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Syntrophus aciditrophicus uses the same enzymes in a 
reversible manner to degrade and synthesize aromatic and 
alicyclic acids
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Abstract

Syntrophy is essential for the efficient conversion of organic carbon to methane in natural and 

constructed environments, but little is known about the enzymes involved in syntrophic carbon and 

electron flow. Syntrophus aciditrophicus strain SB syntrophically degrades benzoate and 

cyclohexane-1-carboxylate and catalyzes the novel synthesis of benzoate and cyclohexane-1-

carboxylate from crotonate. We used proteomic, biochemical, and metabolomic approaches to 

determine what enzymes are used for fatty, aromatic, and alicyclic acid degradation versus for 

benzoate and cyclohexane-1-carboxylate synthesis. Enzymes involved in the metabolism of 

cyclohex-1,5-diene carboxyl-CoA to acetyl-CoA were in high abundance in S. aciditrophicus cells 

grown in pure culture on crotonate and in coculture with Methanospirillum hungatei on crotonate, 

benzoate or cyclohexane-1-carboxylate. Incorporation of 13C-atoms from 1-[13C]-acetate into 

crotonate, benzoate, and cyclohexane-1-carboxylate during growth on these different substrates 
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showed that the pathways are reversible. A protein conduit for syntrophic reverse electron transfer 

from acyl-CoA intermediates to formate was detected. Ligases and membrane-bound 

pyrophosphatases make pyrophosphate needed for the synthesis of ATP by an acetyl-CoA 

synthetase. S. aciditrophicus, thus, uses a core set of enzymes that operates close to 

thermodynamic equilibrium to conserve energy in a novel and highly efficient manner.

Introduction

Syntrophy is a dynamic interaction among two or more microorganisms in which the 

syntrophic partnership is the only means to sustain energy production for all members 

involved. It is essential for carbon cycling in natural and constructed anaerobic ecosystems 

and is a viable source for biogenetic methane production (McInerney, 1999; McInerney et 

al., 2009). In methanogenic environments, syntrophy often involves the transfer of hydrogen 

and formate between a fermentative, syntrophic metabolizer and a methanogenic archaeon 

(Schink, 1997; McInerney et al., 2008; Sieber et al., 2012). The syntrophic partner produces 

hydrogen and formate that must be kept at very low concentrations (ca. 10 Pa or 10 µM, 

respectively) by the methanogen to allow the degradative reaction to be energetically 

favorable. Alternatively, syntrophic metabolism can be achieved by direct electron transfer 

via conductive pili (Gorby et al., 2006; El-Naggar et al., 2010; Leang et al., 2010; Summers 

et al., 2010; Qian et al., 2011) or conductive minerals (Kato et al., 2012). Recently, it has 

been shown that Syntrophus aciditrophicus has electrically conductive pili that allow 

syntrophic growth by direct electron transfer (Walker et al., 2018).

S. aciditrophicus serves as the model organism for syntrophic fatty, aromatic, and alicyclic 

acid (cyclohexane-1-carboxylate) degradation, producing acetate, CO2, formate and/or H2 in 

coculture with H2- and/or formate-using microorganisms (Hopkins et al., 1995; Jackson et 

al., 1999; Elshahed et al., 2001; Mouttaki et al., 2009). Although S. aciditrophicus is 

considered a syntrophic specialist, it also ferments crotonate and benzoate (Jackson et al., 

1999; Elshahed and McInerney, 2001; Mouttaki et al., 2007) and respires benzoate in pure 

culture (Mouttaki et al., 2008). Interestingly, S. aciditrophicus catalyzes the novel synthesis 

of benzoate and cyclohexane-1-carboxylate from crotonate (Mouttaki et al., 2007) (Fig. S1). 

The detection of similar metabolites during both benzoate and cyclohexane-1-carboxylate 

degradation and benzoate and cyclohexane-1-carboxylate formation (Elshahed et al., 2001; 

Elshahed and McInerney, 2001; Mouttaki et al., 2007) suggests that the same enzymes may 

be used for both benzoate and cyclohexane-1-carboxylate degradation and synthesis. An 

earlier study indicated that benzoate and cyclohexane-1-carboxylate degradation proceed by 

a pathway involving 2-hydroxycyclohexane-1-carboxyl-CoA (Elshahed et al., 2001) as 

found in Rhodopseudomonas palustris (Harwood et al., 1998; Pelletier and Harwood, 2000) 

(Fig. S1). However, later genomic and enzymatic studies indicated that benzoate and 

cyclohexane-1-carboxylate degradation proceeds via 6-hydroxycyclohex-1-ene-1-carboxyl-

CoA (Peters et al., 2007; Kuntze et al., 2008; Löffler et al., 2011) as found in Geobacter 
metallireducens (Wischgoll et al., 2005; Fuchs, 2008) (Fig. S1). The proposed S. 
aciditrophicus substrate degradative pathways are depicted in Figure 1. Remarkably, S. 
aciditrophicus uses a novel approach for ATP synthesis from acetyl-CoA involving an 

acetyl-CoA synthetase (Acs1), which uses AMP, pyrophosphate and acetyl-CoA to make 
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ATP and acetate, rather than the classical bacterial approach involving phosphate acetyl 

transferase and acetate kinase (James et al., 2016). However, it is still unclear how net ATP 

synthesis needed for growth occurs during syntrophic aromatic acid metabolism as aromatic 

ring reduction and reverse electron transfer needed in hydrogen and formate production are 

energy requiring processes (Sieber et al., 2012).

