (E. coli) are given. 

 

 

ORF ID Enzyme Vector  aa Host 

SSO1218  - pET324
Amp

 492 Bl21 (DE3) RIL
 Cam

 

SSO1629 - pET11c
 Amp

 470 Bl21 (DE3) RIL
 Cam

 

SSO1842 - pET11c
 Amp

 470 Bl21 (DE3) RIL
 Cam

 

SSO0528 GAPDH pET324
 Amp

 340 Bl21 (DE3) RIL
Cam

 

SSO0527 PGK pET15b
 Amp

 415 Bl21 (DE3)  

SSO3194
1
 GAPN pET24d

 Kan
 509 Rosetta (DE3)

 Cam
 

SSO0666 GK pET324
 Amp

 400 Bl21 (DE3) RIL
 Cam

 

SSO0286
2
 FBPA/ase pET11c

 Amp
 382 Rosetta (DE3)

 Cam
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2.6 BIOCHEMICAL METHODS 

 

2.6.1 Heterologous expression of recombinant proteins in E. coli and 

preparation of cell-free extracts 

Unless otherwise indicated, protein expression (expression hosts are given in Table 

4) was performed in a fermenter (37°C, rotation speed: 500 rpm; Infors HT 

Minifors, Infors AG, GER) containing 3.5 L LB-medium and the respective 

antibiotics. Inoculation was performed with an overnight culture (1-2% (v/v); see 

2.3). Protein expression was induced at OD600nm= 0.6–0.8 by the addition of 

isopropyl-beta-D-thiogalactopyranoside (1 mM; IPTG; Gerbu Biotech GmbH, 

GER). Afterwards, fermentation was continued for 3-4 hours and cells were 

harvested by centrifugation (6,000 x g, 15 min, 4°C) and finally the obtained cell 

pellet was stored at -80°C. Cell pellets were resuspended in buffer (see Table 5) at 

a ratio of 3 mL/g cells. Cells were disrupted by passing three times through a 

French pressure cell at 20,000 psi or by sonication (5 min, amplitude 50%, time 

cycle 0.5) while the cell suspension was incubated on ice to reduce the increase in 

temperature. Then, the samples were centrifuged (16,000 x g, 45 min, 4°C) to 

separate soluble cell-free extracts from the insoluble fraction.  

 

2.6.2 Purification of recombinant target proteins 

The cell-free extracts were prepared as described in section 2.6.1 and subsequently 

diluted 1:1 with lysis buffer (for the respective buffer composition for each protein 

see Table 5). The protein solution was incubated for 20 min at high temperature 

(see respective temperature in Table 5) to denatur the majority of thermolabile 

E. coli host proteins. The denaturated proteins were removed by centrifugation 

(16,000 x g, 30 min, 4°C). Protein samples were dialyzed using dialysis tubes 

(Spectra/Por® Dialyse Membrane (Molecular Weight Cut off (MWCO): 3.5 kDa, 

Spectrum Laboratories, Inc., Breda, The Netherlands)) in 5 L IC-buffer (for 

composition see Table 5) at 4°C overnight, in order to remove salts and low 

molecular weight substances, interfering with subsequent purification steps or 

activity assays and in order to change buffer conditions. The enriched ALDH 

proteins (Sso-1218, Sso-1629, Sso-1842) were stored at 4°C or directly used for the 

enzymatic assays. Due to a previously observed instability of the Sso-FBPA/ase 

protein, the FBPA/ase sample after heat-precipitation (16 mL) was divided into 

three aliquots (each 5 mL) and successivly supplied for gel filtration (2 mL/min; 

HiLoad 26/60 Superdex200 prep grad column, Amersham Biosciences) 

equilibrated with GF-buffer, where the same buffer was used as mobile phase 

(Table 5). The other target proteins (Sso-GAPN, Sso-GAPDH, Sso-GK, Sso-PGK) 

were applied onto ion exchange chromatography via UNO Q-12 (Bio-Rad 

Laboratories; column bed volume: 12 mL, maximal protein loading: 160 mg, flow 

rate: 2 mL/min, column dimension: 15x 68 mm, maximal operating pressure: 
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700 psi). The column was equilibrated with 60 mL IC-buffer (Table 5; 5 times of 

the column volume) prior to sample application. Proteins were separated by a 

linear salt gradient from 0 to 1 M NaCl using the respective IC-buffer (Table 5) 

over 20-times of the column volume. Sso-GAPN eluted at a salt concentration of 0-

0.16 M NaCl, Sso-GAPDH at 0.08-0.1 M NaCl and Sso-PGK at 0.35-0.4 M NaCl, 

whereas all Sso-GK was found in the flow-through fraction. Fractions containing 

the enriched recombinant enzyme (verified by SDS-PAGE and enzyme activity) 

were pooled and concentrated via centrifugal concentrators (Vivaspin6, Sartorius 

AG, Göttingen, GER). Afterwards, the samples were dialyzed overnight at 4°C in 

2 L GF-buffer (Table 5) and subsequently subjected to gel filtration on a HiLoad 

26/60 Superdex 200 prep grade column (Amersham Biosciences; separation range 

of proteins: 10-600 kDa; column volume: 330 mL; flow rate: 1 mL/min, maximal 

operating pressure: 50 psi), equilibrated in the respective GF-buffer (Table 5). The 

purified and enriched recombinant proteins were stored at 4°C for enzymatic 

analysis. For long-term storage, the protein solution was supplemented with 20% 

(v/v) glycerol and aliquots were stored at -80°C. 

 

2.6.3 Expression and purification of (hyper)thermophilic auxillary enzymes 

For a continuous determination of enzyme activities at high temperature the 

production of (hyper)thermophilic auxiliary enzymes was necessary. In general, for 

enzyme assays, auxiliary enzymes were enriched via heat-precipitation (see below) 

and provided in excess to ensure that they do not limit the enzyme velocity of the 

target enzymes. 

