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Desulfurella acetivorans is a strictly anaerobic sulfur-reducing deltaproteobacterium that possesses a very dynamic metabolism with the ability to revert the citrate synthase version of the tricarboxylic acid (TCA) cycle for autotrophic growth (reversed oxidative TCA cycle) or to use it for acetate oxidation (oxidative TCA cycle). Here we show that for heterotrophic growth on acetate D. acetivorans uses a modified oxidative TCA cycle that was first discovered in acetate-oxidizing sulfate reducers in which a succinyl-CoA:acetate CoA-transferase catalyzes the conversion of succinyl-CoA to succinate, coupled with the activation of acetate to acetyl-CoA. We identified the corresponding enzyme in this bacterium as the AHF96498 gene product and characterized it biochemically. Our phylogenetic analysis of CoA-transferases revealed that the CoA-transferase variant of the oxidative TCA cycle has convergently evolved several times in different bacteria. Its functioning is especially important for anaerobes, as it helps to increase the energetic efficiency of the pathway by using one enzyme for two enzymatic reactions and by allowing to spend just one ATP equivalent for acetate activation.
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 Introduction

The tricarboxylic acid (TCA) cycle is the central metabolic pathway responsible for the oxidation of acetyl-CoA into two molecules of CO2 with the concomitant reduction of NAD(P) and quinone (Figure 1). This cycle functions in both aerobic and anaerobic respiration and starts with the condensation of oxaloacetate and acetyl-CoA to form citrate. Aconitase converts the tertiary alcohol citrate into the secondary alcohol isocitrate, thus allowing its further oxidation in the NAD(P)-dependent reaction catalyzed by isocitrate dehydrogenase that leads to the formation of 2-oxoglutarate and CO2. The oxidative decarboxylation of 2-oxoglutarate to succinyl-CoA is usually catalyzed by NAD-dependent 2-oxoglutarate dehydrogenase (in aerobes and facultative anaerobes) or by 2-oxoglutarate:ferredoxin oxidoreductase (in strictly anaerobic organisms). The energy of the thioester bond of succinyl-CoA is used by succinyl-CoA synthetase to form succinate and ATP or GTP. This is the only substrate-level phosphorylation step in the TCA cycle. Then, the formed succinate is oxidized by succinate dehydrogenase to fumarate while the electrons are transferred to (ubi) quinone in the cytoplasmic membrane. Lastly, fumarate is hydrated to malate, which is oxidized by malate dehydrogenase to oxaloacetate in a reaction that is usually NAD-dependent. The regeneration of oxaloacetate, the acceptor of acetyl-CoA in the citrate synthase reaction, closes the cycle.
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FIGURE 1
Schematic representation of the classical TCA cycle (black) and its modification involving a succinyl:CoA:acetate CoA-transferase (purple). For the 2-oxoglutarate decarboxylation, both NAD-dependent 2-oxoglutarate dehydrogenase (aerobic and facultative anaerobic organisms) and 2-oxoglutarate:ferredoxin oxidoreductase (strict anaerobes) are shown.


Although this “classical” version of the TCA cycle is widespread, many variants have been described. For example, Propionibacterium freudenreichii converts 2-oxoglutarate to succinate via glutamate, 4-aminobutyrate and succinic semialdehyde (Beck and Schink, 1995), cyanobacteria perform this conversion with 2-oxoglutarate decarboxylase and succinic semialdehyde dehydrogenase (Zhang and Bryant, 2011), whereas aerobic halobacteria use ferredoxin-dependent 2-oxoglutarate oxidoreductase (Kerscher and Oesterhelt, 1981). Furthermore, some microorganisms use a quinone-dependent malate dehydrogenase (Molenaar et al., 2000; Harold et al., 2022) that is exergonic in the direction of malate oxidation, in contrast to the NAD-dependent enzyme. In addition, the ferredoxin-dependent TCA cycle can be reversed and used for autotrophic CO2 fixation (Evans et al., 1966; Berg, 2011; Fuchs, 2011; Buchanan et al., 2017). In this reductive version of the cycle, the citrate cleavage can be catalyzed by ATP-dependent citrate lyase (Ivanovsky et al., 1980), or by homologous citryl-CoA synthetase/citryl-CoA lyase (Aoshima et al., 2004a,b), or by citrate synthase in the reversed oxidative TCA cycle (Mall et al., 2018; Nunoura et al., 2018; Steffens et al., 2021). Interestingly, some bacteria use this pathway in the oxidative and reductive direction, depending on the growth conditions (Brandis-Heep et al., 1983; Möller et al., 1987; Thauer et al., 1989).

