CrossMark
& click for updates

Energy conservation by oxidation of formate to carbon
dioxide and hydrogen via a sodium ion current in
a hyperthermophilic archaeon

Jae Kyu Lim®®, Florian Mayer<, Sung Gyun Kang®"', and Volker Miiller<'

2Korea Institute of Ocean Science and Technology, 787 Haeanro, Ansan 426-744, South Korea; "Department of Marine Biotechnology, University of Science
and Technology, Daejeon 350-333, South Korea; and “Department of Molecular Microbiology and Bioenergetics, Institute of Molecular Biosciences,
Johann Wolfgang Goethe University Frankfurt/Main, 60438 Frankfurt, Germany

Edited by Caroline S. Harwood, University of Washington, Seattle, WA, and approved June 25, 2014 (received for review April 17, 2014)

Thermococcus onnurineus NA1 is known to grow by the anaerobic
oxidation of formate to CO, and H,, a reaction that operates near
thermodynamic equilibrium. Here we demonstrate that this reaction
is coupled to ATP synthesis by a transmembrane ion current. For-
mate oxidation leads to H* translocation across the cytoplasmic
membrane that then drives Na* translocation. The ion-translocating
electron transfer system is rather simple, consisting of only a for-
mate dehydrogenase module, a membrane-bound hydrogenase
module, and a multisubunit Na*/H* antiporter module. The electro-
chemical Na* gradient established then drives ATP synthesis. These
data give a mechanistic explanation for chemiosmotic energy con-
servation coupled to formate oxidation to CO, and H,. Because it is
discussed that the membrane-bound hydrogenase with the Na*/H*
antiporter module are ancestors of complex | of mitochondrial and
bacterial electron transport these data also shed light on the evolu-
tion of ion transport in complex I-like electron transport chains.

ATP synthase | proton potential | sodium ion potential | bioenergetics

Formate is a common end product of bacterial fermentation
and is liberated into the environment. It does not accumulate
but is oxidized under oxic as well as anoxic conditions. Oxidation
of formate to CO, and H, under anoxic conditions according to

HCOO™ +H,0—HCO; +H, AG’=+1.3 kJ/mol  [1]

is an endergonic process under standard conditions at 25 °C.
Nevertheless, some anaerobic microbes can grow by this reac-
tion. In anaerobic syntrophic formate oxidation the reaction is
made thermodynamically possible by removal of the end product
H, by a methanogenic or sulfate-reducing partner (1-4). For
pure cultures, growth at the expense of Eq. 1 was considered
impossible owing to the thermodynamic constraints (2, 3).
However, recently we reported that several hyperthermophilic
archaea belonging to the family Thermococcales, including Ther-
mococcus onnurineus NA1, are able to grow by oxidation of
formate to molecular hydrogen (5, 6). At 80 °C, the optimum
growth temperature for these hgperthermophiles, the reaction
becomes slightly exergonic (AG™ = —2.6 kJ/mol), according to
the Van’t Hoff equation (7). Measurements of pool sizes of
products and educts of the reaction catalyzed by whole cells at
80 °C revealed that the AG was more negative and growth oc-
curred within a range of concentrations of products and educts
that equals —20 to —8 kJ/mol (5), indicating that the reaction is
potentially able to drive formation of an electrochemical ion
gradient across the membrane.

Molecular and genetic analyses revealed that the hydrogenase
genes in the fdh2-mfh2-mnh2 gene cluster are essential for growth
coupled to formate oxidization and hydrogen production (5, 8).
Based on these findings a model was developed in which the for-
mate dehydrogenase (Fdh2) module oxidizes formate; the hydrog-
enase (Mfh2) module transfers electrons to protons, thereby
generating a proton gradient across the membrane that is then used
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by the Mnh2 module to produce a secondary sodium ion gradient that
then drives ATP synthesis, catalyzed by a Na*-ATP synthase (2, 5).
In this work, we will show that formate oxidation is indeed
coupled to H* and Na* efflux from the cells and that the Na*
gradient drives the synthesis of ATP. Mutant analyses are con-
sistent with a role of the Na*/H* antiporter (Mnh) module in Na*
export. This is the first example to our knowledge of a chemios-
motic mechanism of ATP synthesis with Na* as coupling ion
coupled to formate oxidation to carbon dioxide and hydrogen.