Here, we use several proteomic approaches and stable isotope metabolomics to determine 

whether the same or different enzymes are involved in syntrophic crotonate, benzoate and 

cyclohexane-1-carboxylate degradation and in benzoate and cyclohexane-1-carboxylate 

synthesis. We used recombinant DNA and classical biochemical approaches to characterize 

the ligases involved in substrate activation and to determine whether they make 

pyrophosphate. In this comprehensive study, we show that a) S. aciditrophicus uses a 

reversible set of core enzymes for syntrophic substrate degradation and benzoate and 

cyclohexane-1-carboxylate synthesis; b) substrate activation occurs by pyrophosphate-

producing ligases; and c) the thermodynamically difficult redox reaction involving the 

formation of hydrogen or formate from electrons generated in the oxidation of acyl-CoA 

intermediates involves a protein conduit comprised of an electron transfer flavoprotein and 

an iron-sulfur oxidoreductase that interacts with the quinone pool.

Results

Common central metabolic pathway.

Shotgun whole-cell proteomics combined with proteomic analysis of 2D-PAGE of cell 

extracts and of BN-PAGE of membrane proteins revealed a core set of enzymes that S. 
aciditrophicus uses to degrade crotonate, benzoate, and cyclohexane-1-carboxylate and to 

synthesize cyclohexane-1-carboxylate and benzoate (Fig. 1; Table S1; Datasets 1, 2, 3, and 

4). BamR, BamQ, and BamA, which convert cyclohex-1,5-diene-1-carboxyl-CoA to 3-

hydroxypimelyl-CoA, were among the most abundant proteins detected in the proteome, 

ranging from 0.36 to 5.1% of the total peptides detected under the four different growth 

conditions examined (Fig. 1). The activities of BamR (SYN_RS14220 gene product) and 

BamA (SYN_RS14215 gene product) have been previously demonstrated in S. 
aciditrophicus (Peters et al., 2007; Kuntze et al., 2008; Löffler et al., 2011). To confirm the 

proposed BamQ function, SYN_RS14210 was cloned and expressed in E. coli BL21. The 

purified recombinant SYN_RS14210 enzyme had a Vmax of 14 U • mg−1, and KM of 72 

± 10 µM for 6-hydroxycyclohex-1-ene-1-carboxyl-CoA, confirming that it is a 6-

hydroxycyclohex-1-ene-1-carboxyl-CoA dehydrogenase (BamQ activity). These values are 

similar to those determined for the related enzymes from Thauera aromatica (Vmax of 12 U • 

mg−1, KM of 60 ± 20 µM) and G. metallireducens (Vmax of 35 U • mg−1) (Laempe et al., 

1999). We did not detect the formation of 2-hydroxycyclohexane-1-carboxyl-CoA from 

cyclohex-1-ene-1-carbonyl-CoA, or NAD+ reduction or NADH oxidation when 2-

hydroxycyclohexane-1-carboxyl-CoA or 2-oxocyclohexane-1-carboxyl-CoA, respectively, 

were added to cell-free extracts of S. aciditrophicus grown in pure culture on crotonate (data 

not shown), arguing against the pathway found in R. palustris (Harwood et al., 1998) (Fig. 

S1).
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Next, 3-hydroxypimelyl-CoA is converted to glutaryl-CoA and acetyl-CoA by two enzymes: 

a 3-hydroxyacyl-CoA dehydrogenase (Hcd) (encoded by SYN_RS09145 (hcd) and an 

acetyl-CoA acetyltransferase (Act) (encoded by SYN_RS14110 (act1) or SYN_RS12490 

(act2)) (Fig. 1). Act1 and Act2 were abundant in the proteome under all tested conditions 

(0.3 to 1.5% of the total peptides detected) (Fig. 1). Hcd was detected in low amounts in 

cells grown in pure culture on crotonate (0.02% of total peptides detected) but was abundant 

in cells grown in coculture on crotonate, benzoate, and cyclohexane-1-carboxylate (0.4 to 

1% of the total peptides detected) (Fig. 1). The SYN_RS14115 gene product annotates as a 

3-oxoacyl-CoA reductase and might function as a 3-hydroxyacyl-CoA dehydrogenase. Its 

peptides were abundant under all tested conditions (0.47 to 1.5% of the total peptides 

detected).

Glutaryl-CoA is converted to glutaconyl-CoA by non-decarboxylating glutaryl-CoA 

dehydrogenase (Ghd) (SYN_RS09650 gene product) (Djurdjevic, 2010), which was 

abundant in the proteome (0.9 to 1.4% of the total peptides detected) (Fig. 1). Another 

putative acyl-CoA dehydrogenase was present in coculture-grown S. aciditrophicus cells but 

at lower levels than Ghd; its function is not clear (Fig. 1). The decarboxylation of 

glutaconyl-CoA to crotonyl-CoA and CO2 is accomplished by a Na+-translocating, 

glutaconyl-CoA decarboxylase (GcdABC)) (Beatrix et al., 1990; Schöcke and Schink, 1999) 

and the carboxytransferase subunit (GcdA) was abundant in the proteome under all growth 

conditions (0.4 to 1.3% of the total peptides detected) (Fig. 2).

The conversion of crotonyl-CoA to 3-hydroxybutyryl-CoA is most likely catalyzed by 

SYN_RS09150 gene product, as it was the only enoyl-CoA hydratase detected in the S. 
aciditrophicus proteome (Fig. 1). Hcd, the SYN_RS14115 gene product (possible 3-

hydroxyacyl-CoA dehydrogenase), Act1 and Act2 discussed above for 3-hydroxypimelyl-

CoA metabolism could also be involved in the conversion of 3-hydroxybutyryl-CoA to 

acetyl-CoA (Fig. 2). Enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and acetyl-

CoA acetyltransferase activities have been demonstrated in cell-free extracts of S. 
aciditrophicus grown in pure culture on crotonate and in coculture on benzoate (Elshahed et 

al., 2001).