A widespread modification of the oxidative TCA cycle features a CoA-transferase, which catalyzes the conversion of succinyl-CoA into succinate along with the activation of acetate to acetyl-CoA. This strategy is particularly advantageous for bacteria that grow on acetate because it permits the saving of one ATP equivalent for the activation of acetate. Indeed, the conversion of acetate to acetyl-CoA is usually catalyzed by acetyl-CoA synthetase that forms AMP and PPi from ATP. Considering the following hydrolysis of PPi into two phosphate molecules, two ATPs have to be spent for the formation of one acetyl-CoA. On the contrary, employing a CoA-transferase allows to activate acetate at the expense of only one ATP (i.e., ATP that is not produced by the succinyl-CoA synthetase reaction), with one enzyme performing both processes:
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This variant of the TCA cycle was first discovered in the anaerobic sulfate reducers Desulfobacter postgatei and D. hydrogenophilus and in the sulfur reducer Desulfuromonas acetoxidans (Brandis-Heep et al., 1983; Gebhardt et al., 1985; Schauder et al., 1987; Thauer et al., 1989; Schmitz et al., 1990). Later, this pathway was also shown in the aerobic Acetobacterium aceti and in the microaerophilic Snodgrassella alvi that grow at high acetate concentrations and thus do not require an expensive mechanism of acetate activation (Mullins et al., 2008; Kwong et al., 2017). It probably functions in Geobacter sulfurreducens (Deltaproteobacteria) and Limisalsivibrio acetivorans (Deferribacterota) that also use the TCA cycle for anaerobic acetate oxidation (Segura et al., 2008; Mollaei et al., 2021; Spring et al., 2022). In contrast, microorganisms using the acetyl-CoA synthase/carbon monoxide dehydrogenase pathway for acetate oxidation do not produce succinyl-CoA in their catabolism and activate acetate with acetate kinase and phosphotransacetylase at the expense of one ATP equivalent (Thauer et al., 1989). It can be concluded that strict anaerobes operating the TCA cycle for acetate oxidation take advantage of CoA-transferases for the activation of acetate, a strategy that allows them to save ATP and deal better with the energy limitations of their metabolism. The only organism that appears to break this rule is the sulfur reducer Desulfurella acetivorans that activates acetate via the acetate kinase/phosphotransacetylase pathway but oxidizes acetate via the TCA cycle (Schmitz et al., 1990). Nevertheless, D. acetivorans possesses four CoA-transferase homologs in the genome, and succinyl-CoA:acetate CoA-transferase activity was later measured in D. acetivorans cell extracts (Mall et al., 2018). During our investigation of D. acetivorans propionate metabolism, we noticed that the CoA-transferase encoded by AHF96498 gene was one of the most strongly down-regulated proteins in propionate- (compared to acetate-) grown cells, while succinyl-CoA:acetate CoA-transferase activity followed the same trend. These data suggested that this proteins was responsible for the succinyl-CoA:acetate CoA-transferase reaction in vivo. Therefore, we decided to re-investigate the mechanism of acetate activation in this bacterium. Here we characterize a CoA-transferase encoded by the AHF96498 gene, show that it functions in D. acetivorans for acetate activation, and discuss the distribution, phylogeny and evolution of this variant of the oxidative TCA cycle.



Materials and methods


Materials and equipment

Chemicals and biochemicals were obtained from Sigma-Aldrich, Merck, Roth, VWR, or AppliChem. Materials for molecular biology were purchased from New England BioLabs. Materials and equipment for protein purification were obtained from GE Healthcare, Macherey-Nagel or Millipore. Lead acetate paper was obtained from Macherey-Nagel. Primers were synthesized by Sigma-Aldrich.