Expression of the (hyper)thermophilic auxillary enzymes, 

phosphoglycerate kinase (Ttx-PGK), hexokinase (Ttx-HK), glucose-6-phosphate 

isomerase (Ttx-PGI) and 2-keto-3-deoxy-6-(phospho)gluconate aldolase (Ttx-

KD(P)G) from Thermoproteus tenax, as well as Thermotoga maritima glucose 6-

phosphate dehydrogenase (Tma-G6PDH) and Sso-GAPDH and Sso-GAPN, 

respectively, were carried out in 2 L Erlenmeyer flasks containing 1 L LB medium 

(Sigma-Aldrich; LB broth) at 37°C and 180 rpm. The cells were cultivated, 

harvested and disrupted as described in the respective publications (Ttx-PGI 

(Siebers et al., 2004); Ttx-PGK (Brunner et al., 2001); Tma-G6PDH (Hansen et al., 

2002) ) or for the S. solfataricus enzymes as described above. The obtained cell-

free extracts were subjected to heat-precipation at 80°C for 20 min and afterwards 

denaturated proteins from the host were removed by centrifugation (16,000 x g, 

30 min, 4°C). In order to remove salts and low molecular weight substances, 

interfering with subsequent enzyme assays, samples of the resulting supernatant 

were dialyzed using dialysis tubes (Spectra/Por® Dialyse Membrane (Molecular 

Weight Cut off (MWCO): 3.5 kDa, Spectrum Laboratories, Inc.)) and directly used 

as auxillary enzymes in enzyme assays or stored after addition of glycerol (20% 

(v/v)) at -80°C. 
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Table 5. Purification of S. solfataricus target enzymes. Given are the buffer conditions 

for cell-lysis (lysis-buffer), ion exchange chromatography (IC-buffer) and for gel filtration 

(GF-buffer) as well as the temperature of heat-precipitation (HT [°C]) for the listed target 

proteins. 

 

Enzyme  Lysis buffer HT  IC-buffer GF-buffer 

Sso-

FBPA/ase
1
 100 mM Tris/HCl 

(pH 7, RT) 

20 mM MgCl2 

80 - 

50 mM Tris/HCl 

(pH 7, RT) 

20 mM MgCl2 

300 mM NaCl 

Sso-GAPN 100 mM 

HEPES/KOH 

(pH 6.5, 70 °C) 

5 mM DTT 

80 

20 mM 

HEPES/KOH 

(pH 6.5, 70°C) 

5 mM DTT 

50 mM HEPES/KOH 

(pH 6.5, 70°C) 

300 mM KCl 

Sso-1218 100 mM 

HEPES/KOH 

(pH 7, RT) 

50-90 - - 

Sso-1629 100 mM 

HEPES/KOH 

(pH 7, RT) 

50-90 - - 

Sso-1842 100 mM 

HEPES/KOH 

(pH 7, RT) 

50-90 - - 

Sso-GAPDH 
100 mM HEPES 

(pH 7, RT) 

5 mM DTT 

80 

20 mM 

HEPES/KOH 

(pH 7, RT) 

5 mM DTT 

50 mM HEPES/KOH 

(pH 7, RT) 

300 mM KCl 

5 mM DTT 

Sso-PGK 100 mM 

HEPES/KOH 

(pH 7, RT) 

10 mM DTT 

70 

20 mM 

HEPES/KOH 

(pH 7, RT) 

10 mM DTT 

50 mM HEPES/KOH 

(pH 7, RT) 

0.3 M KCl 

10 mM DTT 

Sso-GK 100 mM 

HEPES/KOH 

(pH 7, RT) 

5 mM DTT 

80 

20 mM 

HEPES/KOH 

(pH 9, RT) 

5 mM DTT 

50 mM HEPES/KOH 

(pH 7, RT) 

300 mM KCl 

5 mM DTT 
 

1
It is known from previous studies that MgCl2 stabilizes (bifunctional) type V FBP 

phosphatases (Nishimasu et al., 2004; Say & Fuchs, 2010) and therefore all buffers were 

supplemented with 20 mM MgCl2.  
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2.6.4 Analytical protein methods 

 

2.6.4.1 Protein quantification 

Protein concentrations were determined with the Bio-Rad Protein assay based on 

the method of Bradford (Bradford, 1976), following the manufacturer’s protocol, 

using bovine serum albumin (BSA) as standard (1-25 g/L). For determination of 

the target protein, samples were diluted with water and 400 µL of Bradford-reagent 

were added to 600 µL of sample and incubated for 5 min (RT). The absorbance 

was determined at 595 nm (Biophotometer, Eppendorf).   

 

2.6.4.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Enrichment, purification and the size of proteins was monitored by SDS-PAGE 

according to Laemmli (Laemmli, 1970). Polypeptides denature into their primary 

structure in the presence of sodium dodecylsulfate (SDS). The concentration of 

polyacrylamide (PAA) was adjusted to the molecular mass of the proteins of 

interest. In general, 12% SDS-polyacrylamide gels were used. The composition of 

the stacking gel was 4.0% (w/v) acrylamide-bisacrylamide (30%), 125 mM Tris 

(pH 6.8, RT), 0.1% (w/v) SDS, 0.45% (w/v) ammoniumpersulfate (APS; 100 g/L), 

0.15% (v/v) N,N,N´,N´-Tetramethylethylenediamine (TEMED). The separation gel 

consisted of 12% (w/v) Acrylamide-Bisacrylamide (30%), 375 mM Tris (pH 8.8, 

RT), 0.1% (w/v) SDS, 0.67% (w/v) APS (100 g/L), 0.067% (v/v) TEMED. The 

separation gel was poured into the gel casting chamber, overlaid with water, and 

after 20 min of polymerization water was removed and the stacking gel was poured 

on top. The comb was inserted and after 20 min of polymerization the polymerized 

gel either was stored at 4°C or used directly. Electrophoresis was performed using 

a Mighty Small II (SE250 / SE260) System (Amersham Pharmacia Biotech AB) or 

a Mini-Protean 3-System (Bio-Rad Laboratories GmbH) at 20 mA. The 

electrophoresis buffer consisted of 25 mM Tris-HCl, 190 mM glycine and 0.1% 

(v/v) SDS (pH 8.3). Before application, the protein samples were mixed with 

loading buffer to a final concentration of 62.5 mM Tris-HCl, pH 6.8, 10% (v/v) 

glycerol, 2% (w/v) SDS, 5% (w/v) DTT, and 0.005% (w/v) Bromophenol blue and 

then denatured by incubation at 95°C for 2 min. The samples were applied onto the 