Results

Sodium lons Stimulate Hydrogen Production and ATP Synthesis
Driven by Formate Oxidation. To address a potential involvement
of Na™ in energy conservation in T. onnurineus NA1, the effect of
Na* on H, production from formate and ATP synthesis was
monitored. After addition of sodium formate to cell suspensions
of T. onnurineus NA1, H, was produced and ATP was synthe-
sized (Fig. 1). In contrast, ATP production was not observed
after addition of potassium formate but was restored by addition
of NaCl to the assay. The Na* concentration in the buffer
without added Na* was less than 100 pM, as determined by in-
ductively coupled plasma atomic emission spectroscopy. These
data clearly demonstrate a role of Na* in ATP synthesis and/or
its coupling to formate oxidation. Hydrogen production was also
stimulated by Na* to a great extent; maximal hydrogen pro-
duction was observed at 100 mM NacCl (Fig. 1).

Next, we tested the energetics of ATP synthesis. The proto-
nophore 3,3’,4’,5-tetrachlorosalicylanilide (TCS) completely
abolished ATP synthesis, clearly showing an involvement of
a transmembrane proton gradient in ATP synthesis (Fig. S1).

Significance

We report here that oxidation of formate to CO, and H, that
operates close to thermodynamic equilibrium is coupled to
vectorial H* and Na™ transport across the cytoplasmic mem-
brane of the hyperthermophilic archaeon Thermococcus
onnurineus NA1. The ion gradient established then drives ATP
synthesis via a Na*-ATP synthase. The energy-converting en-
zyme complex involves a formate dehydrogenase, a mem-
brane-bound hydrogenase with similarity to complex | of the
aerobic electron transport chain and a multisubunit Na*/H*
antiporter.
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E 20 s 8 propyl amiloride (EIPA), an inhibitor of Na*/H*
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% 10 = potassium formate and 10 mM NacCl. (C) H, con-
5 bw centration in a cell suspension of wild-type NA1
o5 /”' P N H H incubated with different formate salts: 150 mM
- = sodium formate (@), 150 mM potassium formate
ofy¥—v—~ Y b B o (0), and absent of formate (V). (D) H, content in
0 30 60 90 120 0 5 10 50 100 150 600 the assay at different concentrations of NaCl
. (measured after 60 min of incubation; for 100%
Time (min) NaCl (mM) value, see C).

The Na*/H* antiport inhibitor ethyl isopropyl amiloride (EIPA)
(9) had little effect on the electron input and output modules but
reduced ATP synthesis by 60%, indicating that the conversion of
a proton gradient to a sodium ion gradient is involved in ATP
synthesis. Finally, the ATP synthase inhibitor N,N’-dicyclohex-
ylcarbodiimide (DCCD) had no effect on hydrogen production
or Fdh activity but completely inhibited ATP synthesis (Fig. S1).
The inhibitor profiling is consistent with the following sequence
of events: Formate oxidation is coupled to the generation of
a proton gradient that is then converted to a sodium ion gradient
that then drives ATP synthesis via the AjAp ATP synthase.

mnh2 Mutants Are Impaired in Growth on and Hydrogen Production
from Formate. To determine the role of the Mnh2 module in for-
mate respiration, mutants were constructed (Table 1). The multi-
subunit Na*/H" antiporter is encoded by seven genes, and the
mutants generated had all genes (Amnh2ABCDEFG) or mnhA-D
or mnhG deleted. Growth of any Amnh2 mutant in rich medium,
ASW-YT, closely resembled growth of the wild-type strain (Fig.
S2), but formate-dependent growth was abolished in every mutant
(Fig. 2). At the same time, cell suspensions of the mutants no
longer produced hydrogen from formate, nor did they synthesize
ATP after addition of formate (Fig. 2). The same phenotype was
observed for a Afhh2 and Amfh2 mutant, respectively. These data
indicate a strict coupling of Mnh?2 activity to Mfh2 and Fdh activity
and revealed that Mnh2 is essential for ATP synthesis.