Microbial strains and growth conditions

Desulfurella acetivorans A63 (DSM 5264) was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ). The cells were grown in medium containing 6.2 mM NH4Cl, 2.2 mM CaCl2⋅2H2O, 1.6 mM MgCl2⋅6H2O, 4.4 mM KCl, 1.7 mM KH2PO4, 1.3 mM K2HPO4, 10 g l–1 sulfur powder, 1 ml l–1 SL-10 trace element solution (3 g l–1 FeCl2⋅4H2O, 70 mg l–1 ZnCl2, 100 mg l–1 MnCl2⋅4H2O, 4 mg l–1 CuCl2⋅2H2O, 24 mg l–1 NiCl2⋅6H2O, 36 mg l–1 Na2MoO4⋅2H2O, 30 mg l–1 H3BO3, 224 mg l–1 CoCl2⋅6H2O) and 1 ml l–1 Wolfe’s vitamin solution (20 mg l–1 biotin, 20 mg l–1 folic acid, 100 mg l–1 pyridoxamine dihydrochloride, 50 mg l–1 thiamine dihydrochloride, 50 mg l–1 riboflavin, 50 mg l–1 nicotinic acid, 50 mg l–1 DL-Ca-pantothenate, 1 mg l–1 cyanocobalamin, 50 mg l–1 4-aminobenzoic acid and 50 mg l–1 lipoic acid). The medium was prepared without sulfur and vitamin solution, made anaerobic by bubbling with N2 (100%) and dispensed anaerobically into serum bottles containing sulfur powder. The bottles were sealed with butyl rubber stoppers and aluminum caps and autoclaved for 40 min at 110°C. Before inoculation, the medium was reduced by the addition of Na2S⋅9H2O to a final concentration of 0.05% (w/v) and supplemented with vitamins. When cultivated heterotrophically, acetate or propionate was supplemented as sole carbon source to a final concentration of 0.5 and 0.05%, respectively. The gas phase was replaced with N2/CO2 (80:20; heterotrophic growth) or H2/CO2 (80:20; autotrophic growth) at 1 bar overpressure. The pH was adjusted with bicarbonate to the strain optimum of 6.8–7.0. Cultures were incubated at 55°C while shaking at 130 rpm. Growth was determined using Neubauer counting chambers.

Escherichia coli strains [Top10, Rosetta 2 (DE3)] were grown at 37°C in lysogeny broth medium. Antibiotics were added to the cultures to a final concentration of 100 μg ml–1 ampicillin and 34 μg ml–1 chloramphenicol.



Desulfurella acetivorans cell extract preparation

Cultures (200 ml) were filtrated aerobically (Whatman GF/D, 47 mm) to remove the elemental sulfur before centrifugation (15,000 × g, 4°C, 20 min). The supernatant was discarded gently and the resulting cell pellet was resuspended with 20 mL of fresh sulfur-free medium. The cell suspension was transferred to a 50 mL centrifuge tube and centrifuged again (21,000 × g, 4°C, 20 min). After having discarded the supernatant, the cells were frozen with liquid nitrogen and stored at −80°C for up to 6 months. To perform enzymatic assays, the frozen cells were thawed on ice and resuspended in 20 mM Tris–HCl (pH 7.8 at 55°C), 5 mM dithiothreitol (DTT), and lysed on ice with the Sonopuls ultrasonic homogenizer (BANDELIN Electronic GmbH; 60% amplitude, 4 min, 1-s pulse, 2-s breaks; total energy input 2,000 kJ). The insoluble cell debris was removed by centrifugation (21,000 × g, 4°C, 20 min).



CoA-esters synthesis

Acetyl-CoA, propionyl-CoA and succinyl-CoA were synthesized from the corresponding anhydrides and CoA according to Simon and Shemin (1953).



Cloning of Desulfurella acetivorans CoA-transferase encoded by the AHF96498 gene in Escherichia coli

Standard protocols were used for the purification, cloning, transformation and amplification of DNA (Ausubel et al., 1987). The AHF96498 encoding gene was amplified by PCR with Q5 High-Fidelity DNA Polymerase using a forward primer (5′-ATATGAATTCATGGGTCACGGAAAAG-3′) introducing an EcoRI site (bold) and a reverse primer (5′-TAATCTCGAGTTAAAAGGCCAGCTTC-3′) introducing an XhoI site (bold). PCR conditions were as follows: 30 cycles of 30 s denaturation at 98°C, 60 s primer annealing at 64°C, and 30 s elongation at 72°C. The isolated PCR product was treated with the corresponding restrictases and ligated into the expression vector pET23b containing a sequence encoding a C-terminal His6-tag. The plasmid was transformed into E. coli TOP10 for amplification, followed by purification and sequencing.