SDS gel along with 5 µL of a solution of standard proteins covering a molecular 

size range of 14.4-166 kDa (peqGOLD Protein-Marker I) or 14.2-66.0 kDa 

PageRuler Marker (MEB Fermentas). For visualization of proteins, gels were 

stained with Coomassie (0.05% (w/v) Serva BlueR, 40% (v/v) methanol and 10% 

(v/v) acetic acid) either for 30 min at 50°C in a water bath shaker or for 45 min at 

RT and destained by cooking the gel 2-3 times in A. bidest for about 5 min 

(microwave). Gel analysis and documentation was performed using the Gel Doc 

System (BioRad) and the Quantity One Software Package (BioRad).  
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2.7 ENZYME ASSAYS 

 

Realistic models require standardized assay conditions for enzyme-kinetic 

parameter determinations. Therefore, experiments were performed carefully to 

ensure analyses under defined conditions. Moreover, the experiments should be 

representative of the in vivo situation. Therefore, all assays were performed at a pH 

of 6.5, the supposed internal pH of S. solfataricus. For each assay three 

independent measurements were performed with control reactions without 

substrate or enzyme, respectively, following an in/decrease in absorbance at a 

Specord 210 photometer (Analytic Jena, Jena, GER). 

 

2.7.1 Bifunctional fructose-1,6-bisphosphate aldolase/ phosphatase (FBPA/ase)  
glyceraldehyde 3-phosphate + dihydroxyacetone phosphate ↔ fructose 6-phosphate 

fructose 1,6-bisphosphate ↔ fructose 6-phosphate + phosphate 

A coupled enzyme assay was performed for determination of FBPA/ase activity, 

following the oxidation of G6P via the formation of NADPH at 340 nm using the 

Tma-G6PDH (4.6 µg of protein after heat precipitation, see 2.6.3) and the Ttx-PGI 

(7.6 µg of protein after heat precipitation, 2.6.3) as auxiliary enzymes. For the 

determination of kinetic parameters, FBPA/ase (7 µg) was incubated in the 

presence of 100 mM Tris/HCl (pH 6.5, at the respective temperature), 20 mM 

MgCl2, 1 mM NADP
+
 and auxillary enzymes and either different concentrations of 

FBP (0-3 mM) or GAP/DHAP (0-3 mM) in a total volume of 500 µL. The 

reactions were performed as triplicates and started by the addition of substrate. In 

addition, assays were performed with the FBPA/ase (7 µg) at 70°C by varying 

either GAP (DHAP fixed at 4 mM) or DHAP (GAP  fixed at 2 mM) in the 

presence of 100 mM Tris/HCl (pH 6.5, 70°C), 20 mM MgCl2, 1 mM NADP
+
 and 

auxiliary enzymes. 

 

2.7.2 Non-phosphorylating glyceraldehyde 3-phosphate dehydrogenase 

(GAPN) 
glyceraldehyde 3-phosphate + NADP

+ 
→ 3-phosphoglycerate + NADPH + H

+
 

The activity of the recombinant GAPN was determined in a continuous assay by 

monitoring the change of absorbance due to the increase of NADPH at 340 nm. 

The reaction was performed in 500 µL total volume, comprising 100 mM 

HEPES/KOH (pH 6.5 at the respective temperature), 0-5 mM NADP
+
, and 5 µg of 

protein. The assay was started after pre incubation (2 min) at different temperatures 

by the addition of GAP (0-10 mM). Reaction rates were measured within the first 

minute, in view of the heat-lability of GAP. Effector studies were performed at 

different temperatures (60, 65, 70, 80 and 88°C) under half-saturating 

concentrations of GAP (GAP [mM]: 1.4, 60°C; 1.44, 65°C; 1.5, 70°C; 0.96, 80°C; 

0.68, 88°C) and NADP
+
 (NADP

+
 [mM]: 0.1, 60°C; 0.05, 65°C; 0.08, 70°C; 0.114, 
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80°C; 0.32, 88°C) in the presence of 0, 1, 10, 100, 1000 µM of G1P, respectively. 

The influence of G1P (10 µM and 100 µM) on the kinetic parameters of GAPN 

was determined at 80°C in the presence of varying concentrations of  GAP (0.05 – 

3.2 mM) and 2 mM NADP
+
 in 0.1 M HEPES (pH 6.5 at 80°C). 

 

2.7.3 Aldehyde dehydrogenase (Sso-1218, Sso-1629, Sso-1842) 
aldehyde + NAD(P)

+ 
→ acid + NAD(P)H + H

+
 

Aldehyde dehydrogenase (ALDH) activity was determined in a continuous enzyme 

assay at 70°C, following the reduction of NAD(P)
+ 

at 340 nm. The standard assay 

was performed in 100 mM HEPES/KOH (pH 6.5, 70°C), and 10 mM of the 

following substrates: GAP, GA, hexanal, benzaldehyde, acetaldehyde, succinic 

semialdehyde, formaldehyde, betaine aldehyde or glycolaldehyde with 5 mM 

NAD
+
 or NADP

+ 
as cosubstrate and 50 µg of enzyme fractions after heat-

precipitation (see 2.6.2; total volume of 500 µL). The reaction was started by 

adding the respective substrate.  