All of the central core enzymes except the SYN_RS14115 gene product were also detected 

by proteomic analysis of 2D gel slices of S. aciditrophicus cells grown in pure culture on 

crotonate (Fig. 1; Dataset 3).

Aromatic and fatty acid activation.

The bioenergetic model proposed for S. aciditrophicus involves substrate activation by 

AMP- and pyrophosphate-forming ligases and the subsequent use of the pyrophosphate and 

AMP to make ATP by an AMP-forming acetyl-CoA synthetase (Acs1) (James et al., 2016) 

(Fig. 1). The S. aciditrophicus genome contains four genes that annotate as aromatic acid 

ligases and four genes that annotate as fatty acid ligases (McInerney et al., 2007). To 

determine which gene products are involved in substrate activation, crotonate:CoA ligase 

and benzoate:CoA ligase activities were purified from cell-free extracts of S. aciditrophicus. 

The purification of the crotonate:CoA ligase activity recovered 8% of the initial activity 

(Table S2) and yielded a homogenous protein that migrated as a single band with an 
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apparent mass of 60 kDa after denaturing gel electrophoresis (Fig. S2). Mass spectrometric 

analysis assigned 52 unique polypeptides to one protein encoded by SYN_RS03815 (Table 

S3). The purification of benzoate:CoA ligase activity recovered 36% of the initial activity 

(Table S4) and resulted in a final preparation that contained two proteins with masses of 

approximately 60 kDa on denaturing gels (Fig. S3). Eleven unique polypeptides were 

assigned to the SYN_RS03820 gene product, which has a mass of 58951 daltons; and 8 

unique polypeptides were assigned to the SYN_RS03815 gene product, which has a mass of 

59049 daltons (Table S4). The SYN_RS03815 and SYN_RS03820 gene products were 

abundant under all growth conditions (McInerney et al., 2007). A ligase encoded by 

SYN_RS14290 was present in low abundance and a ligase encoded by SYN_RS13475 was 

only detected in 2D gel slices with crotonate-grown pure culture cells (Fig. 1).

The following analyses show that the SYN_RS03815 and SYN_RS03820 gene products 

(Bcl1 and Bcl2, respectively) function as benzoate:CoA and crotonate:CoA ligases. The 

purified Bcl1 had high activity with benzoate and crotonate, very low activity with 

cyclohexane-1-carboxylate, and undetectable activity with cyclohex-1-ene-1-carboxylate, 

and hydroxylated benzoates (Table S5). The nearly pure fraction with Bcl1 and Bcl2 had 

high benzoate:CoA ligase activity, much less activity with crotonate or cyclohexane-1-

carboxylate, and very low activity with 3-hydroxybenzoate and 4-hydroxybenzoate (Table 

S5). To verify the substrate specificities, each gene was heterologously expressed in 

Escherichia coli. The purified, recombinant Bcl1 had a Vmax and Km for benzoate of 43 U • 

mg−1 and 0.16 mM, respectively, and a Vmax and Km for crotonate of 23 U • mg−1 and 4.2 

mM, respectively (Table 1). These values are similar to the respective Vmax and Km of the 

crotonate:CoA ligase activity purified from cell-free extracts of S. aciditrophicus (Table 1). 

The purified, recombinant Bcl2 had a Vmax of 77 U • mg−1 and Km value of 0.11 mM for 

benzoate and a Vmax of 2.3 U • mg−1 and Km value of 2.3 mM for crotonate, both of which 

are in agreement with the values obtained from the preparation purified from S. 
aciditrophicus cell-free extracts (Table 1). The purified, recombinant enzyme had high 

cyclohexane-1-carboxyl-CoA ligase activity (Table S5), but its involvement in cyclohex-1-

ene-1-carboxylate activation is unlikely as the Km value for cyclohexane-1-carboxylate was 

8 mM (Table 1).

Although the Km values for crotonate are high for the purified recombinant Bcl1 and Bcl2 

(4.2 and 2.4 mM, respectively), the Km values are consistent with the growth behavior of S. 
aciditrophicus on crotonate. Very little growth of S. aciditrophicus occurs at crotonate 

concentrations of 2.5 mM and optimal growth occurs when the crotonate concentration is 

>10 mM (Fig. S4).

Cyclohexane-1-carboxylate activation and metabolism.

The SYN_RS03335 gene product was differentially abundant when S. aciditrophicus was 

grown in coculture on cyclohexane-1-carboxylate (Fig. 1). SYN_RS03335 annotates as a 

long chain fatty acid ligase (McInerney et al., 2007). The purified recombinant 

SYN_RS03335 gene product (Fig. S5; Table S5) had a high Vmax (15 ± 0.5 U • mg−1) and a 

low Km (40 ± 7 µM) for cyclohexane-1-carboxylate, and a low Vmax (0.6 ± 0.002 U • mg−1) 

and a low Km (6 ± 2 µM) for cyclohex-1-ene-1-carboxylate (Table 1). The enzyme had low 
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activity for benzoate, crotonate, acetate and succinate (Table S5). Thus, the SYN_RS03335 

gene product is a cyclohexane-1-carboxylate:CoA ligase.

Peptides of cyclohex-1-ene-1-carboxyl-CoA dehydrogenase (SYN_RS01080 gene product) 

and cyclohexane-1-carboxyl-CoA dehydrogenase (SYN_RS01085 genes product) (Kung et 

al., 2013; Kung et al., 2014) were also differentially abundant in the proteome when S. 
aciditrophicus was grown in coculture on cyclohexane-1-carboxylate and in pure culture on 

crotonate where cyclohexane-1-carboxylate is formed as an end product (Elshahed et al., 

2001; Mouttaki et al., 2007) (Fig. 2), supporting their role in cyclohexane-1-carboxylate 

degradation and synthesis. SYN_RS03335, SYN_RS01080 and SYN_RS01085 gene 

products were detected by proteomic analysis of 2-D gel slices in S. aciditrophicus grown in 

pure culture on crotonate (Fig. 2).

