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The ancient reductive acetyl-CoA pathway is employed by aceto-
genic bacteria to form acetate from inorganic energy sources.
Since the central pathway does not gain net ATP by substrate-level
phosphorylation, chemolithoautotrophic growth relies on the addi-
tional formation of ATP via a chemiosmotic mechanism. Genome
analyses indicated that some acetogens only have an energy-converting,
ion-translocating hydrogenase (Ech) as a potential respiratory enzyme.
Although the Ech-encoding genes are widely distributed in nature,
the proposed function of Ech as an ion-translocating chemiosmotic
coupling site has neither been demonstrated in bacteria nor has it
been demonstrated that it can be the only energetic coupling sites
in microorganisms that depend on a chemiosmotic mechanism for
energy conservation. Here, we show that the Ech complex of the
thermophilic acetogenic bacterium Thermoanaerobacter kivui is
indeed a respiratory enzyme. Experiments with resting cells prepared
from T. kivui cultures grown on carbon monoxide (CO) revealed CO
oxidation coupled to H2 formation and the generation of a trans-
membrane electrochemical ion gradient (Δ~μion). Inverted membrane
vesicles (IMVs) prepared from CO-grown cells also produced H2 and
ATP from CO (via a loosely attached CO dehydrogenase) or a chemical
reductant. Finally, we show that Ech activity led to the translocation
of both H+ and Na+ across themembrane of the IMVs. The H+ gradient
was then used by the ATP synthase for energy conservation. These
data demonstrate that the energy-converting hydrogenase in concert
with an ATP synthase may be the simplest form of respiration; it com-
bines carbon dioxide fixation with the synthesis of ATP in an ancient
pathway.
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The pioneer organism in a primordial world was probably a
chemolithoautotrophic thermophilic anaerobe that employed

the reductive acetyl-CoA pathway (1, 2). This pathway is also
called Wood–Ljungdahl pathway (WLP), in dedication to its
discoverers, and encompasses CO2 fixation to acetyl CoA, CO2

assimilation into biomass, and energy conservation (3, 4). The
WLP has prevailed in three groups of strictly anaerobic organ-
isms: methanogenic archaea, sulfate reducing bacteria, and
acetogenic bacteria.
Acetogenic bacteria are ubiquitous in nature and occupy an in-

creasingly important role in biotechnological and industrial applica-
tions (5–8). They can grow heterotrophically on, for example, sugars,
alcohols, and aldehydes but also chemolithoautotrophically on
hydrogen plus carbon dioxide or on carbon monoxide (3, 9–11).
Lithotrophic metabolism involves reduction of two mol CO2 to
acetate with electrons derived from H2 according to:

4H2 + 2CO2 → 1CH3COOH+ 2H2O  ðΔG0′  =−95  kJ=molÞ.
[1]

One molecule of CO2 is reduced to formate, the formate is then
bound in an ATP-dependent reaction to formyl-tetrahydrofolate

(THF), followed by a reduction of the formyl group to a meth-
enyl group via methenyl-THF and methylene-THF (12–15). A
second molecule of CO2 is reduced by the CO dehydrogenase/
acetyl CoA synthase (CODH/Acs) to enzyme-bound CO that
combines with the methyl group and CoA on the CODH/Acs
to acetyl-CoA (12, 16). Acetyl-CoA is then converted via acetyl
phosphate to acetate and ATP.
CO metabolism follows the same principle but involves oxi-

dation of CO to CO2 according to:

4CO+ 4H2O→ 4CO2 + 4H2ðΔG0′  =−20  kJ=molÞ. [2]

In sum, CO is oxidized to acetate according to:

4CO+ 2H2O→ 1CH3COOH+ 2CO2ðΔG0′  =−165.6  kJ=molÞ.
[3]