 

2.7.4 Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
glyceraldehyde 3-phosphate + NADP

+ 
+ Pi ↔ 1,3-bisphosphoglycerate + NADPH + H

+
 

Catabolic GAPDH activity was determined in a continuous, spectrophotometric 

assay monitoring the increase of NADPH at 340 nm. The assay mixture contained 

100 mM HEPES/KOH (pH 6.5 at the respective temperature), 300 mM sodium 

arsenate, 1.8 µg GAPDH and either varying concentrations of 0-10 mM GAP (0-

25 mM) in the presence of 5 mM NADP
+
 or varying concentrations of NADP

+
 (0-

5 mM) in the presence of GAP (7 mM at 60°C; 10 mM at 65°C and 70°C; 15 mM 

at 80°C; 20 mM at 88°C). The assay (500 µL total volume) was started (after 2 min 

pre incubation) by the addition of the substrate. Phosphate-dependent kinetics of 

GAPDH were determined in an assay comprising 100 mM HEPES/KOH (pH 6.5 at 

the respective temperature) 1.8 µg GAPDH, varying concentrations of KPi (0-

700 mM) in the presence of 5 mM NADP
+
 and saturating concentrations of GAP 

(see above). 

In the anabolic direction a continuous coupled enzyme assay was 

performed, using the Ttx-PGK as auxiliary enzyme (50 µg of protein after heat 

precipitation, 2.6.3). The Ttx-PGK was provided in excess, to allow the rapid 

conversion of 3PG into 1,3BPG. However, due to the unknown reaction 

equilibrium, the derived kinetic parameters could only be considered as 

approximate values. For the determination of kinetic parameters 1.8 µg GAPDH 

was incubated in the presence of 20 mM MgCl2, 5 mM ATP, 100 mM TRIS/HCl 

(pH 6.5, at the respective temperature), 50 µg Ttx-PGK (see 2.6.3) and either 

different concentrations of NADPH (0-200 µM) in the presence of 6 mM 3PG or 

3PG (0-30 mM) in the presence of 200 µM NADPH). The measurements were 

initiated by the addition of 3PG. 
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2.7.5 Phosphoglycerate kinase (PGK) 
1,3-bisphosphoglycerate + ADP

 
 ↔ 3-phosphoglycerate + ATP 

Anabolic PGK activity was measured in a continuous enzyme assay coupled with 

the oxidation of NADPH by Sso-GAPDH followed at 340 nm. The assay was 

performed at 70°C in 0.1 M Tris/HCl (pH 6.5, 70°C) containing 0.2 mM NADPH, 

10 mM ATP, 10 mM MgCl2, recombinant Sso-GAPDH (20 µg after heat 

precipitation) and 1.23 µg of purified PGK in a total volume of 500 µL at 340 nm. 

Reactions were started by the addition of 3PG (final concentration 5 mM). 

Catabolic PGK activity was determined by the amount of formed ATP coupled to 

the reduction of NADPH via Tma-G6PDH at 340 nm at the respective temperature. 

The assay (500 µL volume) was started by the addition of 5 mM GAP in presence 

of 0.1 M Tris/HCl (pH 6.5), 5 mM NADP
+
, 5 mM glucose, 0.4 M KPi (pH 7), 

20 mM MgCl2, 0-5 mM ADP, 2 µg of Sso-GAPDH, 4.6 µg of Tma-G6PDH 

(protein-solutions after heat-precipitation, 2.6.3) and 1 µg purified PGK. 

 

2.7.6 Glycerate kinase (GK) 
glycerate + ATP

 
 → 2 (3)-phosphoglycerate + ADP 

The enzymatic activity was determined in a discontinuous assay by coupling 

product-formation (ADP or 2PG, respectively) at high temperature (65, 70 and 

80°C) to the oxidation of NADH via mesophilic auxiliary enzymes. The standard 

assay mixture (800 µL total volume) was performed in the presence of 100 mM 

HEPES (pH 6.5 at the respective temperature), 20 mM MgCl2, 5 mM ATP, 1 mM 

glycerate, 5 mM EGTA and 1 µg purified GK. EGTA was included in the assay 

because Ca
2+

, which is present in commercial preparations of D- glycerate, was 

found to inhibit S. solfataricus GK as well as GKs in general (Noh et al., 2006). 

The assay mixture was pre-incubated at the indicated temperatures and the reaction 

was started with the addition of D-glycerate. After incubation for 0, 0.5, 1, 1.5, 2 

and 2.5 min, respectively, aliquots were withdrawn and the reaction was stopped 

by incubation on ice. The amount of the formed ADP was quantified using 

mesophilic auxillary enzymes in 500 µL total volume in HEPES/KOH (pH 7) 

buffer comprising 20 mM MgCl2, 0.5 NADH, 2 mM PEP, 4 U LDH (rabbit 

muscle) and 8 U PK (rabbit muscle). The oxidation of NADH to NAD
+
 was 

followed in a Specord 210 Photometer. This assay was used for the determination 

of kinetics in the presence of 0-10 mM ATP or D-glycerate and fixed 

concentrations of 2 mM D-glycerate (5 mM at 65°C) or 5 mM ATP, respectively.  

In order to differentiate between 2PG and 3PG formation, two other 

indicator assays were used (500 µL total volume, 37°C): The assay system for 2PG 

detection contained 2 U enolase (S. cerevisiae), 10 mM ADP, 8 U PK, 20 mM 

MgCl2, 0.5 mM NADH and 4 U LDH.  The assay for 3PG detection comprised 

10 U PGK (S. cerevisiae), 10 U GAPDH (rabbit muscle), 5 mM ATP, 10 mM 

MgCl2 and 0.5 mM NADH in 100 mM HEPES/KOH (pH 7, RT).  
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2.8 IN VITRO ASSAYS WITH S. SOLFATARICUS CELL-FREE 

EXTRACTS  
 

The cells for these analyses were grown in the laboratory of Prof. van der Oost 

(Wageningen University, The Netherlands) or Prof. Schomburg (Technical 

University Braunschweig, GER) and samples thereof were provided to all 

SulfoSYS partners. Consequently, transcriptomics, proteomics, metabolomics as 

well as biochemistry could be performed from the same fermentations. To 

determine the effect of different growth-temperatures on the enzyme level, cell-free 

extracts were prepared from S. solfataricus cells, grown continuously at 65, 70 or 

