Additional file 1
Metabolic network model of recombinant C. necator producing isobutanol and hexadecanol under autotrophic condition
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Nomenclature: 
G6P: glucose-6-phosphate; F6P: fructose-6-phosphate; F16BP: fructose-1,6-biphosphate; DHAP: dihydroxyacetone phosphate; GA3P: glyceraldehyde-3-phosphate; R5P: ribose-5-phosphate; X5P: xylulose-5-phosphate; 3PG: 3-phosphoglycerate; 3PGP: 3-phosphoglyceroylphosphate; 6PG: 6-phosphogluconate; 2PG: 2-phosphoglycerate; PEP: phosphoenolpyruvate; PYR: pyruvate; CoASH: coenzyme A; AcCoA: acetyl-coenzyme A; ERY4P: erythrose-4-phosphate; RIBO5P: ribose-5-phosphate; S7P: sedoheptulose-7-phosphate; OAA: oxaloacetate; MAL: malate; CIT: citrate; ICIT: isocitrate; NH3: ammonium; AKG: a-ketoglutarate; GLUT: glutamate; GLUM: glutamine; SUCCoA: succinyl-coA; FUM: fumarate; MAL: malate; GLYOXY: glyoxylate; AAcCoA: acetoacetyl-coenzyme A; ACTDH: acetaldehyde; ACP: acetyl phosphate; ETOH: ethanol; ACET: acetate; LAC: lactate; SUCC: succinate; AcLAC: acetolactate; DHIV: 2,3-dihydroxyisovalerate; KTIV: a-ketoisovalerate; iBUTANAL: isobutanol; MCoA: malonyl-coenzyme A; ACPSH: acyl carrier protein; MACP: malonyl-ACP; AA_ACP: acyl- acyl carrier protein; C6_ACP: C6-acyl acyl carrier protein; C8_ACP: C8-acyl acyl carrier protein; C10_ACP: C10-acyl acyl carrier protein; C12_ACP: C12-acyl acyl carrier protein; C14_ACP: C14-acyl acyl carrier protein; C16_ACP: C16-acyl acyl carrier protein; HAD: hexadecanoate; HexCoA: hexadecanioyl-coenzyme A; HEXADECANAL: hexadecanal; AMP: adenosine-5'-monophosphate; ADP: adenosine-5'-diphosphate; ATP: adenosine-5'-triphosphate; ATP_base: ATP for cell maintenance; FAD: Flavin adenine dinucleotide; FADH2: Flavin adenine dinucleotide reduced; NAD: nicotinamide adenine dinucleotide; NADH: dihydronicotinamide adenine dinucleotide; NADP: nicotinamide adenine dinucleotide phosphate; NADPH: dihydronicotinamide adenine dinucleotide phosphate; Q : quinone; QH2: quinol. Metabolite names containing “ext” are referred to external metabolites.
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Reaction 

name

Stoichiometry

CO2 assimilation

CAL1 3 R5P  + 3 ATP + 3 CO2 = 6 3PG + 3 ADP .

Phosphoribulose kinase

Ribulose bisphosphate 

carboxylase/oxygenase

CbbP

CbbL

CbbS

CAL2 6 3PG + 6 ATP = 6 3PGP + 6 ADP . Phosphoglycerate kinase  Cbbk

CAL3 6 3PGP + 6 NADPH = 6 GA3P + 6 NADP . Glycerol-3-phosphate dehydrogenase  CbbG

CAL4 5 GA3P = 3 R5P .

Fructose 1,6-/Sedoheptulose 1,7-

biphosphate aldolase

Fructose/Sedoheptulose 

bisphosphatase

Transketolase

Triosephosphate isomerase

Ribose-5-phosphate isomerase

Ribulose-5-epimerase

CbbA

CbbF

CbbT

TpiA

RpiA

CbbE

H2 metabolism

HOX1 Q + H2 = QH2 . Hydrogenase 1 -

HOX2 H2 + NAD = NADH . Hydrogenase 2 -

Nitrogen source assimilation

N1 NH3 + AKG + NADPH = GLUT + NADP .  Amino transferase -

N2 GLUT + NH3 + ATP = GLUM + ADP .  Glutamine synthetase -

Exchanged reactions

TRA1 ETOH = ETOH_ext . - -

TRA5  CO2_ext = CO2 . - -

TRA6 H2_ext = H2 . - -

TRA13 O2_ext = O2 . - -

TRA7  ACET = ACET_ext . - -

TRA8 LAC = LAC_ext . - -

TRA9 ACETONE = ACETONE_ext . - -

TRA11 SUCC = SUCC_ext . - -

TRA15 NH3_ext = NH3 . - -

Glycolysis/Gluconeogenesis

GG1r    G6P = F6P . Glucose-6-phosphate isomerase

H16_A1502

H16_B1502

GG4ar  F16BP = DHAP + GA3P . Fructose-1,6-bisphosphate aldolase

H16_A0568

H16_B0278

H16_ B1384

GG4b F16BP = F6P . 