The net yield of ATP by substrate level phosphorylation (SLP) is
zero, but since the bacteria do grow under lithotrophic condi-
tions, additional ATP synthesis must occur by a chemiosmotic
mechanism (11).
How the WLP can be coupled to the synthesis of ATP has

been solved only recently for a mesophilic acetogen. Aceto-
bacterium woodii, which grows optimally at 30 °C, has a simple
respiratory chain consisting of a ferredoxin-oxidizing, NAD-
reducing respiratory enzyme encoded by the rnf genes and an
ATP synthase that are connected by a sodium ion circuit across
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the cytoplasmic membrane (17, 18): The Rnf complex uses redox
energy to generate a transmembrane electrochemical Na+ gra-
dient across the cytoplasmic membrane that then drives ATP
synthesis by a Na+ F1FO ATP synthase. rnf genes are not present
in every acetogen and, thus, a second mode of energy conser-
vation must exist in acetogenic bacteria. Interestingly, inspection
of genome sequences led to the detection of genes encoding
energy-converting, possibly ion-translocating, membrane-bound
hydrogenases (Ech) in Rnf-free acetogens, leading to the pos-
tulate that in these acetogens Rnf is replaced by Ech (15).
Ech belongs to the group 4 [NiFe] hydrogenases (respiratory

hydrogenases), which comprise a very diverse and still largely
enigmatic group of H2-evolving, possibly ion-translocating,
energy-conserving membrane-associated hydrogenases (19, 20).
The first described complex of this kind was the formate-
hydrogen lyase (FHL), discovered in the most common micro-
bial model organism Escherichia coli (21). To date, however,
FHL complexes have never been demonstrated to translocate
ions across the cytoplasmic membrane in bacteria. More complex
Ech complexes with 6 to 14 subunits are present in archaea, and
evidence has been presented for ion transport for the enzymes
from Methanosarcina, Pyrococcus, and Thermococcus (22–24).
The six-subunit complex as found in the methanogen Meth-
anosarcina mazei is H+-translocating and the first enzyme in a
chain of respiratory enzymes. The 14-subunit complex of Pyro-
coccus was described as proton translocating, but the recent
high-resolution cryo-EM structure revealed a row of potential
Na+/H+ antiporter modules leading to the assumption that the
enzyme translocates both H+ and Na+ (25). Indeed, simulta-
neous transport of both H+ and Na+ has been experimentally
demonstrated for the related enzyme from Thermococcus (24).
However, in none of these examples is Ech the only coupling site
or not even the predominant mode of energy conservation.
The thermophilic acetogenic bacterium Thermoanaerobacter

kivui does not have rnf genes but two ech gene clusters and no
other possible respiratory enzyme (26). It can grow lithotrophi-
cally on H2+CO2 (27) and has been adapted to grow on CO or
CO+CO2 or syngas (CO+H2+CO2) (28). The scope of this work
was to analyze whether Ech is indeed the respiratory enzyme of
T. kivui.

Results
Energetics of CO Oxidation. To address whether CO oxidation is
coupled to the formation of H2 and ATP, T. kivui cells were

grown on CO or glucose, and resting cells were prepared. After
addition of CO, glucose-grown cells produced only little H2, whereas
CO-grown cells produced H2 at a rate of 584 ± 3 nmol·min−1·mg−1

protein (n = 2, SD) (Fig. 1A), indicating that the ability to oxidize
CO was induced during growth on CO. Concomitant with H2
formation, the intracellular ATP content increased (Fig. 1B). ATP
synthesis depended on an energized membrane as evident from the
inhibition by the protonophore 3,3′,4′,5-tetrachlorosalicylanilide
(TCS) or sodium ionophore N,N,N′,N′-tetracyclohexyl-1,2-
phenylenedioxydiacetamide (ETH2120) and NaCl (SI Appendix,
Fig. S1). To address whether CO oxidation is coupled to the
generation of an electrical field across the membrane (due to ion
translocation), we tested the effect of ionophores on electron
transport (H2 formation). The protonophore TCS or the sodium
ionophore ETH2120 and NaCl (Fig. 1C) both stimulated H2
formation [84 ± 30% or 69 ± 2% (n = 2, SD), respectively]. This
is reminiscent of “respiratory control” as observed in mitochon-
dria: Charge translocation leads to the build-up of an electrical
field that slows down further electron transport; disruption of the
electrical field then stimulates electron transport. Thus, the ex-
periments described above are consistent with the hypothesis that
H2 formation from CO in T. kivui is coupled to the generation of a
transmembrane electrochemical ion gradient.
To investigate whether Na+ might be the chemiosmotic coupling