80°C. Cells were resuspended in 0.1 M HEPES/KOH buffer (0.5 g cells/ 1.5 ml 

buffer) pH 7 at RT containing 5 mM DTT and 1-times complete protease inhibitor 

(Roche). Cells were disrupted by 4-times sonication (2 min, interrupted by 1 min 

cooling on ice, settings as described in 2.6.1). Cell debris was removed by 

centrifugation (16,000 x g, 45 min, 4°C) and the resulting supernatant dialyzed 

(Spectra/Por
®
 Dialyse Membrane MWCO: 3.5 kDa (Spectrum Laboratories, Inc.)) 

overnight at 4°C against 0.1 M HEPES/KOH buffer (pH 7, RT) containing 5 mM 

DTT. The protein content was determined using the Bradford assay. Subsequently, 

the obtained cell-free extract was used for the respective enzyme assay. For each 

assay three independent measurements were performed and several controls were 

performed by omitting either substrate or cell-free extract.  

 

2.8.1 GAPN 

GAPN activity was determined in a continuous enzyme assay, by monitoring the 

formation of NADPH and the increase of absorbance at 340 nm. The assay is 

performed in 0.1 M HEPES/KOH (pH 6.5 at the respective assay temperature) 

containing 5 mM NADP
+
 and 300 µg of cell free extract in a total volume of 

500 µL. Reactions are started by the addition of GAP (final concentration 10 mM).  

 

2.8.2 GAPDH 

GAPDH activity was measured in 500 µL total volume using a continuous enzyme 

assay, monitoring the increase of NADPH at 340 nm. The assay was performed in 

0.1 M HEPES/KOH (pH 6.5 at 80°C), containing 1 mM NADP
+
, 150 μg cell-free 

extract and 300 mM sodium arsenate. Reactions were started by the addition of the 

substrate (10 mM GAP).  

 

2.8.3 Gluconate/ galactonate dehydratase (GAD) 
gluconate /galactonate → 2-keto-3-deoxy gluconate/galactonate + H2O 

GAD activity in cell-free extracts was determined at different temperatures (65, 70, 

80°C) using a modification of the thiobarbituric acid (TBA) assay (Buchanan et al., 

1999). Thereby, the GAD assay was performed in 100 mM HEPES/KOH (pH 6.5, 
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80°C) and 0-15 mM gluconate or 0-15 mM galactonate was added as substrate 

(total volume of 400 µL). The reaction mix was incubated in a thermoblock at 

80°C. After 0, 2, 4, 6, 8 and 10 min incubation, 25 μL aliquots were withdrawn and 

the reaction was stopped by the addition of 2.5 μL of 12% (w/v) trichloroacetic 

acid. Precipitated proteins were removed by centrifugation (16,000 x g, 15 min at 

4°C) and 10 μL of the supernatants were then oxidized by the addition of 125 μL of 

25 mM periodic acid/0.25 M H2SO4 and incubated at room temperature for 

20 minutes. Oxidation was terminated by the addition of 250 μL of 2% (w/v) 

sodium arsenate in 0.5 M HCl. 1 mL of 0.3% (w/v) TBA was then added and the 

chromophore was developed by heating at 100°C for 10 minutes. A sample of the 

solution was then removed and the color was intensified by adding an equal 

volume of dimethyl sulfoxide (DMSO). The absorbance was determined at 549 nm 

(εchromophore = 67.8 x 10
3
 M

-1
cm

-1
). 

 

2.8.4 Bifunctional 2-Keto-3-deoxy-(6-phospho)gluconate/galactonate aldolase 

(KD(P)GA) 

2-keto-3-deoxy-6-phosphogluconate/galactonate ↔ glyceraldehyde-3-phosphate +pyruvate 

2-keto-3-deoxy-gluconate/ galactonate ↔ glyceraldehyde + pyruvate 

KD(P)GA activity was determined in a discontinuous enzyme assay in 400 µL total 

volume, performed in 0.1 M HEPES/KOH (pH 6.5, 80°C) containing either 30 mM 

GA, 60 mM pyruvate or 40 mM GAP, 40 mM pyruvate and 350 µg (protein) of 

cell extract (CE). Reactions were started by the addition of one substrate (GAP or 

GA). The assay mix was incubated in a thermoblock at 80°C, and after 0, 2.5, 5, 

7.5 and 10 min of incubation, 25 µL aliquots were withdrawn, respectively. The 

reaction was stopped by cooling the samples on ice and by adding 2.5 µL of 12% 

(w/v) trichloroacetic acid. Enzymatic activity was further measured by using the 

modified TBA assay described above.  

 

2.8.5 Hexokinase (HK) 
glucose + ATP/ ADP/ PPi → glucose 6-phosphate + ADP/AMP/Pi 

HK activity was determined in a discontinuous assay at 80°C by incubating 2 mg 

(protein) CE, 20 mM glucose, 10 mM ATP or ADP, respectively, 20 mM MgCl2 

and 100 mM HEPES /KOH buffer (pH 6.5, 80°C) in a total volume of 400 µL. 