Formate Oxidation Is Coupled to Proton Efflux in the Absence of Na™*.
Next, we tested whether electron transfer from formate to pro-
tons is coupled to proton translocation across the cytoplasmic
membrane. Therefore, inverted vesicles were prepared as de-
scribed in the experimental procedures. They contained formate
dehydrogenase (Fdh2), hydrogenase (Mfh2), and the Na*/H*
antiporter module (Mnh2), as demonstrated by Western blot
analysis and the presence of the enzymatic activities (Fig. S3). A
possible proton efflux coupled to formate oxidation was mea-
sured using the pH-sensitive dye 9-amino-6-chloro-2-methoxy-
acridine (ACMA), whose fluorescence is quenched by a decrease
in pH. As shown in Fig. 3, the addition of calcium formate to
inverted vesicles incubated in the absence of Na* led to a gradual
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decrease in the fluorescence intensity of ACMA, indicative of
active proton transport. Addition of NH4Cl in the steady state of
quenching led to an immediate dequenching, which is evidence
that indeed a ApH across the membrane had been built up. The
ApH was also dissipated by addition of NaCl, but not KCl, in-
dicating the presence of a Na*/H" antiporter activity in the cy-
toplasmic membrane. Addition of potassium formate also drove
proton influx into the inverted vesicles. Consistent with the ex-
periment using resting cell suspension, the proton gradient was
dissipated by the addition of the protonophore TCS (Fig. 3B).
Moreover, copper ions not only completely inhibited proton
gradient formation but also ATP synthesis (Fig. 3C and Fig. S1C).

Formate Oxidation Is Coupled to Na* Efflux. The fact that formate-
driven proton transport was only observed in the absence of Na™
and that the established proton gradient was dissipated after
addition of Na* led us to speculate that formate-driven hydrogen
production is coupled to Na' export. This was tested using
inverted vesicles incubated in the presence of »?Na*. Upon ad-
dition of formate to these vesicles, Na* was translocated into
their lumen with an initial rate of 11.6 nmol-min~"-mg protein™"
up to a final accumulation factor of 6.8 (Fig. 4). Sodium trans-
port was dependent on formate and completely impaired by the
sodium ionophore N,N,N,N’-tetra-cyclo-hexyl-1,2-phenylene-
dioxydiacetamide (ETH2120). The protonophore TCS also
inhibited **Na™ transport, but to a smaller extent (39% of the
rate). 22Na™ transport was slightly inhibited by the ATPase

Table 1. T. onnurineus NA1 wild-type and mutant strains used
in this study
Strain Genotype* Source
NA1 Wild-type Sim® 53
Afdh2 NA1 Afdh2::hmg Sim" This study
Amfh2 NA1 Amfh2::hmg Sim" 5
Amnh2-1 NA1 Amnh2ABCDEFG::hmg Sim" This study
Amnh2-2 NA1 Amnh2ABCD::hmg Sim" This study
Amnh2-3 NA1 Amnh2G::hmg Sim" This study
*Sim?®, simvastatin-sensitive; Sim", simvastatin-resistant.
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Fig. 2. Changes in physiology of mutant strains: (A) cell growth, (B) ATP
synthesis, and (C) hydrogen content. MM1 medium with 3 g-.L™" tryptone was
used as a culture medium for preparation of cell suspension. Symbols indicate
T. onnurinues NA1 wild type (@), Afdh2 (O), Amfh2 (¥), and Amnh2-1 (/).
The cellular ATP levels decrease during harvest but the rate of decrease is
variable in different cell suspensions, leading to different “zero” values.

inhibitor DCCD, whereas the ATPase inhibitor diethylstilbestrol
(DES) had only a negligible effect (Fig. 4B). These data clearly
demonstrate sodium ion transport coupled to formate oxidation
in T. onnurineus NA1.