ion, we analyzed the effect of Na+ on H2 evolution from CO. H2
formation from CO was already quite high at the lowest (con-
taminating) Na+ concentration (90 μM), and addition of NaCl
(0.25–10 mM) only slightly increased H2 formation (SI Appendix,
Fig. S2). KCl did not stimulate H2 formation. Na+ stimulation was
highest at the lowest pH (SI Appendix, Fig. S3). This coincides with
the increasing H2 evolution rate from CO at decreasing pH (due to
higher substrate availability; SI Appendix, Fig. S4).

Preparation of Intact Inverted Membrane Vesicles of T. kivui. To
assess ion translocation coupled to H2 evolution on a subcellular
level, we established a procedure to prepare energetically intact
inverted membrane vesicles (IMVs) from T. kivui. IMVs were
prepared under strictly anoxic conditions from CO-grown cells
by a gentle cell disruption in a French Press cell. To test the
membrane integrity of the IMVs, an artificial H+ gradient was
established across the membrane of the IMVs and it was analyzed
whether IMVs could hold such an artificial pH gradient. There-
fore, they were loaded with ammonium chloride and subsequently
diluted in a fluorescence cell containing ammonium-free buffer

Fig. 1. Energetics of CO oxidation in T. kivui. (A) Resting cells (1 mg/mL) pregrown on CO (red) produced H2 from CO but not glucose-pregrown cells (green).
(B) Resting cells (1 mg/mL) pregrown on CO (red) produced ATP from CO but not glucose-pregrown cells (green). (C) H2 evolution from CO by resting cells
(0.5 mg/mL) pregrown on CO was stimulated when preincubated with 30 μM protonophore TCS (blue) or 30 μM sodium ionophore ETH2120 and 5 mM NaCl
(red), but not in the absence of ionophore (black) or in the presence of ethanolic solvent alone (gray).
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and the fluorescent dye 9-amino-6-chloro-2-methoxyacridine (ACMA).
The dilution leads to the dissociation of NH4Cl into NH3 and H+.
The ammonia diffuses across the membrane, whereas H+ are
retained, leading to an acidification within the vesicle (ΔpH) that
is detected as a quenching of the fluorescence of ACMA. The
quenching was indeed observed, and the pH gradient was stable
for 5 min (SI Appendix, Fig. S5A). The pH gradient could be
partially dissipated by the addition of protonophore TCS (SI
Appendix, Fig. S5B) and fully dissipated upon addition of the
membrane-perforating 1-butanol (SI Appendix, Fig. S5C). Thus,
the procedure led to energetically intact IMVs.

IMVs Exhibit Ech Activity. First, we had to determine whether
IMVs retained the respiratory enzyme during preparation. To
ensure that soluble proteins (particularly soluble hydrogenases)
were removed from the vesicles, one-time washed IMVs
(= washed IMVs) were used for all measurements, unless indicated
otherwise. Washed IMVs were incubated in vesicle buffer and
CO was added. Indeed, hydrogen was produced, demonstrating
the presence of Ech at the membrane (SI Appendix, Fig. S6).
Since ferredoxin may be used as an electron carrier between CO
dehydrogenase and Ech, we analyzed the effect of ferredoxin (0–
50 μM; purified from Clostridium pasteurianum as described in
ref. 29) on the H2 formation rate and the amount of H2 pro-
duced. Hydrogen formation rate and the amount of hydrogen
produced increased with increasing ferredoxin concentrations
and were highest at 50 μM (rate: 100 ± 5%, final H2 evolved:
100%) and lowest without additional ferredoxin (rate: 37 ± 3%,
final H2 evolved: 31%). Hence, assays analyzing H2 evolution
from CO were routinely supplemented with 30 μM ferredoxin.
With this assay, washed IMVs usually evolved H2 at 100–
700 nmol·min−1·mg−1 protein from CO, depending on the prep-
aration. The chemical reductants sodium dithionite (NaDt) or
titanium (III) citrate (Ti3+) could replace CO as reductant.
IMVs (200 μg/mL) incubated in buffer supplemented with NaDt
(1.5 mM) as reductant evolved H2 at 301 ± 16 nmol·min−1·mg−1