Aliquots (100 µL) were withdrawn after 0, 4, 8, 12 min and stored on ice. The 

amount of G6P produced was determined at 25°C by using 5 U G6PDH 

(S. cerevisiae) in an assay mixture of 500 µL comprising 100 mM HEPES/KOH 

(pH 7, RT) and 5 mM NADP
+
. PPi-dependent HK activity was investigated in the 

same assay, using 5 mM PPi, instead of ADP/ATP and 1 mM MglC2. 
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2.8.6 GK 

GK activity in cell-free extracts was determined in a discontinuous test at
 
80°C, 

which monitors the glycerate-dependent formation of 2PG. The phosphorylation of 

glycerate by ATP was followed by
 
coupling the formation of 2PG to the oxidation 

of NADH via enolase (rabbit muscle), PK (rabbit muscle) and LDH (rabbit muscle) 

at 37°C. The GK assay was performed in 0.1 M HEPES/KOH (pH 6.5, 80°C) in 

the presence of 1 mg crude extract, 10 and 20 mM ATP, 5 mM EGTA and 20 mM 

MgCl2. The reaction was started
 
by the addition of 5 mM D-glycerate and stopped 

after 0, 1, 2, 3, 4 or 5 min of incubation time on ice. The indicator reaction (500 µL
 

total volume) was performed in 0.1 mM HEPES (pH 7, RT), containing 10 mM 

MgCl2, 5 mM ADP, 0.5 mM NADH, 3.5 units of PK (rabbit muscle), 2.5 units of 

LDH (rabbit muscle) and 100 µL aliquots from the GK incubationassay. The 

reaction was started
 
by addition of 1 U enolase (rabbit muscle).

  

 

2.8.7 6-Phosphofructokinase (PFK) 
fructose 6-phosphate + ATP/ ADP/ PPi → fructose 1,6-bisphosphate + ADP/AMP/Pi 

PFK activity was assayed discontinuously. ATP-dependent and ADP-dependent 

kinase activities were monitored at 80°C in a reaction mixture (400 µL) comprising 

20 mM F6P, 1.5 mg (protein) cell-free extract, 10 mM ATP or ADP, respectively, 

20 mM MgCl2 and 100 mM HEPES /KOH (pH 6.5, 80°C) and samples were 

withdrawn at 0, 5, 10, 15 min. The time-dependent formation of FBP was 

determined at 25°C by using 3 U FBPA (rabbit muscle), 10 U TIM (rabbit muscle) 

and 5 U GAPDH (rabbit muscle) in an assay mixture comprising 2 mM NAD
+
, and 

10 mM sodium arsenate. 

 

2.8.8 Glyceraldehyde dehydrogenase (GADH) 
Glyceraldehyde + NAD(P)

+ 
→ Glycerate + NAD(P)H + H

+ 

GADH activity was determined in Tris/HCl buffer (pH 6.5, 80°C) at 80°C in 

presence of 0.30-1.0 mg cell-free extract, 10 mM NAD
+
 or NADP

+
, with either 

10 mM or 20 mM GA as substrate in a total volume of 500 µL. 

 

2.8.9 2-Keto-3-deoxy-gluconate/galactonate kinase (KDGK) 
2-keto-3-deoxy-gluconate/galactonate + ATP→ 2-keto-3-deoxy-6-

phosphogluconate/galactonate + ADP 

KDGK activity was assayed in a continuous assay (total volume 500 µL) in the 

presence of 2 µg cell-free extract, 10 and 20 mM KDG/Gal, 5 mM ATP, 10 mM 

MgCl2, 5 mM NADP
+
, 0.1 M HEPES/KOH (pH 6.5, 80°C) and 2 µg Sso-GAPN 

(after heat-precipitation, see 2.6.3) and 50 µg of Ttx-KD(P)GA (fraction after heat-

precipitation) as auxiliary enzyme, monitoring the formation of KDPG. However, 

it has to considered that the Ttx-KD(P)GA is also able to directly metabolize the 

substrate of this enzyme assay (KDG/Gal) to GA and pyruvate.  
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2.9 KINETIC PARAMETERS 

 

Enzyme activity was measured photometrically by determining the velocity of the 

reaction v. One unit of enzyme activity was defined as the enzyme activity 

catalyzing the conversion of 1 μmol substrate/min. Vmax was defined as the 

maximum reaction velocity rate achieved at maximum (saturating) substrate 

concentrations, independent of the applied curve fitting. Vmax-values and enzyme 

activities were given in U/mg purified protein (U/mgpp) or U/g cell-free extract 

(U/gCE). KS represented the substrate concentration at which the reaction rate was 

half of Vmax. If an enzyme follows classical Michaelis-Menten kinetics, instead of 

KS the KM (Michaelis-Menten constant) was given. Turnover number, termed kcat, 

was defined as the maximum number of molecules of substrate an enzyme converts 

to product per catalytic site per unit of time. The catalytic efficiency of an enzyme 

was calculated as kcat/KS (or KM) and nH (Hill-constant) described the number of 

substrate binding sites per molecule of enzyme. For Sso-PGK reversible substrate 

inhibition was observed for ADP, therefore the Ki was calculated, which is defined 

as the concentration required to produce half maximum inhibition. 

Kinetic analyses of Sso-enzymes were performed using the classical Michaelis-

Menten equation and the accordingly linear Hanes Woolf plot. Additionally, to 

describe possible cooperative binding of (co)substrate the Hill equation was 

applied. The obtained Vmax, Ks, nH- values, their standard errors (SE) as well as the 

R
2
-values (correlation coefficient, describing how closely a function fits to a set of 

experimental data) of all applied equations, and by linear fitting the slopes, the 

intercept, their standard error and the R
2
-values are reported in Table S1. 

 

2.9.1 Specific activity 

The specific activity of the enzyme is given by 

                                 otein

Total

Vcd

VE

Pr

min/
protein U/mg







    
ΔE/min: Extension change per unit minute at 340 nm

 VTotal: Total volume of the assay (mL)  

VProtein: Volume of the protein solution (mL)  

d: Cuvette thickness (cm)  

c: Protein content of the protein solution (mg protein/mL)  

ε:   Extinction coefficient: εNADH=  6.3 mM
–1

 cm
–1

 at 37°C, 5.8 mM
–1

 cm
–1

 at 70°C; 

εNADPH= 6.27 mM
–1

 cm
–1

 at 37°C; 5.71 mM
−1

cm
−1

 at 70°C 

 

http://en.wikipedia.org/wiki/Substrate_%28biochemistry%29
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Catalytic_site
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2.9.2 Michaelis-Menten equation 

The kinetic parameters (KM and Vmax) were determined through the relationship 

between initial velocity and substrate concentration following the Michaelis-

Menten equation:   

     
][

][max

SK

SV
v

M 




                                                                                           

 

[S]: concentration of substrate  

v: initial reaction velocity  

Vmax: maximal reaction velocity 

 KM: Michaelis-Menten constant 

 

Calculation of the kinetic parameter Vmax was performed by iterative curve-fitting 

(Michaelis-Menten equation) using the program Origin 8 (Microcal Software Inc.). 