Heterologous expression in Escherichia coli

The amplified expression vector was used to transform E. coli Rosetta 2 (DE3). The cells were grown at 37°C in lysogeny broth medium with ampicillin and chloramphenicol. Expression was induced at an optical density (OD600 nm) of 0.5–0.8 with 1 mM isopropyl-ß-D-thiogalactopyranoside (IPTG), and the temperature was lowered to 20°C. The cells were harvested after overnight growth and stored at −20°C until use.



Preparation of Escherichia coli cell extracts

Frozen cells were suspended in a triple volume of 20 mM Tris–HCl (pH 7.8), containing 20 mM NaCl and 0.1 mg ml–1 DNase I. The cell suspensions were lysed by a threefold passage through a chilled French pressure cell (103 MPa). To remove thermally unstable E. coli proteins, the supernatant (cell extract) has been subjected to a heat precipitation step (80°C; 15 min). The resulting cell lysate was centrifuged (100,000 × g; 4°C; 60 min), filtered and used for protein purification.



Purification of recombinant AHF96498 gene product

The heterologously produced His-tagged protein encoded by the AHF96498 gene was purified by affinity chromatography using a gravity flow separation column (Econo-column, 1.0 cm × 30 cm glass chromatography column, Bio-Rad) loaded with 2-mL Protino Ni-NTA agarose matrix (Macherey-Nagel). The column was equilibrated with 20 mM Tris–HCl (pH 7.8) containing 20 mM NaCl. Cell extract was applied to the column and incubated for 15 min at 4°C. To elute unwanted proteins, the column was washed first with the same equilibration buffer, then two times with the same buffer containing 10 mM imidazole. The recombinant enzyme was eluted with the same buffer containing 500 mM imidazole. The enzyme was concentrated using a 10 K Vivaspin Turbo 4 and stored at −20°C with glycerol (50%, v/v). The identity of the purified recombinant protein was confirmed at the IZKF Core Unit Proteomics Münster with tryptic in-gel digestion and mass spectrometric analysis using Synapt G2 Si coupled to M-Class (Waters Corp, Eschborn, Germany).



Enzyme assays

CoA-transferase activity of the purified AHF96498 gene product and in D. acetivorans cell extracts was measured using ultra high performance liquid chromatography (UHPLC). All the activities were measured at 55°C and the reaction mixtures (40 μl) contained 100 mM Tris–HCl (pH 7.8), 5 mM MgCl2, 5 mM DTT, and purified enzyme or cell extract. Activities were tested with acetyl-CoA, succinyl-CoA or propionyl-CoA toward acetate, succinate or propionate. In addition, the purified CoA-transferase was tested also with acetyl-CoA toward butyrate, 4-hydroxybutyrate, formate, methylsuccinate, DL-malate, and glutarate. The reaction was stopped after 1 min by the addition of 20 μl of 1 M HCl/10% acetonitrile (sample:stop solution, 1:1 [v/v]). The specific activities were calculated by considering the peaks of consumed and formed CoA-esters. The concentration of the latter was calculated by multiplying the starting substrate concentration by the relative abundance [%] of the formed CoA-ester integrated peak area.

Succinyl-CoA synthetase activity was measured using UHPLC as the CoA-dependent formation of succinyl-CoA from succinate and CoA. The assay mixture contained 100 mM Tris–HCl (pH 7.8), 5 mM DTT, 5 mM MgCl2, 20 mM succinate, 5 mM ATP, 1 mM CoA, and cell extract.

Acetate kinase activity was measured spectrophotometrically following acetate-dependent oxidation of NADH at 365 nm in an assay containing (in 0.3 ml) 100 mM Tris–HCl (pH 7.8), 5 mM DTT, 5 mM MgCl2, 20 mM acetate, 5 mM ATP, 0.5 mM NADH, 5 mM PEP, 5 μ pyruvate kinase (rabbit muscle, Sigma P9136), 25 μ lactate dehydrogenase (rabbit muscle, Sigma L2500), and cell extract. The activity of AMP-forming acetyl-CoA synthetase was tested by including 5 μ myokinase and 0.5 mM CoA in the same reaction mixture.

Phosphotransacetylase activity was measured spectrophotometrically in an assay coupled with endogenous citrate synthase and malate dehydrogenase following NAD reduction at 365 nm as the CoA- and acetyl-phosphate dependent acetyl-CoA formation in the reaction mixture containing 100 mM Tris–HCl (7.8), 5 mM DTT, 5 mM NAD, 10 mM malate, 10 mM acetyl-phosphate, 1 mM CoA and cell extract.