protein (n = 2, SD). The H2 evolution rate increased threefold
with additional ferredoxin (30 μM) to 889 ± 127 nmol·min−1·mg−1

protein (final H2 evolved without or with ferredoxin 4.5 or 12 μmol/mg
protein). Ferredoxin did not stimulate H2 evolution with Ti3+ as
reductant. Hence, electron transfer from CO or NaDt to H+

proceeds via ferredoxin, a redox reaction characteristic for the
Ech complex.
To consolidate that the H2-forming activity is indeed anchored

in the membrane as anticipated for Ech, we washed the vesicles
multiple times and measured the total H2 formation activity
(Utot). Protein preparations (200 μg/mL) were incubated in assay
buffer containing ferredoxin (30 μM) and energized with CO
(flushing) or NaDt (1.5 mM). The unwashed IMVs possessed a
Utot of 2.3 ± 0.3 and 6.0 ± 0.3 Utot with NaDt and CO as re-
ductant, respectively. IMVs washed once resulted in a loss of Utot
with CO as reductant (but not NaDt). IMVs washed twice still
possessed 95 ± 3% Utot, but only 10 ± 1% Utot with NaDt and
CO as reductant, respectively. The supernatant fractions did not
exhibit H2 formation. These experiments demonstrated a rather
stable anchorage of the H2-evolving Ech complex and an only
loose attachment of the CODH to the membrane.

Ech Activity Leads to the Establishment of a Chemiosmotic Gradient
Composed of both H+ and Na+. To test whether Ech activity is
coupled to the generation of an electrical potential across the
vesicle membrane, washed IMVs were incubated in assay buffer
in the presence of the potassium ionophore valinomycin and KCl
that disrupt electrical fields. Ech activity was stimulated by 43%
with a H2 evolution rate from CO of 139.9 ± 9.8 compared with
96.8 ± 6.5 nmol·min−1·mg−1 protein in a solvent control assay
(Fig. 2A), demonstrating respiratory control. The sodium iono-
phore ETH2120 stimulated by 30%, whereas the protonophore

TCS had no significant stimulatory effect (Fig. 2B; H2 evolution
rates for the assay containing sodium ionophore, protonophore, or no
ionophore were 92.5 ± 3.3, 74.0 ± 3.8, or 71.5 ± 2.6 nmol·min−1·mg−1

protein). This is in contrast to the experiments described above
for whole cells; the reason remains unclear but may result from a
weaker energetic coupling in IMVs compared with whole cells.
In addition, in whole cells, acetate formation is inhibited by the
protonophore and, thus, more H2 can be formed from CO (30).
The experiments with uncoupling agents clearly demonstrate that,
also on a subcellular level, Ech activity is coupled to ion translocation
and subsequent generation of an electrochemical ion gradient.
Finally, to prove that Ech activity indeed is a chemiosmotic

coupling site, we performed translocation experiments with the
radioisotope 22Na+ or the fluorescence dye ACMA. In the first
instance, washed IMVs were incubated in assay buffer containing
1.0 μCi/mL 22NaCl. Upon addition of Ti3+, up to 9 nmol/mg
protein 22Na+ accumulated in the lumen of the IMVs (Fig. 2C).
Either sodium ionophore ETH2120 or protonophore TCS
abolished 22Na+ accumulation (a control assay containing the
ethanolic solvent did not show this effect). However, since Ti3+ is
a strong artificial reductant and H2 evolution from Ti3+ was not
ferredoxin-dependent, the experiment was repeated under more
physiological conditions with ferredoxin and CO as reductant. In
this assay, 3.5 nmol/mg protein 22Na+ also accumulated in the
lumen of the IMVs (Fig. 2D). Again, either ionophore (but not
the solvent alone) abolished 22Na+ translocation. Thus, this ex-
periment clearly demonstrates that Ech establishes a Na+ gradient
across the cytoplasmic membrane in T. kivui.
These data clearly demonstrated Na+ transport coupled to