Benzoyl-CoA reduction.

The S. aciditrophicus genome has two gene loci with the same synteny as a gene locus found 

in G. metallireducens that codes for the ATP-independent, benzoyl-CoA reductase 

(BamBCDEF) and a NADH dehydrogenase (BamGHI) (Wischgoll et al., 2005; McInerney 

et al., 2007; Kung et al., 2009; Kung et al., 2014). Additionally, S. aciditrophicus has two 

other gene clusters with paralogs of bamBCDEF, but lacking bamGHI genes, one set of two 

genes homologous to bamBC and one set of two genes homologous to bamEF (Fig. S6). 

While all of the five benzoyl-CoA reductase subunits were detected in the proteome, they 

were not encoded by a single gene cluster, but by genes from multiple clusters (Fig. S6). 

BamB4, BamC5, BamD4, BamE5, BamF5 were the most abundant of the BamBCDEF 

subunits detected. Two NADH dehydrogenase subunits (SYN_RS00430 and SYN_RS00435 

gene products) were detected under all growth conditions (Fig. 3), but are encoded by genes 

not linked to any of the bamBCDE genes (Fig. S6).

ATP synthesis from acetyl-CoA.

S. aciditrophicus uses a novel approach to make ATP by substrate-level phosphorylation 

involving acetyl-CoA synthetase (Acs1) (James et al., 2016). However, two genes are 

present that annotated as butyrate kinases (SYN_RS09865, buk1 and SYN_RS11570, buk2) 

(McInerney et al., 2007) that could be used to make ATP from acetyl-phosphate as in other 

bacteria. To test this possibility, both genes were cloned into an acetate kinase mutant of 

Escherichia coli. After induction, cell-free extracts of the mutant strains with plasmid buk1or 

plasmid buk2 each had high butyrate kinase activities (Table S5). Acetate kinase activity was 

detected at levels less than the background levels present in the mutant without the plasmid 

(Table S6). Thus, Buk1 and Buk2 are butyrate kinases not acetate kinases.

Electron flow and bioenergetics.

Electron transfer flavoprotein EtfAB (SYN_RS12515 and SYN_RS12520 gene products) 

and a membrane-bound iron sulfur oxidoreductase (Fes) (SYN_RS12510 gene product) 

were highly abundant in the proteome under all growth conditions and probably serve as the 

membrane input module for electrons derived from the oxidation of acyl-CoA intermediates 

(Fig. 3; Datasets 1, 2, 3 and 4). Two membrane-bound formate dehydrogenases (FdhA1B1 

and FdhA3B3) were also detected (Fig. 3; Table S7; Dataset 4).
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Reduced ferredoxin required for benzoyl-CoA reduction (Kung et al., 2009) may be 

generated by a membrane-bound NADH:ferredoxin oxidoreductase called Rnf (Biegel and 

Müller, 2010). Shotgun proteomic analyses detected two Rnf subunits (RnfC and RnfG) 

under all growth conditions (Fig. 2). RnfA, RnfC and RnfG were also detected in 2-D gels 

from crotonate-grown cells as well as in BN gels (Fig. 2; Datasets 3 and 4). NADH 

reoxidation can occur by a NADH-dependent formate dehydrogenase (FdhA4B4) and a 

NADH-dependent hydrogenase (HydAB), whose peptides were abundant in the proteome 

under all growth conditions (Fig. 3). Another NADH-linked formate dehydrogenase 

(FdhA2) was detected under all growth conditions, but at low levels (Fig. 3).

Two membrane-bound pyrophosphates, HppA1 and HppA2 were detected in the proteome 

under all growth conditions (Fig. 2). Their membrane location was confirmed by detection in 

blue native gels from cells grown in pure culture and in coculture on crotonate. The 

chemiosmotic gradient needed for pyrophosphate synthesis and reverse electron transfer can 

be formed by the activity of glutaconyl-CoA decarboxylase discussed above (Fig. 2). In 

addition, S. aciditrophicus has genes for two ATP synthases (atp1 and atp2), which could 

generate a chemiosmotic potential by ATP hydrolysis (McInerney et al., 2007). Shotgun 

proteomic and 2-D gel analyses detected seven subunits of Atp1 whose peptides were 

abundant under all growth conditions while peptides for six subunits were detected in BN 

gels. Peptides from subunits of the Atp2 complex were not detected (Fig. 2).

Reversibility of the pathway.

Isotopomer analysis showed that 13C-atoms from 1-[13C]-acetate were detected in crotonate, 

benzoate, and cyclohexane-1-carboxylate during growth of S. aciditrophicus on these 

individual substrates (Table 2). The incorporation of [13C]-carbon from acetate into 

substrates during their degradation shows that the enzyme reactions involved in these 

pathways are reversible.

Discussion

S. aciditrophicus has an interesting physiology in that it degrades benzoate and 

cyclohexane-1-carboxylate to acetate, and synthesizes benzoate and cyclohexane-1-

carboxylate from crotonate (Elshahed et al., 2001; Elshahed and McInerney, 2001; Mouttaki 

et al., 2007, 2008). The synthesis of benzoate and cyclohexane-1-carboxylate from crotonate 

and/or acetate (Mouttaki et al., 2007) is unconventional, as cyclohexane-1-carboxylate 

formation was thought to occur only by the dehydration and reduction of shikimate, the 

classic precursor used to form aromatic amino acids (McInerney et al., 2009). However, 

proteomic analyses showed that the same enzymes (Fig. 1 and 2) are used to convert 

cyclohex-1,5-diene-1-carboxyl-CoA to acetyl-CoA under all tested growth conditions. 13C-

Labeling studies show that 1, 2, or 3 13C-atoms from 1-[13C]-acetate were found in TMS 

derivatives of benzoate and cyclohexane-1-carboxylate during growth on crotonate and 1-

[13C]-acetate (Table 2), consistent with the reversibility of the pathway. While the protein 

levels varied somewhat, there was no appreciable modulation of protein levels with 

exception of the three branch pathway reactions leading from cyclohexane-1-carboxylate. 