Inactivation experiment

For inactivation experiments, the purified CoA-transferase (20 μg) was treated with NaBH4. The enzyme was preincubated with 1 mM acetyl-CoA for 10 min at 55°C, while an assay without acetyl-CoA was used as a control. NaBH4 in 1 M NaOH was added to both reactions at a final concentration of 10 mM, followed by the addition of HCl to a final concentration of 10 mM (Friedmann et al., 2006). The reactions were further incubated for 10 min. Finally, 2 μg of the enzyme was used for the measurement of acetyl-CoA:propionate CoA-transferase activity.



Analytical ultra high performance liquid chromatography

CoA and CoA-esters were detected with Agilent 1290 Infinity II UHPLC using a reversed-phase C18 column (Agilent InfinityLab Poroshell 120 EC-C18 1.9 μm 2.1 mm × 50 mm column). The following acetonitrile gradient in 10 mM potassium phosphate buffer (pH 7) with a flow rate of 0.55 ml min–1, was used: from 2 to 8% at 0–2.66 min; from 8 to 30% at 2.66–3.33 min; from 30 to 2% at 3.33–3.68 min; 2% at 3.68–5 min. Retention times were: succinyl-CoA, 0.7 min; CoA, 0.9 min; acetyl-CoA, 1.7 min; propionyl-CoA, 2.4 min; butyryl-CoA, 3.4 min. Reaction products and standard compounds were detected by UV absorbance at 260 nm with a 1290 Infinity II diode array detector (Agilent) and the amount of product was calculated from the relative peak area. The identification of the CoA esters was based on co-chromatography with standards and analysis of the UV spectra of the products.



Database search and phylogenetic analysis

Query sequences for the database searches were obtained from the NCBI database. For the alignment, we took the sequences of experimentally characterized CoA-transferases used by Hackmann (2021) (96 sequences) in his analysis of CoA-transferases and supplemented them with sequences from Pseudomonas aeruginosa (Sasikaran et al., 2014), Paraburkholderia xenovorans (Kronen et al., 2015), from Desulfurellaceae species (17 sequences), from a closed genome of a sulfate-reducing bacterium (1 sequence) and from sulfate- and sulfur-reducing bacteria where the CoA-transferase variant of the oxidative TCA cycle was shown experimentally (7 sequences) (Thauer et al., 1989; Segura et al., 2008; Mollaei et al., 2021). The genomes of sulfate reducers selected were at the “Finished” status. Only for the family Desulfurellaceae, all the genomes available from the NCBI database have been considered. The BLASTP searches (Altschul et al., 1990) were performed via the NCBI BLAST server1 and via the Integrated Microbial Genomes and Microbiomes system.2 The phylogenetic tree was constructed by using the maximum likelihood method and Jones-Taylor-Thornton (JTT) matrix-based model (Jones et al., 1992) in MEGA11 (Tamura et al., 2021). Altogether, 123 amino acid sequences were used in this analysis. In addition, the same data set was used for the construction of a tree with the maximum-parsimony statistical method and the Subtree-Pruning-Regrafting (SPR) search method.



Other methods

DNA sequence determination of purified plasmids was performed by Eurofins (Ebersberg, Germany). Protein concentration was measured according to the Bradford method (Bradford, 1976) using BSA as a standard. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 12.5%) was performed as previously described (Laemmli, 1970). Proteins were visualized using Coomassie blue staining (Zehr et al., 1989). Km and Vmax values were calculated by GraphPad Prism 5 software.




Results


Enzyme activities in Desulfurella acetivorans cell extracts

Desulfurella acetivorans was described as a thermophilic sulfur-reducing bacterium oxidizing acetate through the TCA cycle, while no significant growth was shown with propionate (Bonch-Osmolovskaya et al., 1990; Schmitz et al., 1990). Later, the capability of this species to grow autotrophically with molecular hydrogen was also demonstrated (Pradella et al., 1998). In our hands, this bacterium could grow autotrophically as well as heterotrophically on acetate or propionate. Acetate-grown cells had only very low activity of succinyl-CoA synthetase, whereas this activity in propionate- and autotrophically grown cells was much higher (Table 1). In contrast, acetate-grown cells showed high activity of succinyl-CoA:acetate CoA-transferase, suggesting that acetate activation in D. acetivorans proceeds through the CoA-transfer from succinyl-CoA. The activity of this enzyme in autotrophically- and propionate-grown cells was 4 and 34 times lower than in acetate-grown cells, respectively (Table 1). The participation of a CoA-transferase in acetate activation is further supported by the low activity of enzymes involved in alternative acetate activation pathways. Indeed, the acetate kinase activity was 4 times lower than the succinyl-CoA:acetate CoA-transferase activity (Table 1). Since the addition of myokinase to the reaction mixture to detect AMP formation did not result in any detectable difference in the spectrophotometric assays, the activity of the AMP-forming acetyl-CoA synthetase was absent in acetate-grown D. acetivorans cells (or was below the detection limit of 0.02 μmoles min−1 mg–1 protein). Our comparison of proteomes of acetate- and propionate-grown cells revealed that one of the four CoA-transferases present in D. acetivorans genome (AHF96498) was 50-fold down-regulated (Pettinato, König and Berg, manuscript in preparation). Therefore, we decided to characterize this putative succinyl-CoA:acetate CoA-transferase biochemically.