Fructose-1,6-/Sedoheptulose-

1,7-bisphosphatase

H16_A0999

H16_B1390

GG5r     GA3P = DHAP . Triosephosphate isomerase H16_A1047

GG6r     GA3P + NAD = 3PGP +  NADH  .

Glyceraldehyde 3 phosphate 

dehydrogenase(nad)

H16_A3146

H16_B1386

GG7r     3PGP + ADP = 3PG + ATP . Phosphoglycerate kinase

H16_A0566

H16_B1385

GG8r     3PG = 2PG . Phosphoglycerate mutase

H16_A0332

H16_A0493

GG9r     2PG = PEP . Phosphopyruvate hydratase H16_A1188

GG10 PYR + ATP = PEP + AMP . Phosphoenolpyruvate synthetase  -

GG11 PEP + ADP = PYR + ATP . Pyruvate kinase

H16_A0567

H16_A3602

H16_ B0961

GG12 PYR + CoASH + NAD = AcCoA + CO2 + NADH  .  Pyruvate dehydrogenase

H16_B2233

H16_A1374

H16_A1375

H16_A1753

GG13r DHAP + ERY4P = S7P .  - -

Anaplerotic pathways

PYC PYR + CO2 + ATP = OAA + ADP .

PPC PEP + CO2 = OAA . Phosphoenolpyruvate carboxylase H16_A2921

PCKr OAA + ATP  = PEP + ADP + CO2 . Phosphoenolpyruvate carboxykinase H16_A3711

MEB  MAL + NADP = PYR + CO2 + NADPH . Malic Enzyme H16_A1002

Pentose phosphate pathway

PPP1    G6P + NADP = 6PG + NADPH  .

Glucose-6-phosphate

1-dehydrogenase

H16_A0316

H16_B1501

H16_B2566

PPP3r   R5P = X5P . Ribulose-5-phosphate 3-epimerase -

PPP4r   R5P = RIBO5P . Ribose-5-phosphate isomerase -

PPP5r   RIBO5P + X5P = S7P + GA3P .  Transketolase

H16_A3147

H16_B1388

PPP6r   GA3P + S7P = ERY4P + F6P .  Transaldolase H16_A2346

PPP7r   ERY4P + X5P = GA3P + F6P .  Ttransketolase

H16_A3147

H16_B1388

Reaction description, corresponding enzymes and genes


image2.emf
TCA cycle

TCA1    OAA + AcCoA = CIT + CoASH .  Citrate synthase

H16_A1229

H16_A2627

H16_B0357

H16_B0414

H16_B2211

TCA2r   CIT = ICIT .

Acotinase

Aconitate hydratase

H16_A1907

H16_A2638

H16_B0568

TCA3    ICIT + NADP = AKG + CO2 + NADPH . Isocitrate dehydrogenase H16_B1016

TCA4a AKG + CoASH + NAD = SUCCoA + NADH + CO2 . Ketoglutarate dehydrogenase

H16_A2325

H16_A1377

H16_A2323

H16_A3724

H16_B1098

H16_A2324

TCA4br SUCC + ATP + CoASH = SUCCoA + ADP . Succinyl coa kinase

H16_A0547

H16_A0548

TCA5ar  SUCC + FAD = FUM + FADH2 .  Succinate dehydrogenase

H16_A2629

H16_A2630

H16_A2631

H16_A2632

H16_ B0204

TCA5b SUCC + Q = FUM + QH2 . Succinate dehydrogenase

H16_A2629

H16_A2630

H16_A2631

H16_A232

H16_B0204

TCA6r   FUM = MAL . Fumarase

H16_A2528

H16_B0103

TCA7r MAL + NAD = OAA + NADH  . Malate dehydrogenase

H16_A2634

H16_B0334

Glyoxylate shunt

GLB1 ICIT = GLYOXY + SUCC . Isocitrate Lyase

H16_A2211

H16_A2227

GLB2 GLYOXY + AcCoA = MAL  + CoASH . Malate synthase H16_A2217

Fermentative metabolism

LDH PYR + NADH = LAC + NAD .  Lactaldehyde dehydrogenase H16_A0666

PTA AcCoA = ACP + CoASH . Phosphate acetyltransferase 

H16_A0262

H16_B1871

H16_B1631

ACK ACP + AMP = ACET + ATP .  Acetate kinase H16_B0059

ACT1 2 AcCoA = AAcCoA + CoASH . 

Acetoacetyl-CoA thiolase

Acetyl-CoA acetyltransferase 

H16_A1438 (phaA)

ACT2 AAcCoA + SUCC = CO2 + ACETONE + SUCCoA . 