BamR, BamQ, and BamA, which catalyze the conversion of cyclohex-1,5-diene-1-carboxyl-
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CoA to 3-hydroxypimelyl-CoA via a 6-substituted cyclohex-1-ene-1-carboxyl-CoA 

intermediate, were among the most abundant proteins in the proteome (Fig. 1). Based on its 

high abundance in the proteome, BamA is the likely candidate to catalyze ring formation 

when making benzoate and cyclohexane-1-carboxylate from crotonate and acetate (Fig. 1). 

However, purified recombinant BamA from S. aciditrophicus did not form 6-oxocyclohex-1-

ene-1-carboxyl-CoA from pimelyl-CoA or 3-hydroxypimeplyl-CoA (Kuntze et al., 2008). It 

may be that the in vivo conditions needed for 6-oxocyclohex-1-ene-1-carboxyl-CoA 

formation were not replicated in vitro or that another enzyme is involved in ring formation. 

Our proteomic and enzymatic analyses show that benzoate and cyclohexane-1-carboxylate 

degradation and synthesis likely proceed via a 6-substituted cyclohex-1-ene-1-carboxyl-CoA 

intermediate by using the same enzymes in a reversible manner.

The current bioenergetic model for energy conservation in S. aciditrophicus involves the 

unique synthesis of ATP by an AMP-forming, acetyl-CoA synthetase (Acs1) (James et al., 

2016) (Fig. 4). It was thought that Buk1 and Buk2 might function as acetate kinases to make 

ATP (McInerney et al., 2007) but, Buk1 and Buk2 had butyrate kinase activity not acetate 

kinase activity (Table S6). Substrate activation in S. aciditrophicus occurs by pyrophosphate-

forming ligases (Table 1). As more acetyl-CoA is formed during substrate degradation than 

the amount of pyrophosphate formed in substrate activation, another source of 

pyrophosphate is needed. Membrane-bound pyrophosphatases (Schöcke and Schink, 1998; 

Biegel and Müller, 2011) were detected in the proteome (Fig. 3), which could synthesize the 

additional pyrophosphate. The chemiosmotic gradient needed for pyrophosphate synthesis 

can be formed by a sodium-dependent ATP synthase (Atp1) or glutaconyl-CoA 

decarboxylase (Fig. 2 and 3). Syntrophus gentianae has membrane-bound pyrophosphatases 

that catalyze ATP-dependent synthesis of pyrophosphate (Schöcke and Schink, 1998). It 

should be noted that S. aciditrophicus lacks soluble pyrophosphatases (McInerney et al., 

2007) (James et al., 2016). Thus, the pyrophosphate formed during substrate activation or by 

membrane-bound pyrophosphatases is available for use by Acs1 rather than being rapidly 

cleaved if soluble pyrophosphatases were present.

The formation of hydrogen or formate from electrons released in the oxidation of acyl-CoA 

intermediates generated during syntrophic fatty and aromatic acid metabolism is a defining 

feature of syntrophic metabolism (Sieber et al., 2012; Sieber et al., 2014; Sieber et al., 

2015). Proteomic analysis identified a protein conduit of electron flow from butyryl-CoA to 

hydrogen or formate in the syntrophic butyrate-degrading Syntrophomonas wolfei involving 

acyl-CoA dehydrogenase, EtfA2B2, Fes, and a membrane-bound hydrogenase or formate 

dehydrogenase (Schmidt et al., 2013; Sieber et al., 2014; Sieber et al., 2015). We found a 

similar protein conduit of electron flow in S. aciditrophicus (Fig. 3). Thus, there is an 

emerging, unifying model for syntrophic reverse electron transfer that involves a quinone 

loop where Fes acts to receive electrons from acyl-CoA dehydrogenases via EtfAB and 

subsequently reduces menaquinone to menaquinol (Schmidt et al., 2013; Sieber et al., 2014; 

Sieber et al., 2015; Crable et al., 2016) (Fig. 3). The reliance on formate production for 

reverse electron transfer in S. aciditrophicus is supported by the fact that formate 

dehydrogenase inhibitors blocked syntrophic benzoate and cyclohexane-1-carboxylate 

degradation by cocultures of S. aciditrophicus and M. hungatei (Sieber et al., 2014).
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Multiple approaches show that S. aciditrophicus uses a single reversible core set of enzymes 

for the degradation of its substrates and for benzoate and cyclohexane-1-carboxylate 

synthesis (Fig. 1 and 2) (Table 2), as was suggested for two syntrophic acetate oxidizers, 

strain AOR and Thermacetogenium phaeum (Lee and Zinder, 1988b, a; Hattori et al., 2005). 