TABLE 1    Enzyme activity in extracts of Desulfurella acetivorans cells grown under autotrophic or heterotrophic conditions in the presence of acetate or propionate.
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Characterization of the CoA-transferase encoded by AHF96498 gene

The purified recombinant AHF96498 gene product catalyzed CoA-transferase reaction. We examined the ability of this enzyme to utilize different CoA-donors (succinyl-CoA, acetyl-CoA and propionyl-CoA) and CoA-acceptors (acetate, succinate, propionate, butyrate, formate, 4-hydroxybutyrate, methylsuccinate, glutarate, DL-malate). The enzyme was active with all three tested CoA-esters and showed the highest activity with propionate and acetate, lower activity with 4-hydroxybutyrate and butyrate and (almost) no activity with formate, methylsuccinate, malate and glutarate (Table 2). The activity with succinyl-CoA and acetate did not follow a Michaelis-Menten kinetic (Figure 2) but increased linearly with the rise of succinate/succinyl-CoA concentrations (40 μmoles min−1 mg–1 protein at 2 mM succinyl-CoA and 20 mM acetate, Table 2). The high affinities of the enzyme for acetate/acetyl-CoA (Km of 0.4/0.2 mM, respectively) further strengthened our suggestion that its main physiological function is acetate activation and succinate formation in the course of the oxidative TCA cycle. However, it could also use propionyl-CoA as a CoA-donor. Moreover, the highest activity of the enzyme was detected with propionate and acetyl-CoA or acetate and propionyl-CoA as substrates (Table 2). This activity could also be measured in D. acetivorans cell extracts and it showed the same trend in autotrophically vs. acetate-/propionate-grown cells as with succinyl-CoA and acetate (Tables 1, 3). Nevertheless, acetyl-CoA:propionate (or propionyl-CoA:acetate) CoA-transferase activity does not have any physiological sense in autotrophic or acetate-grown cells due to the unavailability of propionate/propionyl-CoA and can be explained by the promiscuity of the AHF96498 gene product. Importantly, the Km values of the heterologously produced enzyme to the substrates were comparable to the apparent Km values in cell extracts, further confirming the major role of this enzyme in the D. acetivorans TCA cycle (compare Tables 2, 3). To understand the reaction mechanism of the protein, an inactivation test with NaBH4 has been performed. The reduction of a glutamyl-CoA intermediate by borohydride would lead to the consequent loss of activity by inactivation of the catalytic glutamate residue, which is typical for class I CoA-transferases (Solomon and Jencks, 1968; Tung and Wood, 1975; Moore and Jencks, 1982). The CoA-free enzyme did not show any reduction of activity, whereas the enzyme pre-incubated with acetyl-CoA and subsequently treated with borohydride retained only 4.5% of the original activity, thus identifying AHF96498 as a class I CoA-transferase.


TABLE 2    Catalytic properties of the heterologously produced succinyl-CoA:acetate CoA-transferase encoded by the AHF96498 gene.
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FIGURE 2
Kinetics of the CoA-transferase encoded by the AHF96498 gene, measured for the acetate:succinyl-CoA (A,B) and acetyl-CoA:succinate (C,D) CoA-transferase reactions. Specific activities were measured at 55°C; data are mean ± s.d.



TABLE 3    Kinetics of CoA-transferase reaction in extracts of Desulfurella acetivorans cells grown under different conditions.