Ech activity. To test for a possible H+ transport alongside Na+

transport, the generation of a ΔpH was studied by ACMA
quenching as described above. Neither NaDt or Ti3+ were suit-
able as reductants since they eradicated the quenching ability of
ACMA nor the usual start of the reaction via flushing with CO
was possible due to the small reaction volume of the fluorescence
cell. Therefore, IMVs were washed three times to detach the
attached CODH from the Ech and enable a distinct start of the
redox reaction. Three times washed IMVs were incubated in a
fluorescence cell containing IMV assay buffer, ACMA, and pu-
rified CODH (30 μg, from A. woodii; ref. 31) in a 100% CO
atmosphere. First experiments were conducted at lower tem-
peratures (40 °C) to ensure functionality of the supplemented
CODH from the mesophilic A. woodii, and stability of the vesi-
cles, which is of particular importance when measuring H+

transport (due to the small atomic radius). The reaction was
started by addition of ferredoxin, which was immediately re-
duced by the CODH. This led to a continuous decrease in
fluorescence at 40 °C (Fig. 2E) and 60 °C (Fig. 2F), demon-
strating a ΔpH formation due to H+ transport into the vesicle
lumen. Thus, the system was intact even at 60 °C. The quench
was larger at 60 °C but was not sustained continuously. The
fluorescence increased again to some extent (= dequench), which
is most certainly a result of H+ efflux due to high(er) kinetic
energies and concomitant higher membrane permeability to H+.
The fluorescence was however only fully restored in both assays
(Fig. 2 E and F) upon addition of (NH4)2SO4, which dissipates
the H+ gradient. The control assays that contained no IMVs
(Fig. 2G) or no ferredoxin (Fig. 2H) showed neither a decrease
in fluorescence upon ferredoxin addition nor an impact on
fluorescence upon addition of (NH4)2SO4. Preincubation of IMVs
with sodium ionophore ETH2120 (Fig. 2I) or protonophore TCS
(Fig. 2J) did not lead to quenching or dequenching. In summary,
the experiment clearly showed that Ech activity also leads to the
establishment of a Δ~μH

+.

The H+ Gradient Drives ATP Synthesis. That Ech activity leads to
Na+ transport was initially surprising, since we did not encounter
Na+ dependence for growth (SI Appendix, Fig. S7) (26), and the
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ATP synthase does not contain a conserved Na+ binding motif
(26). To complete the elucidation of the chemiosmotic mecha-
nism in T. kivui, we thus carried out biochemical analyses to
assess the ion specificity of the gradient-consuming F1FO ATP
synthase. As expected, we observed a ΔpH formation at IMVs
(SI Appendix, Fig. S8) and not a pNa in response to ATP hy-
drolysis. Thus, the ATP synthase consumes the H+ gradient,
which is established by the Ech complex.

Both ech Clusters Are Transcriptionally Up-Regulated During
Autotrophic Growth. The Ech complex in T. kivui is the product
of either one or both of the two ech gene clusters present in the
genome. Both gene clusters were highly up-regulated during
autotrophic growth, especially with CO. The relative transcript
level of ech1 and ech2 increased 6- and 16-fold in cells grown on
H2 and 31- and 43-fold in cells grown on CO, normalized to cells
grown on glucose. This up-regulation is most likely also a crucial
reason for the successful adaptation of T. kivui to grow on CO (28).