Reversibility suggests that the enzyme reactions operate at near-equilibrium conditions as 

expected from catabolic reactions that operate close to thermodynamic equilibrium (∆G ~ 

−10 to −30 kJ/mol) (Schink and Friedrich, 1994; Jackson and McInerney, 2002; Hoehler et 

al., 2018). The low free energy changes associated with syntrophic metabolism suggest that 

their pathways lack strongly irreversible reactions, i.e., those that are associated with large 

negative free energy changes. In support of this concept, S. aciditrophicus uses a) a 

reversible reaction for ATP synthesis from acetyl-CoA (acetyl-CoA synthetase rather than 

phosphate acetyl transferase and acetate kinase) (James et al., 2016); b) an ATP-

independent, benzoyl-CoA reductase that catalyzes both the rearomatization of 

cyclohex-1,5-diene-1-carboxyl-CoA and dearomatization of benzoyl-CoA (Löffler et al., 

2011; Kung et al., 2014); and c) a reversible glutaconyl-CoA decarboxylase that catalyzes 

both the decarboxylation of glutaconyl-CoA and carboxylation of crotonyl-CoA (Dimroth 

and Hilpert, 1984; Beatrix et al., 1990; Schöcke and Schink, 1999) (Fig. 1, 2 and 4). Thus, 

syntrophic metabolizers are highly dependent on their environment, as their metabolic pools 

would be very susceptible to environmental perturbations. The ability of S. aciditrophicus to 

reverse its biochemical pathway from substrate to product and vice versa using the same 

enzyme machinery is a remarkable strategy for energy conservation and provides a model to 

understand how microorganisms evolve and persist under thermodynamic constraints.

Materials and Methods

Cultivation of Syntrophus aciditrophicus.

S. aciditrophicus strain SB (DSM 26646) was grown anaerobically in pure culture on 20 

mM crotonate and in coculture with M. hungatei JF1 (ATCC 27890) on 20 mM crotonate, 

10 mM benzoate, or 10 mM cyclohexane-1-carboxylate in basal medium without rumen 

fluid (Elshahed et al., 2001). The Wolin’s metal solution was modified to include Na2MoO4 

• 2H2O (0.01g/L), Na2SeO4 (0.01g/L) and Na2WO4 • 2H2O (0.01g/L) (Sieber et al., 2014; 

Sieber et al., 2015). Stock solutions of the modified Wolin’s trace metals and Balch vitamins 

were added at a volume of 5 ml•l−1 and 10 ml•l−1, respectively (Sieber et al., 2014). The 

headspace was pressurized to 27.5 kPa with N2/CO2 (80:20 v/v) (Balch and Wolfe, 1976). 

Cultivation was conducted at 37°C without shaking. All cultures were transferred at least 

three times in the same medium prior to use in proteomic analyses. All cultures were 

examined microscopically and checked for contamination using thioglycollate medium. 

Culture manipulations were performed in the anaerobic chamber and all centrifuge steps 

were done with sealed, anoxic, centrifuge tubes (Balch and Wolfe, 1976). Escherichia coli 
strains BL21, TOP10, and JW2293 were grown in Luria-Bertani (LB) medium with 100 

µg/ml of ampicillin, 50 µg/ml of carbenicillin, and 50 µg/ml of kanamycin.

Cell harvesting, separation, and extract preparation.

Cultures were harvested by centrifugation, washed in anoxic phosphate buffer, and the 

pellets were stored at −80 °C. S. aciditrophicus grown in coculture was separated from M. 
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hungatei cells using a Percoll gradient as previously described (Sieber et al., 2014). Cell-free 

extracts and membrane and soluble fractions were prepared as previously described (Sieber 

et al., 2014).

Proteomic analyses.

S. aciditrophicus pure cultures and cocultures grown in duplicate 500-ml Schott bottles 

(triplicate for crotonate cocultures) with 250 ml of medium were used for whole-cell 

proteomic analysis. Washed cell pellets were digested with trypsin in solution with 

deoxycholate present, in accordance with the enhanced Filter Assisted Sample Prepartion 

(eFASP) method (Erde et al., 2014). Tryptic digests were analyzed by shotgun LC-MSE 

analysis or fractionated by hydrophilic interaction chromatography (HILIC) prior to LC-

MSE analysis (James et al., 2016). Data were searched with ProteinLynx Global Server 

v3.0.2 (PLGS, Waters) embedded inside Progenesis QI software v2 (Nonlinear Dynamics, 

Waters). Proteins were quantified based on the top 3 most abundant unique peptides. The 

Waters Expression Informatics component of the PLGS software was utilized to quantify 

data using glycogen phosphorylase B (Uniprot accession P00489) as the quantification 

reference (Silva et al., 2005; Hughes et al., 2006; Silva et al., 2006).

Alternatively, peptides from eFASP processing were separated on an EASY-Spray column 

(25 cm × 75 µm ID, PepMap RSLC C18, 2 µm, Thermo Scientific) connected to an EASY-

nLC 1000 nUPLC (Thermo Scientific) using a gradient of 5 – 35% acetonitrile in 0.1% 

formic acid, and a flow rate of 300 nl • min−1 (total time 90 minutes). Tandem mass spectra 

were acquired in a data-dependent manner with an Orbitrap Q Exactive mass spectrometer 

(Thermo Fisher Scientific) interfaced to a nanoelectrospray ionization source. The raw 

MS/MS data were converted into MGF format by Thermo Proteome Discoverer 1.4 (Thermo 

Scientific) and searched with Mascot version 2.5 (Matrix Science, Boston, MA). 

Carbamidomethylation on cysteine and methionine oxidation were specified as variable 

modifications. The search allowed for up to two missed cleavages and employed a precursor 

mass tolerance of ±5 ppm and a product mass tolerance of ±0.01 Da. Quantification was 

based on the three most intense peptides.

Duplicate pure cultures of S. aciditrophicus grown in 250 ml of 20 mM crotonate medium in 

500-ml Schott bottles were used for proteomic analysis after 2-dimensional polyacrylamide 

gel electrophoresis (2-D PAGE) (see Supplemental Information). For blue-native 

polyacrylamide gel electrophoresis (BN-PAGE), one-liter of sterile medium in a 2-L Schott 

bottle was inoculated with 200 ml of the respective culture. BN-PAGE, tryptic digestion of 

protein bands, and peptide sequencing and analysis were conducted as previously described 

(Crable et al., 2016).

