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            Abstract
It has recently been shown that in anaerobic microorganisms the tricarboxylic acid (TCA) cycle, including the seemingly irreversible citrate synthase reaction, can be reversed and used for autotrophic fixation of carbon1,2. This reversed oxidative TCA cycle requires ferredoxin-dependent 2-oxoglutarate synthase instead of the NAD-dependent dehydrogenase as well as extremely high levels of citrate synthase (more than 7% of the proteins in the cell). In this pathway, citrate synthase replaces ATP-citrate lyase of the reductive TCA cycle, which leads to the spending of one ATP-equivalent less per one turn of the cycle. Here we show, using the thermophilic sulfur-reducing deltaproteobacterium Hippea maritima, that this route is driven by high partial pressures of CO2. These high partial pressures are especially important for the removal of the product acetyl coenzyme A (acetyl-CoA) through reductive carboxylation to pyruvate, which is catalysed by pyruvate synthase. The reversed oxidative TCA cycle may have been functioning in autotrophic CO2 fixation in a primordial atmosphere that is assumed to have been rich in CO2.
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                    Fig. 1: The roTCA cycle in H. maritima.


Fig. 2: Incorporation of the [1-13C]glutamate in H. maritima via the roTCA cycle.


Fig. 3: Growth of different bacteria depending on the concentration of CO2.
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Extended data figures and tables

Extended Data Fig. 1 Phylogenetic tree of citrate-cleaving enzymes.
Sequences were aligned using MUSCLE47, the phylogeny was calculated with IQtree48 using the maximum likelihood method (LG + R6 substitution model). The scale bar represents amino acid substitutions per site. Branch labels are SH-aLRT support/ultrafast bootstrap support (%) values from 1,000 replications. The sequences used to build the tree are available in Supplementary Table 11.


Extended Data Fig. 2 SDS–PAGE (12.5%) of recombinant citrate synthases from D. acetivorans after purification with Ni-NTA column.
M, molecular mass standard proteins; lane 1, Desace_08345 (2 μg); lane 2, Desace_06860 (2 μg); lane 3, Desace_09325 (2 μg). Their predicted molecular masses are 49 kDa (Desace_08345) and 50 kDa (Desace_06860; Desace_09325). Proteins were stained with Coomassie blue. For gel source data, see Supplementary Fig. 1. The SDS–PAGE analysis was conducted three times and all results were similar to the ones shown here.


Extended Data Fig. 3 Protein quantification using MS.
a, CLUSTAL format alignment by MAFFT (v.7.452) of sequence parts of citrate synthase isoforms to illustrate the unique peptides chosen for quantification. Desace_06, Desace_06860; Desace_08, Desace_08345; Desace_09, Desace_09325. b, Calibration curves generated for each citrate synthase using tryptic digests of the recombinant proteins isolated by one-dimensional PAGE. Injection volume of standard solution (μl, y axis) versus MS peak area in MRM experiments (x axis) as calculated by Skyline.


Extended Data Fig. 4 Metabolites in H. maritima growth medium.
a, Sulfide production during growth under mixotrophic conditions (CO2, H2, S0 and 0.2 g l−1 yeast extract). b, Concentrations of potential fermentation products and some amino acids in the medium after inoculation and after 1, 2 and 3 days of cultivation. Data are mean ± s.e.m. of four biological replicates for sulfide determination and of three biological and three technical replicates for the potential fermentation products and amino acids in the medium.
Source data


Extended Data Fig. 5 Growth of H. maritima with different substrates.
a, Growth of H. maritima in 80% H2, 20% CO2, 0.2 g l−1 yeast extract and 5 g l−1 acetate, in 80% N2, 20% CO2, 0.2 g l−1 yeast extract and 5 g l−1 acetate, and in 100% N2, 0.2 g l−1 yeast extract and 5 g l−1 acetate. b, Growth of H. maritima in 80% H2, 20% N2 and 0.2 g l−1 yeast extract, in 80% N2, 20% CO2 and 0.2 g l−1 yeast extract, in 100% N2 and 0.2 g l−1 yeast extract, in 80% H2 and 20% CO2, and in 80% H2, 20% CO2 and 0.2 g l−1 yeast extract. For all growth curves, data are presented as mean ± s.e.m. of three biological replicates.
Source data


Extended Data Fig. 6 The labelling in C1 of Ala, Asp and Glu after growth in H2, S0, 0.2 g l−1 yeast extract and 4, 10 or 20% 13CO2.
The labelling was calculated from the isotopologue composition of the corresponding amino acids and their fragments after the loss of the carboxylic atom (Supplementary Tables 4–6). Data are mean ± s.e.m. of six biological replicates for 4% 13CO2 and of three biological replicates for 10% and 20% 13CO2.