The ATP Synthase Translocates Na*. The experiments described so
far are consistent with the hypothesis that formate oxidation leads
to a secondary Na* gradient that then drives ATP synthesis. If this
is true, the ATP synthase should use Na*, not H*, as coupling ion.
To address this question ATP-dependent ion translocation was
monitored. Addition of ATP to inverted vesicles did not lead to
proton transport (as determined by ACMA quenching). However,
after addition of ATP to inverted vesicles *?Na* was translocated
into the lumen at a rate of 15.5 nmol-min~*-mg~" up to a final
accumulation factor of 10.5 (Fig. 5). Na* transport was ATP-
dependent and completely inhibited by the Na* ionophore
ETH2120. Na™ transport was electrogenic, as evident from
the stimulation by the protonophore TCS. ATP-dependent

Lim et al.

Na™ transport was inhibited by the ATPase inhibitors DCCD
and DES (Fig. 5B), indicating that ATP-driven Na* transport
is catalyzed by the AjAp ATP synthase.

Discussion

Chemiosmotic coupling of exergonic metabolic reactions to ATP
synthesis is the most widely distributed and also most ancient
mechanism of energy conservation in living cells (2, 10, 11). It
may have derived as a means for coupling in organisms that live
on “low-energy” substrates that do not even allow for the syn-
thesis of 1 mol of an ATP per mole of substrate converted. The
low energy content of these substrates excludes a direct coupling
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Fig. 3. Formate oxidation leads to a ApH in inverted membrane vesicles.
ApH was measured using ACMA. (A) Respiration was initiated by addition of
50 mM formic acid the pH adjusted to 6.5 by Ca(OH),. Fifty millimolar NaCl
(black line) and KCl (red line) were added to the mixture at the times in-
dicated by black arrows. (B) Experimental conditions as in A. Respiration was
initiated by addition of 10 mM potassium formate; 100 uM TCS was added to
dissipate the H* gradient (red line). (C) The reaction mixture was pre-
incubated in the absence (black line; positive control) or presence of 20 (red
line), 50 (green line), or 100 pM (blue line) CuCl,. The experimental proce-
dures were as in A.
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of an exergonic metabolic reaction to ATP synthesis by a direct
coupling mechanism that would require ~60 kJ/mol ATP under
cellular conditions. Instead, the exergonic metabolic reaction
may be coupled first to an export of an ion across the cytoplasmic
membrane and the established transmembrane electrochemical
sodium ion gradient then drives ATP synthesis. If we consider an
ion/ATP stoichiometry of 4, the metabolic reaction has to pro-
ceed four times to translocate the amount of ions necessary to
make one ATP. In this scenario, the minimal biological energy
quantum is the amount of energy required to translocate an ion
across the cytoplasmic membrane. Methanogenic archaea have
a methyltransferase that catalyze methyl transfer from methyl-
tetrahydromethanopterin to coenzyme M. The AG” of the re-
action is only —30 kJ/mol, enough to translocate approximately
two Na* across the cytoplasmic membrane (12). Other examples
are the Na*-translocating ferredoxin: NAD oxidoreductase of
bacteria (13, 14) and the Ech hydrogenase of bacteria and ar-
chaea (15, 16). The latter enzyme catalyzes electron transfer
from reduced ferredoxin to protons (AG” = —19.3 kJ/mol),
coupled to proton translocation across the membrane. A similar
reaction is catalyzed by the membrane-bound hydrogenase of
Pyrococcus furiosus that also uses electron transfer from reduced
ferredoxin to protons to establish a transmembrane ion gradient
(17). Here we describe a reaction that operates at even smaller
free-energy changes. Obviously, electron flow from formate to
protons allows for the generation of a transmembrane ion gra-
dient. The experimentally determined values of —8 to —20 kJ for
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the free-energy change associated with formate oxidation to CO,
and H, (8) are sufficient to translocate 0.5-1.2 Na* out of the
cell at a transmembrane electrochemical Na™ potential of —180
mV. If we assume a Na*/ATP stoichiometry of 4, this would
allow for only 0.125-0.3 mol ATP per mole of formate.