For the determination of KM –values, the Hanes Woolf plot (S/v versus S) was been 

used. The Hanes Woolf plot is a linearization model that enables one to detect 

deviations from the classical Michaelis-Menten kinetics. The equation for the 

Hanes Woolf plot is obtained through mathematical transformation of the 

Michaelis-Menten equation. The intercept in Hanes plot is KM/ Vmax and the slope 

is 1/Vmax:
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2.9.3 Hill-equation

 Cooperativity of kinetic data was analyzed by the Hill-equation:  
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[S]: concentration of substrate 

v: initial reaction velocity 

Vmax: maximal reaction velocity 

n: corresponds to the apparent number substrate binding sites per molecule of 

enzyme (nH) 

 

2.9.4 Turnover number (kcat) 

The maximum turnover number (kcat) was calculated using the following formula:   

60
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1

0max1


 


EV
s

catk
                                                             

 

[E]0: Enzyme concentration at the beginning of the reaction 
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2.9.5 Catalytic efficiency (kcat/KS(KM)) 

The catalytic efficiency (kcat/KS(KM) was calculated according to the following 

formula:  

s

cat

K

K
smMefficiencycatalytic  ][ 11

    
 

2.9.6 Enzyme model for reversible substrate inhibition  

The following enzyme model was used to describe and analyze enzyme kinetics of 

Sso-PGK which exhibits reversible substrate inhibition:  

 
E: Enzyme  

S: Substrate   

P: Product 

E•S: Formed enzyme-substrate complex during the transition state  

E•S2: Unreactive enzyme-substrate complex, which has the substrate bound in a 

ratio 1 mole enzyme to 2 mole substrate.  

KM: Michaelis-Menten constant   
Ki: inhibition constant 

k2: Reaction rate which describes the dissociation from E•S to E + P  

 

In case of reversible substrate inhibition the formed dead-end product E•S2 reaches 

a rapid equilibrium with the free substrate S and E•S. This equilibrium is described 

by equilibrium constant Ki:  
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][][
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The following formula is used to calculate the kinetic parameters: 
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2.9.7 Kinetic models for Sso-GK  

2.9.7.1 Glycerate kinetics  

A model (based on the experimental data) for the conversion of D-glycerate by GK 

at constant ATP concentration was developed (Figure 4).  

 

 
 

Figure 4. Reaction scheme for the conversion of D-glycerate (S) by glycerate kinase 

(E) at constant ATP concentrations.  

 

 

The basic feature of the model includes two substrate binding sites with positive 

cooperativity leading irreversibly to the product of two molecules of 2PG. 

Increased amounts of substrate inhibit the activity of the enzyme by the addition of 

another substrate molecule leading to a much less reactive enzyme-substrate 

complex ES3. As will be shown below, the model suggests that ES3 has some 

residual activity at 80°C, but practically none at lower temperatures. Considering 

the reactions in Figure 4 as elementary processes, the following rate equation can 

be formulated (for derivation, see Supplementary Material). 

The equation was fitted to experimental data at various temperatures using the 

program KaleidaGraph (www.synergy.com). 
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α = 3·k2/2/kcat  

[E]tot : Total enzyme concentration 

Vmax = 2·kcat·[E]tot 

E + 2S ES2

+
S

E +2P
kcat

ES3                  E + 3P                            
k2

k1

k-1

http://www.synergy.com/
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2.9.7.2 ATP kinetics    

ATP kinetic data at constant glycerate concentration were also fitted to Eq. 4 

because ATP showed substrate inhibition under non-cooperative conditions. The 

mechanism is shown in Figure S2 (Supplementary Material).  
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2.10 EQUILIBRIUM CONSTANT 

 

The basis for calculate the equilibrium constants (Keq) is the Haldane relationship 

which can deduce by setting the rate in the reversible Michaelis-Menten equation 

to zero.  

    

  
   

 
  
   

       
  
   

 
  
   

      

   
  
   

 
  
   

     
  
   

 
  
   

 
 

 

     
     
     

 
  

 
     

     
 
   

   
 
   

   
 

 

 
Vmax+: catabolic/forward Vmax 

Vmax-: anabolic/reverse Vmax 

KP1= product constant 1 

KP2= product 2 

KS1= substrate 1 

KS2= substrate 2 

 

 

2.11 STANDARD GIBBS FREE ENERGY   

 

The logarithm of the Keq is also the standard Gibbs free energy change of reaction, 

which is a measure of the energetic relevance and difficulty of the reaction. 

 

 

)ln(0 KRTG 
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2.12 HALF-LIFE DETERMINATION OF CCM-INTERMEDIATES 
 

To calculate the half-life (t½) the total extinction difference (ΔE) was determined 

and used to calculate the metabolite concentration via the Lambert-Beer law:  

 

           
d
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In the Arrhenius plot the natural logarithms for the determined metabolite 

concentrations (µM) were plotted versus time (min) and fitted to the equation 

bmxy   .  The slope m, which equates to the first order rate constant k1 [t
-1

], 

was used to calculate the t½ through: 

 

                                                1
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2.12.1 Glyceraldehyde 3-phosphate (GAP) 

The half-life of GAP was determined under various assay conditions, i.e. a reaction 

mixture of 760 µL (a) 0.1 M HEPES/KOH (pH 6.5 at 80°C), (b) 0.1 M TRIS/HCL 

(pH 6.5 at 80°C), (c) 0.1 M HEPES/KOH (pH 6.5 at 80°C), 1 mM MgCl2, (d) 

0.1 M HEPES/KOH (pH 6.5 at 80°C), 10 mM MgCl2. The assay mixtures were pre 

incubated for 3 min in a thermoblock to reach the appropriate temperature. 