[image: Table 3]



Phylogenetic analysis

To better understand the evolution of D. acetivorans CoA-transferases, we performed the phylogenetic analysis of CoA-transferases belonging to different families. The resulting phylogenetic tree (Figure 3) was similar to the tree published by Hackmann (2021), where a new six-family classification of CoA-transferases was proposed, elaborating the previous three-family classification of Heider (2001). The characterized succinyl-CoA:acetate CoA-transferase encoded by the AHF96498 gene belonged to the OXTC1/family I CoA-transferases; close homologs of this protein were found in all sequenced Desulfurellaceae, suggesting that they all use the CoA-transferase variant of the TCA cycle. Interestingly, the CoA-transferases of species in which this variant of the TCA cycle was discovered (i.e., Desulfuromonas acetoxidans and Desulfobacter hydrogenophilus) belonged to another family (Cat1/family I; Figure 3). Notably, most of the Cat1 proteins show a preference for short acyl-CoAs (C2–C4), with 13 of them being already characterized as succinyl-CoA:acetate CoA-transferases (Hackmann, 2021). The phylogenetic analysis also revealed that two other CoA-transferases from D. acetivorans, AHF97294, and AHF97575, belonged to the Cat1/family I and the Frc/family III CoA-transferases, respectively, whereas the CoA-transferase AHF96963 belonged to the Gct/family I cluster (Figure 3).
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FIGURE 3
Phylogenetic tree of CoA-transferases constructed by maximum likelihood algorithm. The scale bar represents a difference of 0.6 amino acid substitutions per site. The percentage bootstrap values for the clade of this group were calculated in 500 replications. The clades with bootstrap values above 70% are marked with circles. The tree constructed by maximum-parsimony algorithm was similar with minor exceptions (not shown).





Discussion

In this study we showed that D. acetivorans uses a succinyl-CoA:acetate CoA-transferase for acetate activation with the concomitant conversion of succinyl-CoA to succinate, similarly to other strictly anaerobic bacteria that oxidize acetate using the TCA cycle (Thauer et al., 1989). Due to the low activities of acetate kinase and succinyl-CoA synthetase, the previously proposed variant of acetate activation (Schmitz et al., 1990) (i.e., via acetyl phosphate with succinyl-CoA synthetase responsible for succinyl-CoA conversion to succinate) is of only minor importance for acetate oxidation in D. acetivorans. On the contrary, the acetate kinase/phosphotransacetylase pathway appears to be specific for microorganisms that oxidize acetyl-CoA via the carbon monoxide dehydrogenase/acetyl-CoA synthase pathway (Thauer et al., 1989). Indeed, these microorganisms either do not form succinyl-CoA in their metabolism or operate succinyl-CoA synthetase mainly in the other direction (i.e., succinyl-CoA formation followed by carboxylation in the 2-oxoglutarate synthase reaction), making the usage of a CoA-transferase disadvantageous. Please note that a CoA-transferase cannot represent the only acetate activation mechanism in D. acetivorans. Indeed, the amount of acetate activated through this pathway is equivalent to the amount of succinyl-CoA converted into succinate in the TCA cycle, whereas D. acetivorans requires additional acetyl-CoA for biosynthetic reactions. This additional acetyl-CoA has to be produced via the acetate kinase and phosphotransacetylase reactions.

Although our data indicate that the AHF96498 gene product functions as a succinyl-CoA:acetate CoA-transferase under physiological conditions, this is not the only CoA-transferase functioning in D. acetivorans. This is also evident from the presence in cell extracts of, e.g., propionyl-CoA:acetate CoA-transferase activity under conditions when the AHF96498 gene is down-regulated (Table 1). Which of the three other CoA-transferases can be responsible for this (and other) activities, and what are the physiological functions of these enzymes, is a subject of further investigations.

All sequenced representatives of Desulfurellaceae possessed a close homolog of the AHF96498-CoA-transferase (≥82/91% amino acid identity/similarity; Figure 3), suggesting that all members of this family use the CoA-transferase variant of the TCA cycle. In Hippea maritima and H. jasoniae, this enzyme was the only CoA-transferase identified in the genome (Figure 3); the corresponding protein was present in the proteome of mixotrophically grown H. maritima cells (Steffens et al., 2021). Furthermore, our findings allowed a re-interpretation of the results of the omics analysis of D. amilsii metabolism (Florentino et al., 2017, 2019). Based on the early data on D. acetivorans metabolism (Schmitz et al., 1990), the possibility of the functioning in D. amilsii of a CoA-transferase variant of the TCA cycle was neglected, and the participation of acetyl-CoA synthetase in acetate activation was proposed (Florentino et al., 2017, 2019). However, a CoA-transferase homologous to the AHF96498 gene product was also present in D. amilsii (DESAMIL20_1835, 95/98% of identity/similarity) and was much more abundant in the proteome of acetate-grown cells than the putative acetyl-CoA synthetase DESAMIL20_135 (PXD008496; Florentino et al., 2019), further confirming its participation in acetate oxidation.