How can a net translocation of less than one ion per substrate be
achieved? First, the magnitudes of the transmembrane electro-
chemical ion gradients are not known in hyperthermophilic archaea.
If it would be as low as =90 mV [the minimal amount of energy
required for ATP synthesis in a bacterial enzyme (18)], a AG of —8
kJ/mol would be enough to drive the export of an ion. At electro-
chemical potentials around —180 mV (which is roughly the value in
the few bacteria and archaea analyzed), values lower than 1 are
possible using two chemiosmotic enzymes operating together with
different ion stoichiometries. Whether the Fdh2-MfH2 module acts
like a classical redox loop or more like a proton pump remains to be
established, but the apparent lack of quinone biosynthesis genes in
the genome and the similarity of the Mfh2 module to complex I of
the respiratory chain is not consistent with a redox-like, but rather
a pump-like, mechanism for ion translocation. Anyway, chemios-
motic enzymes may operate at different stoichiometries. If, for ex-
ample, one proton is “extruded” in the course of the Fdh2/Mfh2
catalyzed reaction, the Na*/H* antiporter Mnh must have a Na*/H*
stoichiometry <1 to get a Na*/HCOOH stoichiometry below 1. This
would require that the H" and Na* potentials operate at different
magnitudes. Chemiosmotic enzymes may in addition use flexible
stochiometries and may thus have evolved as a solution to live on
low AG energy sources.
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Fig. 5. Na™ transport coupled to ATP hydrolysis. (4) lonophore effect: 5 mM
potassium ATP (@), absence of ATP (O), 5 mM potassium ATP with 100 pM
TCS (A), and 5 mM potassium ATP with 50 pM ETH2120 (H). (B) Inhibitor

effect: 5 mM potassium ATP (@), absence of ATP (O), 500 pM DCCD (A, and
100 pM DES (V).
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The data presented here are in accordance with an electron
transfer from the formate dehydrogenase module to the hy-
drogenase module and its coupling to H* export. The proton is
then exchanged to Na™ by the Na*/H* antiporter module and the
secondary Na* gradient then drives ATP synthesis. In a recent
study it was reported that expression of the fdh2-mfh2-mnh2
gene cluster of T. onnurineus in P. furiosus did not result in
growth of P. furiosus on formate, and this was interpreted to
exclude energy conservation coupled to this reaction (19).
However, it has to be kept in mind that growth of the trans-
formant not only requires energy conservation but also bio-
synthesis of cell mass from formate or CO,.

Respiratory chains have different modules that transfer electrons
from a donor to an acceptor. Complex I of the aerobic respiratory
chain in mitochondria and some bacteria is the entry port of elec-
trons derived from NADH. It is an L-shaped molecule that in
bacteria consists of 14 subunits. The NADH binding site is at the
distal end of the hydrophilic domain and electrons travel down to
the membrane by a chain of iron-sulfur centers to quinones. The
quinone-binding site is at the proximal end of the hydrophilic do-
main. Electron transport is coupled to conformational changes in
the membrane domain that leads to ion translocation. The mem-
brane domain has a row of four modules with similarities to Na*/H*
antiporter that are assumed to catalyze proton transport. Whether
or not sodium ions are transported as well is still a matter of debate
(20-28). Complex I is an example of an energy-converting enzyme
with a modular structure composed of an electron donor/transfer
module (encoded by nuoE, F, and G), connecting module (encoded
by nuoC, D, B, and I), and intrinsic membrane module (encoded by
nuoH, N, A, M, K, L, and J). Interestingly, the electron donor
module is very similar to group 4 hydrogenases (15, 27, 29-35).