Discussion
The occurrence of two (or more) clusters encoding group 4
[NiFe] hydrogenases within an organism might be a commonal-
ity, as it applies also to the other Ech-containing acetogens
Moorella thermoacetica, Thermacetogenium phaeum, several ar-
chaea (32), and even E. coli (33). The number of genes and
genetic arrangement of these clusters is very diverse (19). The
ech1 and ech2 clusters in T. kivui contain 9 and 8 genes, whereas
the most simple ech cluster as found in Methanosarcina barkeri
contains 6 genes (34) and the mbh cluster in P. furiosus com-
prises 14 genes (35) (Fig. 3A). The derived protein complexes

have three modules: the electron input module, an electron
output module comprising the [NiFe] hydrogenase, and a mem-
brane integral domain for ion translocation and anchorage (Fig.
3B). Bioinformatic analyses suggested the presence of Na+/H+

antiporter modules in the membrane arm of the Mbh from
Pyrococcus or Thermococcus (32, 36) and, thus, the idea arose
that these enzymes can translocate both H+ and Na+. Experi-
ments with whole cells and IMVs of Thermococcus onnurineus
revealed that protons are extruded first and sodium ions second
by action of a Na+/H+ antiport mechanism (24). The secondary
Na+ gradient then drives ATP synthesis via a Na+ A1AO ATP
synthase (37). This idea is supported by the recent high-
resolution structure of the 14-subunit Mbh from P. furiosus
(25). The membrane arm can be divided into a H+ and a Na+

translocation unit, the latter resembles an Mrp-type Na+/H+

antiporter. Based on this model it was suggested that as in T.
onnurineus, protons are extruded first and Na+ second. Again,
the latter drives the synthesis of ATP by a Na+ A1AO ATP
synthase. Similarly, Ech activity in T. kivui also established a Na+

and H+ gradient. A simultaneous transport of both ions could,
for example, be explained by a promiscuous enzyme as described
for the ATP synthase in Methanosarcina acetivorans (38), a si-
multaneous action of one H+ and one Na+ specific Ech complex
(Ech1/2), or an Na+/H+ antiport. Although mrp genes encoding
the Na+/H+ antiport in P. furiosus are missing in T. kivui, the
membrane-integral subunits of both Ech complexes (Fig. 3B)
share highest sequence similarities with Na+/H+ antiporters (SI
Appendix, Table S1). There are no other apparent gene products
identified as potential Na+/H+ antiporters, neither in the genome
of T. kivui, nor in the genome of the closely related acetogen

Fig. 2. Ech establishes a chemisomotic gradient composed of Na+ and H+. (A and B) Ech activity is coupled to the electrical field. Washed IMVs (60 μg/mL)
catalyzed H2 formation from CO, and this activity was stimulated in assays preincubated with 100 mM KCl and 20 μM K+ ionophore valinomycin (green) but
not the solvent DMSO alone (light blue), or 10 μM Na+ ionophore ETH2120 (red), but not 10 μM protonophore TCS (blue) or the solvent ethanol alone (black).
(C and D) Ech activity leads to Na+ transport. Washed IMVs (500 μg/mL) preincubated with 1.0 μCi/mL 22NaCl (and 30 μM ferredoxin in D) accumulated 22Na+ in
the vesicle lumen when energized (arrow) with 1 mM Ti3+ (C) or CO flushing (D) (black). Preincubation with either 20 μM ETH2120 (red) or 20 μM TCS (blue)
abolished 22Na+ transport in both assays. (E–J) Ech activity leads to H+ transport. A ΔpH was detected upon addition (arrow) of reduced ferredoxin (20 μM) to
three times washed IMVs (500 μg/mL) by measuring the fluorescence quench of ACMA (4 μM) at 40 °C (E) or 60 °C (F). Reduced ferredoxin was (re)generated
by supplemented purified CODH (30 μg from A. woodii) in a 100% CO atmosphere. The quench was abolished by addition (second arrow) of 10 μL of 90%
(NH4)2SO4. (G) IMVs were omitted. (H) Ferredoxin was omitted. (I and J) Assays were preincubated with 20 μM ETH2120 and 150 mMNaCl in I or 20 μM TCS in J.
Shown is one representative of two biologically independent experiments.
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M. thermoacetica. Intriguingly, the existence of an electrogenic
Na+/H+ antiport has been demonstrated in M. thermoacetica (39).
However, the sequence of translocation events may be different. A
primary transport of Na+ was indicated by the stimulatory effect of
relieving thermodynamic backup pressure at IMVs with sodium
ionophore, but not protonophore (Fig. 2B) and the prevented