Subsequently, 40 µL GAP (0.1 M stock solution) was added (5 mM final 

concentration) and samples (120 µL) were withdrawn and stored on ice after 

various incubation times (0, 1, 2, 3, 4, 5 min). Remaining GAP was determined 

enzymatically in a continuous assay at 37°C (340 nm): 100 µL of the reaction 

sample was transferred to 0.1 M Tris/HCl (pH 7.5, RT) containing 0.1 M sodium 

arsenate, 10 mM NADP
+
, 10 U GAPDH (rabbit muscle) in a total volume of 

500 µL. To address the question, if GAP dephosphorylates to GA during heat 

incubation, samples containing 20 mM GAP and 0.1 mM HEPES (pH 6.5, 88°C) 

were incubated for 5 min at 88°C to assure the complete decay of the metabolite. 

Subsequently the complete decay of GAP was confirmed by adding 25 µg GAPN 

(sample after heat-precipitation) and 5 mM NADP
+
 to a 100 µL aliquot of the 

sample. To a different aliquot 25 µg of Sso-1629 (aldehyde dehydrogenase) and 

NADP
+
 were added to detect GA formation. Using the ∆E-value of the reaction 

and an Arrhenius plot, half-life times were determined at the different 

temperatures. All reactions were performed in triplicates. 
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2.12.2 Dihydroxyacetone phosphate (DHAP) 

Half-life of DHAP was assayed at various temperatures. A reaction mixture of 

0.1 M HEPES/KOH (pH 6.5 at the respective temperature; total volume of 760 µL) 

buffer was pre incubated for 3 min in a thermoblock to reach the respective 

temperature. Subsequently, 40 µL DHAP (0.1 M stock solution) was added (5 mM 

final concentration) and samples were withdrawn and stored on ice at different time 

points, depending on the assay temperature: (88°C: 0, 3, 6, 9, 12 min; 80°C: 0, 5, 

10, 15, 20 min; 70°C: 0, 10, 20, 30, 40 min; 65°C and 60°C: 0, 15, 30, 45, 60 min). 

Remaining DHAP was determined enzymatically in a continuous assay at 37°C 

(340 nm). 100 µL of the reaction sample was transferred to 0.1 M Tris/HCl 

(pH 7.5, RT) containing 0.15 M sodium arsenate, 10 mM NAD
+
, 5 mM MgCl2, 

10 U GAPDH (S. cerevisiae) and 8 U TIM (rabbit muscle) in a total volume of 

500 µL. Using the ∆E-value of the reaction and the Arrhenius plot, half-life times 

were determined at the different temperatures. All reactions were performed in 

triplicates. 

 

2.12.3 Fructose 1,6-bisphosphate (FBP) 

The decay of FBP (0.5 mM) was analyzed at 80°C in a reaction mixture of 800 µL 

containing 0.1 M Tris/HCl (pH 6.5 at 80°C) buffer. Samples were withdrawn and 

stored on ice after 0, 30, 60, 90 and 120 min at 80°C. Subsequently, the metabolite 

concentration was determined in a continuous assay at 37°C (340 nm). 100 µL of 

the reaction sample was transferred to 0.1 M Tris/HCl (pH 7.5, RT) containing 

0.15 M sodium arsenate, 10 mM NAD
+
, 5 mM MgCl2, 10 U GAPDH 

(S. cerevisiae), 3 U FBPA (rabbit muscle) and 8 U TIM (rabbit muscle) in a total 

volume of 500 µL.  

 

2.12.4 Glucose 6-phosphate (G6P) and Fructose 6-phosphate (F6P) 

The stability of G6P and F6P was determined by incubating the carbohydrates at 

80°C. The solutions consisted of 10 mM F6P and G6P, respectively, dissolved in 

100 mM HEPES/KOH, pH 6.5 (80°C). Samples with a volume of 120 µL each 

were taken after 0, 30, 60, 90, 120 min of incubation and transferred to pre-chilled 

1.5 mL cups and stored on ice immediately. Further, residual G6P was determined 

using G6PDH from rabbit muscle at 25°C. The remaining F6P concentration was 

determined using PGI and G6PDH from rabbit muscle. 

 

2.13 CALCULATION OF SPECIFIC GROWTH RATES 

 

Specific growth-rates were calculated using the following formula: 
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N1=

 
OD-value at time 1 (t1); N2=

 
OD-value at time 2 (t2)
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2.14 SOFTWARE 
 

- CHROMAS: For the visualization of sequence chromatograms 

- GeneDOC MFC application was used to analyze the results of sequencing 

and to rule out mutations in the nucleotide sequence. 

- Clone Manager: Clone Manager was used to find appropriate vectors and 

restriction sites for endonucleases as well as for primer design 

- Microcal Origin 8.1 was used to plot curves  

- WINASPECT (Analytik Jena, Jena): Enzyme assay performance. 

 

2.15 INTERNET DATABASES AND TOOLS  
 

- NCBI BLAST: For investigation of sequence similarity, the Blast tool of 

the website of The National Centre for Biotechnology Information 

((http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

- BRENDA: The Comprehensive Enzyme Information System, comprises a 

large number of enzyme functional data and literature (http://www.brenda-

enzymes.org/).  

- UniProt: Resource of protein sequence and functional information 

(http://www.uniprot.org/) 

- KEGG: Kyoto Encyclopedia of Genes and Genomes database 

(http://www.genome.jp/kegg/)   

- STRING: The common genomic environment was explored using the 

STRING database (http://string.embl.de) 

-  IMG: Integrated Microbial Genome for BLAST and conserved genomic 

context analysis (http://img.jgi.doe.gov/cgi-bin/w/main.cgi). 

- HHpred: available on the web site Bioinformatics Toolkit at the Max-

Planck Institute for Developmental Biology, Tübingen 

(http://toolkit.tuebingen.mpg.de/hhpred) was used to perform secondary 

structure prediction

http://toolkit.tuebingen.mpg.de/hhpred)%20was