13C-acetate labeling.

S. aciditrophicus was grown in pure culture on crotonate and in coculture with M. hungatei 
on benzoate or cyclohexane-1-carboxylate in 500-ml Schott bottles with 300-ml of medium. 

At mid-log phase, three cultures were amended with 1 mM sodium acetate-1-13C 

(Cambridge Isotope Laboratories, Inc., Andover, MA) and one culture was amended with 

unlabeled sodium acetate. Controls included uninoculated medium amended with each 
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labeled substrate. Fifty-ml samples were withdrawn with time after the addition of acetate. 

The pH of each sample was brought to 12 N with 1 N NaOH, and then acidified to a pH less 

than 2 with 12 N HCl (Elshahed et al., 2001). Each culture was extracted with 20 ml of ethyl 

acetate three times; the ethyl acetate extracts were pooled, filtered through anhydrous 

sodium sulfate, and concentrated by rotary evaporation at 65°C to 2 ml (Elshahed et al., 

2001). The extracted samples were then dried under a stream of nitrogen gas and 

resuspended in 250 µl of ethyl acetate (Elshahed et al., 2001). The ethyl-extracted samples 

were derivatized by the addition of 50 µl N,O-bis-(trimethylsilyl)trifluoroacetamide (Pierce 

Chemicals, Rockford, IL) at 70°C for 10 minutes and analyzed by gas chromatography-mass 

spectrometry (Elshahed et al., 2001; Mouttaki et al., 2007).

Enzyme assays.

6-hydroxycyclohex-1-ene-1-carboxyl-CoA dehydrogenase activity was measured with a 

continuous assay at 30°C in a 1-cm cuvette containing 200 mM 3-N-morpholino-

propanesulfonic acid (MOPS) (pH 7.5), 15 mM MgCl2, 1 mM nicotinamide adenine 

dinucleotide (NAD+), and 1–5 µg per ml enzyme. The reaction was started by the addition of 

200 μM 6-hydroxycyclohex-1-ene-1-carboxyl-CoA. NADH formation was monitored at 365 

nm (Δε365=3,400 M−1 cm−1). Enzyme assays for 2-hydroxycyclohexanecarboxyl-CoA 

oxidation and 2-oxo-cyclohexanecarboxyl-CoA reduction were carried out as described 

previously (Pelletier and Harwood, 2000).

Ligase activities were measured by tracking AMP formation with its conversion to ADP via 

myokinase and the subsequent oxidation of NADH with the coupling enzymes pyruvate 

kinase and lactate dehydrogenase (Auburger and Winter, 1992; Schuhle et al., 2003; James 

et al., 2016). The oxidation of NADH was measured spectrophotometrically at 340 nm (ε = 

6220 M−1 cm−1) (McComb et al., 1976). The reaction was started by the addition of the acid 

substrate.

Kinase activity was determined by measuring the formation of the hydroxamate (Bowman et 

al., 1976). The assay mixture contained: 50 mM Tris (pH 8.3), 10 mM MgCl2, 500 mM 

hydroxylamine (pH 7), 10 mM nucleotide triphosphate (ATP, GTP, or CTP), and 20 mM of 

either potassium acetate or sodium butyrate. The reaction was stopped after 20 minutes of 

incubation at 37°C by the addition of ferric reagent (10% iron (III) chloride, 3% 

trichloroacetic acid, in 0.7 N hydrochloric acid) and set at room temperature for 15 minutes. 

The reaction mixture was centrifuged for 5 min at 13,000 x g and the absorbance was 

measured at 535 nm. The molar extinction coefficient for acetyl hydroxamate under the 

assay conditions was 594 M−1 cm-1.

Enzyme activities were linear with time and proportional to protein concentration. Controls 

included the deletion of each substrate and the cell-free extract, and the use of heat-treated 

extracts. All assays were performed at 37°C. Assay buffers were transferred to 1-cm cuvettes 

and warmed to 37°C in water bath prior to addition of reagents.

Purification of ligase activity from extracts.

Benzoate:CoA-ligase activity was purified from cell-free extracts obtained from crotonate-

grown S. aciditrophicus cells using a combination of 45% ammonium sulfate fractionation, 
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anion chromatography, and hydroxyapatite chromatography (see Supplemental Information). 

Crotonate:CoA ligase activity was partially purified using the methods for purification of 

benzoate:CoA ligase with the exception of the hydroxyapatite fractionation and following 

activity with crotonate (see Supplemental Information). Kinetic parameters were determined 

and coenzyme A substrates were synthesized as described in Supplemental Information.

Expression of S. aciditrophicus genes.

The genes SYN_RS14210 (putative 6-oxocyclohex-1-ene-1-carboxyl-CoA dehydrogenase) 

(bamQ) and SYN_RS03335 (putative long chain fatty acid CoA ligase), and SYN_RS03815 

(bcl1) and SYN_RS03820 (bcl2) (both putative 4-hydroxybenzoate-CoA ligase/benzoate 

CoA ligases) were cloned and overexpressed in E. coli BL21 using the Champion™ pET101 

Directional TOPO® Expression Kit (Invitrogen). The recombinantly produced proteins were 

purified and characterized as described in Supplemental Information. Genes SYN_RS09865 

(buk1) and SYN_RS11570 (buk2), annotated as butyrate kinases, were cloned into an 

acetate kinase mutant of Escherichia coli as described in Supplemental Information.

Analytical procedures.

Crotonate, benzoate and cyclohexane-1-carboxylate were measured by high performance 

liquid chromatography as previously described (Sieber et al., 2014). Except for 2-D PAGE 

analyses, the protein concentration was determined by the Bradford assay using Coomassie 

Plus Protein Assay Reagent (ThermoFisher Scientific) with bovine serum albumin as the 

standard. For 2-D PAGE analyses, the protein concentration was estimated by using a 

commercial Non-interfering Protein Assay (Geno Technology, Inc., St. Louis, MO, USA) 

and bovine serum albumin as standard.