Extended Data Fig. 7 Dependency of energetic efficiencies of the rTCA cycle variants, pyruvate synthase and 2-oxoglutarate synthase reactions on CO2 concentration.
Net equations are as follows2. roTCA cycle (citrate synthase, as in Desulfurellaceae; red and orange lines): 2 CO2(total) + NADPH + 2 NADH + 2 Fdred + CoA + ATP ↔ acetyl-CoA + NADP+ + 2 NAD+ + 2 Fdox + ADP + Pi + 4 H2O. rTCA cycle in Chlorobium (ACL; dark and light blue lines): 2 CO2(total) + NADPH + 2 NADH + 2 Fdred + CoA + 2 ATP ↔ acetyl-CoA + NADP+ + 2 NAD+ + 2 Fdox + 2 ADP + 2 Pi + 3 H2O. rTCA cycle in Hydrogenobacter thermophilus (citryl-CoA synthase/citryl-CoA lyase and ATP-dependent 2-oxoglutarate carboxylase; green and olive lines): 2 CO2(total) + 3 NADH + 2 Fdred + CoA + 3 ATP ↔ acetyl-CoA + 3 NAD+ + 2 Fdox + 3 ADP + 3 Pi + 2 H2O. Fumarate reductase is assumed to be NADH-dependent2. For ferredoxin, a reduction potential E°' of −418 mV, corresponding to the hydrogen/proton couple, was assumed. Temperature is assumed 25 °C, pH 7, ionic strength 0.1 M. CO2 is the sum of CO2(aq) and its hydrated forms (H2CO3, HCO3− and CO32−). Under the D. acetivorans growth conditions (55 °C, pH 7, 2 bar pressure, 30.15 g l−1 salinity), a CO2 partial pressure of 40% corresponds to 147.6 mM CO2, a partial pressure of 1% to 3.7 mM. a, Standard conditions (1 M concentrations for all reactants except CO2). b, Assumed physiological metabolite concentrations (0.1 mM NADPH, 0.01 mM NADP+, 0.1 mM NADH, 1 mM NAD+, 5 mM ATP, 0.5 mM ADP, 10 mM phosphate49, 1.07 mM CoA, 0.013 mM acetyl-CoA2, 0.1 mM Fdred, 0.001/0.0001 mM Fdox (refs. 3,50), 0.23 mM succinyl-CoA, 0.44 mM 2-oxoglutarate13 and 0.18 mM pyruvate51). The calculations were done using eQuilibrator52.


Extended Data Fig. 8 Dependency of energetic efficiency of the reductive acetyl-CoA pathway in methanogens and acetogens on CO2 concentration.
Net equation of the reductive acetyl-CoA pathway in methanogens and acetogens are as follows2. Methanogens (Methanothermobacter marburgiensis; red and orange lines): 2 CO2(total) + 4 Fdred + CoA + 2 F420H2 ↔ acetyl-CoA + 4 Fdox + 2 F420 + 5 H2O. Acetogens (Acetobacterium woodii; dark and light blue lines): 2 CO2(total) + NADPH + NADH + 4 Fdred + CoA + ATP ↔ acetyl-CoA + NADP+ + NAD+ + 4 Fdox + ADP + Pi + 4 H2O. A free energy change (ΔG′) of acetogenesis and methanogenesis is usually not sufficient to drive the synthesis of 1 mol ATP per mol of product under physiological conditions, and energy generation requires chemiosmotic coupling and entails flavin-based electron bifurcation30,31. However, a high CO2 partial pressure may enable the functioning of a hybrid reductive acetyl-CoA pathway that combines CO2 reduction with ferredoxin, as in methanogens, and acetate formation from acetyl-CoA coupled with substrate phosphorylation, as in acetogens. Calculations were done as in Extended Data Fig. 7. a, Standard conditions (1 M concentrations for all reactants except CO2). b, Assumed physiological metabolite concentrations (0.1 mM NADPH, 0.01 mM NADP+, 0.1 mM NADH, 1 mM NAD+, 5 mM ATP, 0.5 mM ADP, 0.1 mM reduced coenzyme F420, 0.1 mM oxidized coenzyme F420, 10 mM phosphate49, 0.28 mM CoA, 0.0104 mM acetyl-CoA51, 0.1 mM Fdred, 0.001/0.0001 mM Fdox (refs. 3,50).


Extended Data Table 1 Catalytic properties of D. acetivorans citrate synthase Desace_08345Full size table


Extended Data Table 2 Enzymes of carbon metabolism in cell extracts of autotrophically grown S. azorenseFull size table
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Gel source data for Extended Data Fig. 2.
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Proteome expression data for cell lysates of D. acetivorans grown under autotrophic (CO2 + H2 + S0) and heterotrophic (acetate + CO2 + S0) conditions. Shown is the processing output as generated by Progenesis QIP containing One Way Anova P values, Q values and power as well as further parameters such as the number of unique peptides. Entries have been coloured for improved visualisation and according to criteria such as p = 0.05 and fold values < 2. A second Excel sheet was created by deleting all those entries not matching conditions p < 0.05, fold value > 2.
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Proteome expression data for cell lysates of H. maritima grown with 4 and 20% CO2 in the gas mixture under mixotrophic conditions (CO2 + 80% H2 + S0 + 0.2 g l-1 yeast extract). Shown is the processing output as generated by Progenesis QIP containing One Way Anova P values, Q values and power as well as further parameters such as the number of unique peptides. Selection criteria were chosen as in Supplementary Table 1.
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