Acetoacetyl-CoA transferase

Acetoacetate decarboxylase

ato

adc

AcDH AcCoA + NADH = ACTDH + NAD + CoASH .    Acetaldehyde dehydrogenase 

H16_B1960

H16_B0596

H16_B1961

H16_B0551

ADH ACTDH + NADH = ETOH + NAD . Alcohol dehydrogenase 

H16_A0757

H16_A1591

H16_A1590

H16_A3330

H16_A0920

H16_A0618

H16_B1433

H16_B2470

H16_B0831

H16_B0517

H16_B1417

H16_B1745
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Oxidative phosphorylation

OPM1     Q + FADH2 = QH2 + FAD . -

H16_A0342

H16_A0343 and lots of other 

genes

OPM2    QH2 + ADP + 0.5 O2  = Q + ATP . -

H16_A0342

H16_A0343 and lots of other 

genes

OPM3    ATP = ADP + ATP_base . Maintenance energy -

OPM4r   NADH + Q = NAD + QH2 . -

H16_A0251

H16_A1050

H16_A1051

H16_A1052

H16_A1053

H16_A1054

H16_A1055

H16_A1056

H16_A1057

H16_A1058

H16_A1059

H16_A1060

H16_A1061

H16_A1062

FC2 AMP + ATP = 2 ADP . - -

FC1r NAD + NADPH = NADP + NADH . NADP transhydrogenation

H16_A0143

H16_A1132

Cell growth (combined biosynthetic pathwas)

BIO

0.21 G6P + 0.07 F6P + 0.9 R5P + 0.36 ERY4P + 0.13 GA3P + 1.5 3PG + 0.52 PEP + 

2.83 PYR + 3.74 AcCoA + 1.79 OAA + 8.32 GLUT + 0.25 GLUM + 41.1 ATP + 8.26 

NADPH + 3.12 NAD = BIOMASS_ext + 7.51 AKG + 41.1 ADP + 8.26 NADP + 

3.12 NADH + 2.61 CO2 + 3.74 CoASH .

Recombinant pathways for biofuels, isobutanol and hexadecanol

(a) Short-chain alcohol - Isobutanol biosynthesis through valine biosynthesis pathways

ALS 2 PYR = 1 CO2 + 1AcLAC . Valine biosynthesis

ILV1 AcLAC + NADPH = DHIV + NADP . Valine biosynthesis

ILV2 DHIV = KTIV . Valine biosynthesis

KDC KTIV = iBUTANAL + CO2 .  Recombinant pathway keto-acid decarboxylases

ADHB iBUTANAL + NADH = IsoButanol + NAD .  Recombinant pathway alcohol dehydrogenases

TRA2 IsoButanol = IsoButanol_ext . - -

(b) Long-chain alcohol - Hexadecanol biosynthesis through FAs synthesis pathways

HDN1 AcCoA + ATP + CO2 = MCoA + ADP . Fatty acids biosynthesis

HDN2 MCoA + ACPSH = MACP + CoASH .  Fatty acids biosynthesis

HDN3 MACP + AcCoA = AA_ACP + CoASH + CO2 .  Fatty acids biosynthesis

HDN4 AA_ACP + 2 NADPH + MACP = 2 NADP + ACPSH + CO2 + C6_ACP .  Fatty acids biosynthesis

HDN5 C6_ACP + 2 NADPH + MACP = 2 NADP + ACPSH + CO2 + C8_ACP .  Fatty acids biosynthesis

HDN6 C8_ACP + 2 NADPH + MACP = 2 NADP + ACPSH + CO2 + C10_ACP .  Fatty acids biosynthesis

HDN7 C10_ACP + 2 NADPH + MACP = 2 NADP + ACPSH + CO2 + C12_ACP .  Fatty acids biosynthesis

HDN8 C12_ACP + 2 NADPH + MACP = 2 NADP + ACPSH + CO2 + C14_ACP .  Fatty acids biosynthesis

HDN9 C14_ACP + 2 NADPH + MACP = 2 NADP + ACPSH + CO2 + C16_ACP .  Fatty acids biosynthesis

HDN10 C16_ACP = HDA + ACPSH . Fatty acids biosynthesis

HDN11 HDA + CoASH + ATP = HexCoA + ADP . Fatty acids biosynthesis

HDN12 HexCoA + NADH = HEXADECANAL + CoASH + NAD .  Recombinant pathway Fatty acyl-CoA reductase

HDN13 HEXADECANAL + NADH = Hexadecanol + NAD .  Recombinant pathway Hexadecanol dehydrogenase

TRA4 Hexadecanol = Hexadecanol_ext . -

Based on reaction stoichiometry reported in Ternon et al 2014