A possible drawback of the usage of the succinyl-CoA:acetate CoA-transferase for acetate activation is its slightly unfavorable equilibrium for acetyl-CoA formation (Keq = 0.14; Mullins et al., 2008). However, this problem is not relevant for D. acetivorans, since its citrate synthase has low Km value and extremely high activity in cell extracts (Mall et al., 2018; Steffens et al., 2021), shifting the equilibrium of the CoA-transferase reaction to the products. In addition, acetate concentrations are typically high in many anaerobic ecosystems, further moving the equilibrium toward products formation. In contrast, aerobes using AMP-forming acetyl-CoA synthetase usually deal with much lower acetate availability and thus need to invest additional energy in its activation. All in all, the CoA-transferase variant of the oxidative TCA cycle appears to be widespread in (and optimal for) anaerobic bacteria oxidizing acetate via the TCA cycle.

The functioning of the CoA-transferase variant of the TCA cycle in Desulfurellaceae explains the similarities in the carbon isotope effects associated with the oxidation of acetate during growth of various sulfur reducers (Goevert and Conrad, 2010). Indeed, the differences in fractionation between sulfur reducers using the CoA-transferase/citrate synthase version of the TCA cycle are within 5 ‰ differences for bacteria using the same biochemical pathway for the oxidation of acetate (−6.3 and −8.4 ‰ in D. acetivorans and H. maritima vs. −11.5 and −11.2 ‰ in Desulfuromonas acetoxidans and D. thiophila, respectively; Goevert and Conrad, 2010). These data confirm the initial interpretation that carbon isotope fractionation of acetate depends on the metabolic pathway used for the acetate oxidation (i.e., acetyl-CoA/CO dehydrogenase pathway, ATP-citrate-lyase-TCA cycle or citrate-synthase-TCA-cycle) (Goevert and Conrad, 2008).

Our phylogenetic analysis revealed that the studied CoA-transferase (AHF96498 gene product) belongs to the OXTC1/Class I family of CoA-transferases that preferably use oxo- and hydroxy-acyl-CoAs as substrates (Hackmann, 2021), while the other succinyl-CoA:acetate CoA-transferases identified so far cluster in a different and distant phylogenetic group, the Cat1/Class I family (Figure 3). These data suggest convergent evolution of this variant of the cycle in different bacterial groups. Interestingly, some eukaryotes (Trypanosoma brucei and Fasciola hepatica) possess a succinyl-CoA:acetate CoA-transferase that works in the opposite direction (for succinyl-CoA synthesis), being involved in acetate production during anaerobic metabolism and working together with succinyl-CoA synthetase for ATP formation via substrate phosphorylation (van Grinsven et al., 2009; Mochizuki et al., 2020). The characterized eukaryotic enzymes also belong to different families (OXTC1 and Cat1, respectively), highlighting the frequent convergent evolution of different metabolic processes that involve CoA-transferases.
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20.1 2,05 (n = 6)
1.05 4 0.31 (n="5)
0.23 £ 0.07 (n = 5)

0.006 == 0.006 (1 = 4)

0.06 == 0.04 (n = 3)
0.72 £ 0.16 (n=3)

Propionate

0.007 = 0.003 (1 = 3)

0.14 % 0.03 (n=4)
044+ 0.12 (n=4)
114018 (n=4)
0.07 +0.03 (n=4)
0.02+ 001 (n=3)
0.08 = 0.04 (n=4)
0.02+ 001 (n=3)
0.21+0.04 (n=4)

2The concentration of CoA esters and carbonic acids in the reaction mixture was 1 and 20 mM, respectively.

COZ + Hz

0.06 £ 0.03 (n=5)
0.6£0.19 (n =3)
3.640.66 (n =3)
59+ 1.15(n=3)
0.19 £ 0.07 (n=5)
0.07 £0.04 (n=5)
0.02£0.02 (n=3)
0.08 £0.02 (n=3)
0.31£0.04 (n=4)