Group 4 hydrogenases are widely distributed among bacteria
and archaea (33), including Hyc and Hyf (hydrogenase 3 and
4, respectively) from Escherichia coli (36), Coo (CO-induced
hydrogenase) from Rhodospirillum rubrum (37), Ech (energy-
converting hydrogenase) from Methanosarcina barkeri (38),
Mbh (membrane-bound hydrogenase) from P. furiosus (39,
40), and the membrane-bound hydrogenase module Mfh2 from
T. onnurineus NA1l. They all are key enzymes in hydrogen
production and have been hypothesized to be energy-converting,
based on similarity to complex 1. This has been experimentally
shown for Mbh and Ech (15, 17, 35, 39) using inverted mem-
brane vesicle preparations. The coupling ion has not been
addressed experimentally but was hypothesized to be proton. Mfh2
of T. onnurineus NA1 is suggested to be coupled to H* translocation.

A multisubunit Na*/H" antiporter module is also found in
complex I (41, 42). However, there is no report to unveil the
physiological role of multisubunit monovalent cation/proton anti-
porter participating in mediating the electron relay of the re-
spiratory chain to date. The multisubunit monovalent cation/
proton antiporter (Mrp homologs) have been mainly studied
in bacteria and attributed to physiological functions such as pH
homeostasis and Na* resistance (43, 44), cell sporulation (45),
symbiotic nitrogen fixation (46), arsenite resistance (47), and bile
salt resistance (48-50), whereas in archaea alternative Mrp-like
gene clusters were found, so-called group 3 Mrp, and some of them
are found in the membrane bound hydrogenase Mbh (44). The
data presented here are consistent with the hypothesis that the
Mnh2 module converts the H* gradient established by the Mfh2
module to a secondary Na* gradient. Although it is still debated
whether complex I is an (outwardly directed) Na* pump, evidence
was presented for Na* influx through complex I in Rhodothermus
marinus (28). Na* influx is suggested to drive H* export and is
dependent on menaquinone reduction (51). Modern complex I
enzymes may have lost the Na*/H* antiport activity because they
operate with high AG sources such as the NADH/quinone pair.

The electrochemical Na* gradient drives ATP synthesis via
a Na*-translocating ATP synthase. The latter would not be

Lim et al.

unusual and, in fact, has been described for some archaea (52).
T. onnurineus NA1 apparently uses a Na* current across its
membrane for ATP synthesis. The use of Na™ as coupling ion is
an advantage for microbes living at the thermodynamic limit (2),
but sodium ion transport was apparently lost in “modern”
complex I enzymes, although it may be retained in some marine
species (28).

Materials and Methods

Strain and Cell Culture Conditions. T. onnurineus NA1 (KCTC 10859) was iso-
lated from a deep-sea hydrothermal vent area in the Papua New Guinea-
Australia—Canada-Manus field (53). This strain was routinely cultured in
modified medium 1 (MM1) (5, 54) and ASW-YT medium (55) containing
4 gL' of elemental sulfur used as a rich medium. All procedures for culti-
vation of T. onnurineus NA1 were conducted as previously described (5, 8,
56). Mutants were grown in MM1 medium containing 3 g-L~" tryptone. For
maintaining anaerobic conditions, all procedures were carried out in an
anaerobic chamber (Coy Laboratory Products).

The pH-stat fed-batch culture of T. onnurineus NA1 was anaerobically
carried out in a 7-L fermentor with a working volume of 4 L using the MM1
medium with 4 g-L™" of yeast extract and 400 mM sodium formate. The
culture temperature and agitation speed were 80 °C and 300 rpm, re-
spectively, and the pH was controlled at 6.1-6.2 by automatic titration with
4 M formic acid in 3.5% NaCl. The medium of the fermentor was flushed
with argon gas for 10 min before inoculation.