Data availability.

S. aciditrophicus whole-cell quantitative proteomic data are available at the PRIDE 

proteomics data repository (http://www.ebi.ac.uk/pride/archive/) with the dataset identifier 

PXD004638. 2-D PAGE proteomic data are available at the Japan ProteOme Standard 

Repository (jPOSTrepo, https://repository.jpostdb.org/) with the identifiers JPST000497 and 

ProteomicXChangeidentifier PXD011100. BN-PAGE proteomics data have been deposited 

in jPOSTrepo with the identifiers JPST000498 and ProteomicXChangeidentifier 

PXD011101. Protein identifications were made using the S. aciditrophicus genome in 

GenBank (accession number CP000252) and a RefSeq version of this genome (accession 

number NC_007759). Dataset 5 provides equivalencies between our original gene 

identifications (GeneBank accession number CP000252) (McInerney et al., 2007) and a 

more recent RefSeq version of the genome (accession number of NC_007759).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Originality-Significance Statement

How microorganisms grow using catabolic reactions that operate close to thermodynamic 

equilibrium is not well understood. The model syntrophic metabolizer, Syntrophus 
aciditrophicus, uses the same enzymes in a reversible manner to degrade but also to make 

aromatic and alicyclic compounds. Reversibility means that the core reactions operate at 

near-equilibrium conditions as expected from catabolic reactions that are close to 

thermodynamic equilibrium. Reversibility also means that the metabolic pools of 

syntrophic metabolizers are susceptible to environmental perturbations, which is 

consistent with the observed inhibition of syntrophic metabolism by the accumulation of 

their end products of metabolism, acetate, hydrogen and formate. Energy is conserved by 

the unique synthesis of ATP by an AMP-forming, acetyl-CoA synthetase using 

pyrophosphate made from substrate activation and by membrane-bound 

pyrophosphatases. Proteomic analyses identified the protein machinery needed to 

catalyze the energetically difficult step of making formate from high potential electrons 

generated from acyl-CoA oxidation. The ability of S. aciditrophicus to reverse its 

biochemical pathway from substrate to product and vice versa using the same enzyme 

machinery is a remarkable strategy for energy conservation and provides a model to 

understand how microorganisms evolve and persist under thermodynamic constraints.
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Figure 1. Summary of substrate utilization pathways operative in S. aciditrophicus.
Peptide abundance of proteins is indicated in histograms as the percentage of the total 

peptides detected in S. aciditrophicus grown: in pure culture on crotonate (white) (duplicate 

cultures), in coculture on crotonate (green) (triplicate cultures), in coculture on benzoate 

(red) (duplicate cultures), and in coculture on cyclohexane-1-carboxylate (yellow) (duplicate 

cultures) (see box in figure). Error bars show the standard deviation when it was larger than 

the width of the horizontal capping bar. A plus sign indicates that the polypeptide was 

detected by proteomic analysis of 2-dimensional gel spots with S. aciditrophicus cells grown 
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in pure culture on crotonate (duplicates). Asterisk underneath the histogram bars indicates 

that the polypeptide was detected in blue native gels with membranes from S. aciditrophicus 
cells grown under that growth condition (single culture for each condition). Gene locus tags 

of the RefSeq version of the genome (accession number, NC_007759) are listed under each 

gene product. For reactions with multiple locus tags, the arrow indicates to which locus tag 

the histogram corresponds.

James et al. Page 19

Environ Microbiol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Membrane proteins involved in formation and use of ion gradients. Peptide abundance of 

proteins is indicated in histograms as the percentage of the total peptides detected in S. 
aciditrophicus grown: in pure culture on crotonate (white) (duplicates), in coculture on 

crotonate (green) (triplicates), in coculture on benzoate (red) (duplicates), and in coculture 

on cyclohexane-1-carboxylate (yellow) (duplicates) (see box in figure). Error bars show the 

standard deviation when it was larger than the width of the horizontal capping bar. A plus 

sign indicates that the polypeptide was detected by proteomic analysis of 2-dimensional gel 
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spots with S. aciditrophicus cells grown in pure culture on crotonate (duplicates). Asterisk 

underneath the histogram bars indicates that the polypeptide was detected in blue native gels 

with membranes from S. aciditrophicus cells grown under that growth condition (single 

culture for each condition). Gene locus tags of the RefSeq version of the genome (accession 

number, NC_007759) are listed by each gene product.
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Figure 3. 
Proteins involved in electron transfer and formate and hydrogen production in S. 
aciditrophicus. Peptide abundance of proteins is indicated in histograms as the percentage of 

the total peptides detected in S. aciditrophicus grown: in pure culture on crotonate (white) 

(duplicates), in coculture on crotonate (green) (triplicates), in coculture on benzoate (red) 

(duplicates), and in coculture on cyclohexane-1-carboxylate (yellow) (duplicates) (see box in 

figure). Error bars show the standard deviation when it was larger than the width of the 

horizontal capping bar. A plus sign indicates that the polypeptide was detected by proteomic 
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analysis of 2-dimensional gel spots with S. aciditrophicus cells grown in pure culture on 

crotonate (duplicates). Asterisk underneath the histogram bars indicates that the polypeptide 

was detected in blue native gels with membranes from S. aciditrophicus cells grown under 

that growth condition (single culture for each condition). Gene locus tags of the RefSeq 

version of the genome (accession number, NC_007759) are listed by each gene product.
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Figure 4. 
Bioenergetic model for pyrophosphate cycling and ATP synthesis by Acs1 in S. 
aciditrophicus.
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