ΔpH formation across IMVs in the presence of sodium ionophore
(Fig. 2I). This would argue for Na+ first and H+ second, which is
also supported by the fact that the ATP synthase of T. kivui is
proton coupled. However, Na+ transport into IMVs was inhibited
instead of stimulated in the presence of protonophore (Fig. 2 C
and D). This could be explained by a Na+/H+ antiport rate that

Fig. 3. Genetic arrangement of ech and mbh clusters and cartoon models of protein complexes of Ech(s) or Mbh in T. kivui, M. barkeri, and P. furiosus. Gene
clusters are depicted as deposited for T. kivui DSM 2030, M. barkeri Fusaro DSM 804, and P. furiosus COM1 on IMG/M ER (44). (A) Genes containing TMHs are
depicted in red, genes encoding soluble proteins are depicted in green, and genes encoding the large and small subunit of the [NiFe] hydrogenase are
depicted in blue. (B) The same color code applies to the corresponding protein subunits. TMHs (gray bars), iron-sulfur clusters (cubes), and the [NiFe] active site
were predicted with InterPro (45).

Fig. 4. A redox-balanced model for CO metabolism in T. kivui. The Ech complex (green) is constituted of either one or both Ech1 and Ech2. It catalyzes Fd2−

oxidation and H2 evolution coupled to the transport of H+ and Na+. The F1FO ATP synthase (yellow) has an assumed H+/ATP stoichiometry of 12/3. The electron
bifurcating hydrogenase and hydrogen-dependent CO2 reductase are depicted in blue. Numbers are rounded.
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exceeds the primary transport, as described for an antiport activity
in the Ech-containing methanogen M. barkeri (40). To resolve the
sequence and mechanism of ion translocation, a genetic approach
or analyses of purified Ech complex would be required. Anyway,
the use of an antiporter module connected to the primary ion
pump is of decisive importance for growth of microorganisms at
the thermodynamic limit of life: A Na+/H+ antiport with non-
integral stoichiometry would allow the translocation of less than
one ion per redox reaction, a prerequisite for growth at ΔG values
that do not allow for the translocation of even one ion (24, 41).
By demonstrating that Ech forms a functional respiratory enzyme
in T. kivui, a second mode of energy conservation in acetogenic
bacteria was experimentally verified. Ech is a more ancient energy
conserving system, as reflected by simple iron sulfur cofactors as
opposed to complex organic flavin cofactors in the other chemi-
osmotic coupling site of acetogens, the Rnf complex (20, 42, 43).
Finally, we propose the following chemolithoautotrophic metab-
olism in T. kivui: 4 mol CO are converted to 1 mol acetate, yielding

1.25 mol of ATP. The Ech as well as the electron-bifurcating
hydrogenase of T. kivui are essential for the process; a model is
given in Fig. 4.
In conclusion, this work demonstrated that (i) an Ech hydrog-

enase is a respiratory enzyme in a bacterium, (ii) a respiratory
hydrogenase and an ATP synthase are sufficient to enable mi-
crobial life at the thermodynamic limit of life, and (iii) there is a
second mode of energy conservation in acetogenic bacteria.

Materials and Methods
Experimental procedures for cultivation of the organism; preparation and
experiments with resting cells; determination of H2, CO, and acetate concen-
trations; preparation of IMVs; measurement of Ech activity at IMVs; measure-
ment of 22Na+ or H+ translocation; and determination of relative transcript levels
are described in SI Appendix, Supplementary Materials and Methods.
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