Preparation of Cell Suspensions. To prepare cell suspensions, T. onnurineus
NA1 was anaerobically cultured in a 7-L fermentor with a working vol-
ume of 4 L as described above. At the end of the culture, the cells were
harvested by centrifugation at 5,523 x g for 30 min at 20 °C. Cell sus-
pensions were prepared by washing the harvested cells with an anaer-
obic and sodium free modified Buffer-A (20 mM imidazole/HCl, 30 mM
MgCl,, 1 M KCI, and 2 mM DTT, pH 6.5) and resuspending them in the
same buffer at cell densities of ODggo = 0.5.

Preparation of Inverted Membrane Vesicles. Inverted membrane vesicles were
prepared under strictly anaerobic condition at 25 °C. Typically 2-4 g (wet weight)
of fed-batch cultured T. onnurineus NA1 cell pellets were harvested and
washed with a suspension buffer [10 mM Tris-HCl, 140 mM choline chloride,
10% (vol/vol) glycerol, protease inhibitor mixture tablets (Roche Diagnostics),
and 2 mM DTT, pH 7.5]. For 22Na* translocation experiments the membrane
vesicles were prepared by passing through a French pressure cell (Aminco) at
8,000 psi one time. Inverted membrane vesicles for all other experiments were
prepared via disruption by sonication. To remove cell debris, the cell lysate was
centrifuged at 10,000 x g for 15 min at 25 °C and the lysate was transferred to
a new tube. Membranes were pelleted by ultracentrifugation at 120,000 x g for
1.5 h at 25 °C. The pellet was washed twice and resuspended with a suspension
buffer to a concentration of ~20 mg-mL™" of protein. The presence of vesicles
was confirmed by transmission electron microscope.

Enzyme Assays. For H, production and ATP synthesis, cell suspensions in the
modified Buffer-A at a final cell density of ODggo = 0.5 were used (5, 8). Cell
suspensions were incubated at 60 °C. To determine H, production a rubber-
sealed glass vial was used. The reaction was initiated by the addition of 150
mM potassium formate. At various time intervals, gas samples were taken
and analyzed in a YL6100 GC gas chromatograph (YL Instrument) for H, and
liquid samples to determine the ATP content. Therefore, 50-pL aliquots were
added to 450 puL of DMSO for 1 min to stop the reaction before the mea-
surement of ATP using an Enliten luciferin/luciferase kit (Promega).

Measurement of ApH. Measurements of ApH were conducted in a 2-mL
volume of AA-buffer containing 5 pM ACMA and 0.5 mg of inverted
membrane vesicles in a serum-stoppered crystal cuvette. The reaction mix-
ture was preincubated at 60 °C for 10 min and then respiration was initiated
by the addition of potassium formate or formic acid [pH was adjusted to pH
6.5 by Ca(OH),] to a final concentration of 50 mM. Fluorescence was
detected using a RF-5301PC spectrofluorophotometer (Shimadzu) with ex-
citation at 410 nm (3-mm slit) and emission at 480 nm (3-mm slit), main-
taining the reaction temperature at 60 °C. Addition of 10 mM ammonium
chloride was used to dissipate the remaining ApH to bring the fluorescence
back to baseline.

Measurement of Na* Translocation. Na* translocation measurements coupled to
ATP hydrolysis were performed in ATP hydrolysis buffer [100 mM Tris (pH 7), 10
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mM MgCl,, and 60 mM NaHSOs] and Na* translocation measurements coupled
to formate oxidation were performed in AA-buffer. The protein concentration
and sodium concentration as well as ionophore and inhibitor concentrations
used are as indicated. The ionophores ETH2120 and TCS as well as the ATPase
inhibitors DCCD and DES were added from DMSO stock solutions and controls
received the solvent only. In a 3.5-mL glass vial, the inverted membrane vesi-
cles, the buffer, supplements, and 22NaCl (carrier-free, final activity 0.5 pCi/mL)
were mixed and incubated at 60 °C for 30 min to ensure equilibration of ?Na*.
After that the reaction was started with the addition of 5 mM potassium ATP or
50 mM potassium formate. Eighty-microliter samples were taken and passed over
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membrane vesicles were collected. The radioactivity of the elution fractions was
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